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An increased homocysteine level is considered as a risk factor of vascular eye diseases. To protect the 
neural retina from oxidative stress by homocysteine is challenging. Glutathione is synthesized from 
cysteine, a product of methionine via Hcy. In this study, we measured the levels of GSH and the amino 
acids involved in the methionine-homocysteine cysteine-glutathione axis to understand the effect of Hcy 
on GSH and also we study the time course variation and stability of the binding patterns of 
homocysteine in comparison with cysteine by molecular dynamics. Homocysteine forms a stable 
complex with GCLC protein but fails to induce secondary structural variations, which aid the ligation 
of glutamic acid. Competitive inhibition of homocysteine is evident from the higher binding energy and 
the structural similarity of homocysteine with cysteine. We observed that Hcy negatively influences 
GSH synthesis, γ-Glutamate Cysteine Ligase (γ-GCL) is the enzyme responsible for the synthesis of 
GSH. It is possible that Hcy is a competitive inhibitor of γ-GCL and its role in GSH synthesis needs to 
be studied further.

Introduction
In human studies have highlighted the association between 
homocysteinemia (HHcy) and the development of Age related 
Macular Degeneration (AMD) [1,2]. Homocysteine (Hcy) is an 
intermediate product in the metabolism of methionine pathway 
which converts Hcy back to Methionine (Met) and in trans-
sulfuration pathway, upon serine addition, which converts Hcy 
to cysteine (Cys). Increased levels of Hcy deplete the 
glutathione levels through the GSH consumption by reactive 
oxygen species and also by Hcy and its metabolite HcyTL 
which impairs the protein function due to the process of 
inflammation [3,4]. These metabolic reactions are dependent on 
vitamins such as B12, folate and pyridoxine. Inadequate supply 
of vitamins and alterations in an enzyme results in the 
accumulation of Hcy in the blood, leads to neurodegenerative, 
cardiovascular diseases and elevated Hcy predicts a risk of 
AMD. There is an in-vitro experimental evidence shows a 
cause-effect relationship between Hcy and retinal RPE 
dysfunction, which plays a fundamental role in the development 
and progression of AMD [5,6].

Glutathione is a naturally occurring tri-peptide with a thiol 
functional group and its diverse functions includes the 
maintenance of reactive oxygen and nitrogen species, transport 
of Cys [6,7] and involved in synthesis of prostaglandin [8,9]. It 
regulates the enzyme activity by reduction of the disulfide

bonds and glutathionylation [10,11]. GSH metabolism is 
exclusively disrupted in the diseased individuals being affected 
from AIDS, cancer and neurodegenerative conditions such as 
Parkinson and Alzheimer [12-16]. Age related lowering of the 
GSH levels leads to decline an antioxidant levels with a higher 
incidence of chronic illness [17].

High concentration of glutathione was observed in the retina 
and retinal pigment epithelium and may be depleted during 
periods of oxidative stress [18]. Endogenous antioxidants, such 
as GSH, cannot be replaced directly. Instead, compounds that 
can easily enter cells and increase intracellular antioxidant 
levels are preferred. In clinical trials supplementation of 
antioxidants halt the progression of AMD [18]. In-vitro 
experimental studies show that the protection of RPE cells 
from oxidative injury and oxidant-induced apoptosis by GSH 
and its precursors [19].

Glutathione is made of glutamate, cysteine and glycine. GSH is 
an antioxidant and its biosynthesis dependents on enzymes 
such as Glutamate-Cysteine Ligase (GCLC) and glutathione 
synthetase. Among these enzymes the synthesis of GSH 
regulates by the enzyme glutamate-cysteine ligase and this 
enzyme availability depends on the amino acids cysteine 
[20-22]. Hcy induces cellular damage through oxidative stress 
observed in in-vitro studies [23-25].
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Cytotoxicity assay
Cytotoxic effect of Hcy, Cys and Hcy with Cys together was 
assayed using a 3-[4, 5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) [39]. ARPE-19 cells grown 
in 96-well plates following a 12 h in serum-free medium were 
exposed to various concentrations of 5 µM-100 µM Hcy, Cys 
and Hcy with Cys together. At the end of incubation, the cells 
were treated with MTT for 4 h and solubilised in 100 µl of 
dimethylsulfoxide. The absorbance was measured at a 
wavelength of 550 nm using a micro-plate reader.

Estimation of amino acids by FLD-RP-HPLC
The level of released Hcy and its related amino acids in 
methionine pathway was analyzed with HPLC, as described by 
Bharathselvi, et al [40]. ARPE 19 cells were exposed to various 
concentrations of Hcy at the incubation for 1 h. Cells were lysed 
in mobile phase and centrifuged at 2,500 rpm for 10 minutes. The 
supernatant was filtered using 0.22 μ filter and 50 μl was injected 
into the HPLC column. Cells without treatment were taken as 
control.

Intracellular GSH estimation
ARPE-19 cells were grown in 24-well plates and exposed to 
various concentrations of Hcy, Cys and also the combination of 
Hcy with Cys. At the end of incubation, the cells were 
extracted with chilled PBS, sonicate the lysate for a minute and 
immediately centrifuged it for 10,000 rpm at 5 minutes, 
transferred the lysate into a fresh vial and concentrate the 
lysate using speed vac. Then the lysate made up with 100 µl of 
water and estimate glutathione by spectrophotometer at 412 nm 
[41].

Statistical analysis
All the experiments were done in triplicates and the values 
were expressed as mean ± SD. The data were analyzed for 
statistical significance by Student’s t test and p values, 0.05 
were considered to be significant.

Results and Discussion

Homology modeling
The best-predicted model having relatively less molPDF score 
157061.29 and DOPE score of -46065.46; is subjected to energy 
minimization and used as reference structure for generating 
GCLC-Hcy complex. The generated GCLC-Cys and GCLC-Hcy 
complexes have a RMSD deviation of 1.316 and 1.313 c  
respectively with the template GCLC complex structure from 
Saccharomyces cerevisiae. By using ProSA server the model was 
determined by X-ray and NMR structures. Packing quality 
analysis using Atomic Non-Local Environment Assessment 
(ANOLEA) server of GCLC-Cys and GCLC-Hcy complexes 
showed higher residues with positive energy values which shows 
the protein structures are compactly packed. 

Bharathselvi M, SureshKumar  M, Mohanty AK, et al.. Exploring the role of homocysteine in eye with glutamate-cysteine ligase, a     
biochemical and molecular dynamics approach. J Clin Ophthalmol 2024;8(6):489-496

490

To the best of the authors’ knowledge, there has been no 
substantial report on the association of homocysteine and 
competitive inhibition of Cys, related to Glutathione (GSH). 
Our study explores the competitive binding of homocysteine 
with cysteine related to GSH and its rate limiting enzymes γ-
glutamate cysteine ligase through the Molecular Dynamics 
Studies (MDS) approach to investigate the structural stability of 
the interactions and the inhibition mechanism of the GCLC by 
Hcy.

Materials and Methods

Homology modeling

By using homology modeling approach GCLC crystal structure 
3D model in the absence of Homo sapiens is predicted. The 
637 amino acids (aa) sequence of GCLC (P48506; 
GSH1_HUMAN) is retrieved from the UniProtKB database 
[26]. The homologues sequences of retrieved aa sequence of 
GCLC in Homo sapiens are searched using NCBI BLAST 
program with default parameters against the Protein Data Bank 
(PDB) [27]. The PDB structure of Saccharomyces cerevisiae 
glutamate cysteine ligase in complex (PDB ID: 3IG8) [28] is 
used for model building which has a sequence identity of 42%
with the inbound Glu, ADP and three Mg2+ ions. Holo form of 
the GCLC enzyme is modeled using the Cys ligand from 
crystal structure of Michaelis complex of gamma-
glutamylcysteine synthetase (PDB ID: 2D32) [29]. The models 
were build using the model-ligand py script from Modeller 
9v13 [30,31] by applying the positional restraints on the bound 
ligands. By using Discrete Optimized Protein Energy (DOPE) 
assessment score and probability density function to generate 
the comparative models and ranked. The GCLC Hcy complex 
is modeled by manually editing the Cys structure to Hcy by 
adding an additional methylene bridge (-CH2-) to Cys. The 
model structures are subjected to energy minimization to relax 
the short range contacts formed by the Hcy ligand.

Molecular Dynamics studies (MD)

MD simulations were performed by using 4.5.5 versions of the 
GROMACS software and GROMOS 53a6 force field and the 
topology files for Hcy, Cys, Glu substrates and ADP cofactor 
are generated by using PRODRG sever [32-34]. During 
simulation the proteins were solvated, neutralized and the 
periodic boundary conditions were carry through with a 
distance of 1 nm in all directions from the protein, electrostatic 
and van der Waals interactions were also analyzed as described 
by Darden, et al [35,36]. The temperature, isotropic pressure 
was employed by using the Parrinello-Rahman method [37] 
and the constraints were deployed using LINC algorithm in 
simulation [37,38]. The solvent, ions were stabilized by 
constant volume and pressure, the substrates, cofactors were 
construct by using a force constant of 1000 kJ mol-1nm-2. 
Finally, the MD simulations were performed for 30 ns and all 
trajectories were stored every 0.002 ps for further analysis.
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The QMEAN global quality scores are 0.432 (Z-score=-3.53) 
and 0.431(Z-score=-3.71) for GCLC-Cys and GCLC-Hcy 
complexes respectively makes them a lower but acceptable 
quality models assessed by QMEAN server. The overall Z-
scores of GCLC-Cys and GCLC-Hcy were within the 
acceptable quality analysis by ProSA of -3.38 and -3.24 
showing that the predicted structures are comparable with the 
pdb structures. The higher energy levels of the protein are due 
to the long gap insertions of 12% and lesser sequence identity 
of 42% between the template and the target sequence.

Molecular dynamics simulations
The 30 ns simulation files of the production run were saved 
and the RMSD of the GCLC protein and bound substrates were 
calculated to assess the strength of the systems as shown 
in Figure 1.

Figure 1.  Plots showing the stability of the GCLC complexes. 
a) Rmsd plots of Cα atoms of GCLC complexes; b) RMSD plots 
of Cys, Hcy and Glu ligands in the GCLC complexes; c) RMSF 
plots of GCLC complexes. The residues showing varied 
fluctuations in the complexes are highlighted; d) Rg plot of 
GCLC complexes showing similarity.

The RMSD of the protein attains stability at 2.5 ns at 6 Å and 
shows a lesser deviation up to 7 Å in the course of the 
simulation. The substrates Cys, Hcy and Glu shows fluctuations 
lower than 1.5 Å showing that the bound ligands are having a 
stable interaction in the binding pockets. The fluctuations of 
each residue in the complexes are assessed using the RMSF 
plot as shown in the Figure 2.

Figure 2. The figures show the distance in the GCLC 
complexes along the time course of the simulation. a) shows 
the distance beaten the Cys/Hcy and Glu aa in the GCLC 
complexes: b) shows the minimum distance between Cys/Hcy 
and GCLC in the GCLC complexes; c) shows the minimum 
distance between Glu and GCLC in the GCLC complexes.

The residues Asn 163, Tyr 322, Asp 548 residing in the outer 
coil regions show a higher fluctuation upon interaction with 
Cys. The Cys substrate binding induces higher fluctuations in 
the loop region of 356-365 and the residues 394, 454 and 508. 
These fluctuating residues reside away from the binding site of 
cofactors or the substrates making the fluctuations irrelevant. 
The above analysis proves that the GCLC-Cys and GCLC-Hcy 
along with cofactor ADP and the other substrate Glu are stable.

GCLC interactions with Cys/Hcy and Glu residues
The inhibitor Hcy shows an altered binding pattern with the 
GCLC protein when compared to Cys as shown in the Figure 
2. The minimum distance plots of Cys and Glu show higher 
fluctuations from 12.5 Å to 1.5 Å, whereas the Hcy resides at a 
distance of 4.0 Å to 7.5 Å hindering the peptide bond 
formation between the substrates unlike the Cys and Glu, 
which can form an effective peptide bond due to the shorter 
distances. The Glu and Hcy aa in the GCLC-Hcy complex 
show a shorter distance than the Glu and Cys distance in 
GCLC complex. The Cys in the GCLC complex resides at a 
distance of 2 Å making non bonded interactions whereas in 
GCLC-Hcy complex the Hcy involves in bonded interactions 
with the GCLC protein with a lesser distance than 1.5 Å. After 
a simulation period of 12 ns the Hcy in the GCLC-Hcy 
complex induces the Glu aa to form bonded interactions with 
GCLC whereas in GCLC-Cys complex the Glu aa remains at a 
distance more than 1.5 nm from GCLC. These bonded 
interactions between the GCLC and substrates Hcy and Glu in 
GCLC-Hcy restrict the bond formation between the mentioned 
substrates hindering the synthesis of glutathione.

Secondary structural alterations
The residual range of 1-250 contains key aa which interact 
with the substrates and the cofactors. These residues are 
assessed for the secondary structural changes using the DSSP 
program as shown in Figure 3.
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The wide spread five energy barrels provide insight to the 
structural transitions undergone by the GCLC protein on 
interaction with the Hcy than Cys, which can induce a few 
energy bin formations showing lesser altered structural 
variations. The structures with lowest Gibbs free energy were 
retrieved from the free energy landscapes as shown in the 
Figure 4.

Figure 4. The 3D plot of the free energy landscape of a) 
GCLC-Cys; b) GCLC-Hcy generated from the principal 
components. The black dot indicates the PDB’s used as the 
reference structures.

Structural comparisons of GCLC-Cys and GCLC-
Hcy complexes
The GCLC-Cys and Hcy complexes show an altered interaction 
patterns with the substrates Cys/Hcy, Glu and the cofactors 
ADP and Mg+2 ions are shown in the Figure 5.

Figure 5.  The interactions of substrates, cofactors, MG ions of 
a) GCLC-Cys and b) GCLC-Hcy are shown in the figure. The 
substrates Cys/Hcy, Glu and ADP substrates are shown in blue 
and the MG ions are indicated in green color.

The Cys which is the natural substrate for the GCLC complex 
exhibits non bonded interactions with the GCLC enzyme and 
resides in the acidic environment of Glu aa (638, 50 and 72) and 
a protonating his 32 residue which helps in electron transfer 
reactions similar to proposed PDB structure 3IG5. 
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Figure 3.  The secondary structures variations of the GCLC 
residues ranging from 1-250 across the time scale were shown 
in the figure. The structural variations of a) GCLC-Cys and b) 
GCLC-Hcy were highlighted using the boxes. The legend 
indicates the colors representing the secondary structural 
variations.

The Hcy binding to the GCLC induces the formation of new α-
helix in the GCLC protein. The residue 180-200 contain α-helix 
region, which involves in the interaction with the ADP residue. 
The Hcy interactions stabilize the helices but Cys binding 
induces the α-helix to nonstructural formations of bends and 
turns. The Hcy interacts with the residues ranging from 
120-130 and induces the α-helix formation whereas the Cys 
induces the formation of β-bridges and bends. The residues in 
the range of 70-80 have a α-helix configuration induced by the 
Hcy aa, but the substrate Cys induces a coil configuration 
which has high flexibility. The residues in the range of 20-30, 
55-60 that interact with ADP and Cys/Hcy also show structural 
transactions from bends and turns. These helical variations 
induced by the Hcy in the GCLC makes the protein structure 
less flexible than the Cys binding.

Free energy landscapes
The Free Energy Landscapes (FEL) for GCLC complexes are 
generated based on the principal component vectors using the 
g_sham tool of GROMACS. The FEL of the GCLC-Cys 
complex is generated based on the principal component 3 (cos 
value=0.0019897) and principal component 4 (cos 
value=0.0181617). Similarly, the principal component 2 (cos 
value=0.0142558) and principal component 3 (cos 
value=0.000190398) are used to generate the FEL of the 
GCLC-Hcy complex. The FEL of GCLC-Cys complex has a 
Gibbs energy in the range of 0 KJ/mol-16.7 KJ/mol with wide 
spanning core region with lower energy barrels and a tail 
region of higher energy. The GCLC-Hcy has a Gibbs energy in 
range of 0 KJ/mol-13.6 KJ/mol with a widespread five energy 
barrels which are connected by a lower energy levels. 
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The Hcy residue in the GCLC-Hcy complex is surrounded by a 
lesser acidic environment with Glu (52, 61) lacking interactions 
with Glu substrate and interacts with Mg2+ cofactor. The other 
substrate Glu in the GCLC-Cys complex resides closer to the 
Cys as discussed above whereas the Glu ion in the GCLC-Hcy 
complex interacts with the ADP and Mg2+ acting as a cofactor. 
The ADP molecule in the GCLC-Cys complex interacts with 
the hydrophobic Leu residues near the phosphate moiety 
whereas the ADP of  GCLC-Hcy  the  ADP  phosphate  moiety 
interacts with sulphur containing aa Met which does not aid in 
the energy transfer reactions.

Binding free energies calculated by MM/PBSA
The binding free energies of the GCLC complex with Hcy/Cys 
were calculated using the g_mmpbsa 
program. The binding free energies of the complexes were 
averaged for 60 snapshots taken at an interval of 
500 ps throughout the simulation were shown in Figures 6a 
and 6b.

Figure 6. Binding energy analysis of the GCLC complexes. a) 
The plot showing time course variation of Hcy and Cys binding 
energies with GCLC; b) The plot showing the per residue 
contribution of Cys and Hcy binding energies with GCLC.

The increased binding affinity is mainly contributed by the 
increased van der Waal energy and the SAV energy, which 
contribute to the strong attractive force for the Hcy as shown in 
Table 1.

GCLC-Cys GCLC-Hcy

van der Waal energy 0.000 ± 0.000 kJ/mol -77.720 ± 2.140 kJ/mol

Electrostatic energy 0.000 ± 4.042 kJ/mol 19.346 ± 0.804 kJ/mol

Polar solvation energy 10.713 ± 11.117 kJ/mol 58.662 ± 2.142 kJ/mol

SASA energy -4.885 ± 0.059 kJ/mol -9.355 ± 0.089 kJ/mol

SAV energy -49.928 ± 2.117 kJ/mol -69.474 ± 1.232 kJ/mol

WCA energy 28.196 ± 0.460 kJ/mol 33.263 ± 0.541 kJ/mol

Binding energy -15.969 ± 4.386 kJ/mol -45.226 ± 2.714 kJ/mol

The Cys and Hcy show a higher variation in the binding energy 
patterns through the course of the simulation. The Cys, which 
binds intact with negative binding energy, shows stability in the 
positive binding region, indicating that it can be released freely 
during the course of the simulation. Alternatively, the binding 
energy values of Hcy shift from the positive values to the 
negative values which show an increase in the binding 
efficiency of the Hcy to the GCLC. The per residue interactions 
of Cys/Hcy were show in the Figure 6. The residues Leu 250, 
Cys 248 show strong interactions with Hcy with energy values 
of -15.61KJ/mol and -13.50KJ/mol respectively revealed that 
these residues form stable interactions with the GCLC. The Cys 
interactions are spread over a varied region of GCLC with 
altered residual interaction patterns. This shows that the Hcy 
can form strong and stable interactions with the GCLC than the 
Cys and can act as competitive inhibitor.

Cytotoxicity assay
MTT assay was determined to observe the cytotoxic effect of 
Hcy and Cys on ARPE-19 cells. Concentration ranges from 5 
μM-100  μM for  1  h  time point and the cell viability as shown 
in Figure 7. The prolonged incubation of Hcy alters the RPE 
structure.

Figure 7. Cytotoxic effect of Hcy (A) and (B) Cys on ARPE-19 
cells.

Homocysteine alters the amino acids level in ARPE-19 
cells
Glutamic acid, glycine and taurine levels were decreased when 
increased the concentration of Hcy, whereas in 5, 15 and 30 μM 
concentrations of Hcy not affected the cysteine level, instead of 
50 and 100 μM affected the cysteine level. But methionine level 
is increased while increasing the concentration of Hcy as shown 
in Figure 8.
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Table 1. The contribution of various energy terms to the binding energy value of Cys/Hcy in the GCLC complexes.
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Figure 8. Homocysteine alters the amino acids level in 
ARPE-19 cells.

The amino acids such as glutamic acid, cysteine and glycine 
are decreased when increased the concentration of Hcy, this 
paves the way to study the Hcy is really affecting the synthesis 
or utilization of GSH. Glycine is an abundant amino acid in 
extracellular matrix, as collagen is a major protein accounting 
for bulk of ECM, which contains glycine as 1/3 of its 
composition [42].

Intracellular GSH levels
To determine whether Hcy decreased the GSH levels, ARPE-19 
cells were exposed to various concentrations of Hcy and Cys 
and intracellular GSH concentrations were analyzed. The 
intracellular GSH content was decreased when compare to 
controls with increase concentration of Hcy, whereas the GSH 
content was increased with increased concentration of cysteine. 
While co-incubation of Hcy and Cys, the GSH level can be 
retrieved up to 60% by adding Cys to the cells as shown in 
Figure 9, but increased Hcy decreases the synthesis of GSH and 
also higher levels of Cys along with higher levels of Hcy, there 
is no change in GSH level. We did the enzyme activity in the 
serum and PBMC samples of idiopathic re tinal vasculitis 
(Eales’ diseases) cases and observed that the GCL activity was 
decreased in Eales’ disease (data not shown).

In GSH biosynthesis, GCL is a rate-limiting enzyme play an 
important role in oxidative stress [45]. The GCLC possess 
catalytic activities; however, GCLM subunit increases GCL 
activity (Vmax and Kcat) are the two subunits of GCL protein, 
substrate affinity for glutamate, ATP and the Ki involves in 
feedback inhibition of GSH [45].

Conclusion
The molecular dynamics studies provide insight to the 
competitive inhibition mechanism of GCLC with Hcy. Hcy fails 
to induce secondary changes in the α-helix which prevents its 
ligation with the Glu an inhibiting the GSH synthesis. The Hcy 
residue lacks surrounding acidic environment, which prevents the 
probation reactions further inhibiting the ligation reactions. The 
Hcy had an increased binding energy than the Cys, which shows 
an increased binding affinity of Hcy with GCLC than the Cys. 
Our study paves that Hcy had a competitive inhibition in the 
binding of Cys with GCLC. 

Hcy
fails to induce secondary 

changes

 

in

 

the α-helix which prevents its ligation with the Glu an inhibiting the GSH synthesis. The Hcy residue lacks surrounding 
acidic environment, which prevents the probation reactions 
further inhibiting the ligation reactions. The Hcy had an 
increased binding energy than the Cys, which shows an increased 
binding affinity of Hcy with GCLC than the Cys. Our study 
paves that Hcy had a competitive inhibition in the binding of Cys 
with GCLC.
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