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Antioxidant enzymes (AEs) are the main parts of the natural barriers of the body which deactivate the oxidant
factors. To discover and understand their structures and function will deserve a deeper investigation.
Accordingly, as an AE of probiotic strains, glutathione reductase of Streptococcus thermophilus (GRst), is characterized and modeled by in-silico methods. The investigation indicated the physicochemical properties of the
enzyme and estimated its half-life of being more than 10 h. The analysis revealed that the enzyme is composed of
86 strands, 123 helices, and 241 random coils. Homology modeling of the GRst led to the construction of the
enzyme’s 3D model that 62% of which is analogous to the glutathione reductase of Escherichia Coli (GRec), and
which is qualitatively high in terms of Molpdf, ERRAT, Verify-3D and Ramachandran scores. Moreover, the
structural stability of the model was substantiated within 10 and 20 ns at 400 and 300 K, respectively.
Interestingly, these data showed that the enzyme is more stable than GRec at 400 K. In other words, the active
cavity of the constructed model is characteristic of 38 amino acid residues within 4 Å around the NADPH and
GSSG as corresponding ligands of GRst. Noteworthy, herein is the fact that, CYS40 and CYS45 are speciﬁed as
the active site residues of this enzyme. Furthermore, the interaction assays of the model support its antioxidant
capability which is even more than that of GRec.
In general, these data provide a new model of AEs being inclusive of high antioxidant capacity and thermostability.

1. Introduction
Reactive oxygen species (ROS) originating from the inner and outer
sides of the cells (Klaunig et al., 2010) can cause numerous biological
malfunctions via changes in the proper functioning of such macromolecules as DNA and proteins (Babbs, 1990; Firuzi et al., 2011;
Watterlot et al., 2010). Antioxidants, being synthesized in the body
(Seraﬁni and Del Rio, 2004), and/or being derived from the herbs of the
plant-based foods make the natural barriers against ROS (Mates et al.,
1999; Pandey and Rizvi, 2009). So, the strengthening the antioxidant
capacity of the body is one of the strategies for the prevention of certain
related diseases, which can be supplied through the antioxidant-based
diet (Serata et al., 2012). Glutathione reductase, Glutathione peroxidase, Thioredoxin reductase, Catalase and Superoxide dismutase are
the main antioxidant enzymes (Mates et al., 1999; Manthey et al., 2006;
Zhang and Li, 2013) which can lead to the reinforcement of the body’s

⁎

antioxidant capacity and which, if administered through procedures
such as probiotic diet, can confer a health beneﬁt to the host (Zhong
et al., 2014). It has, however, been demonstrated that the Lactic acid
bacteria (LAB) strains possess antioxidant properties and that they inactivate ROS via such enzymatic mechanisms as coupled NADH oxidase/peroxidase system and catalase (Kullisaar et al., 2003, 2002;
Amanatidou et al., 2001; Bruno-Barcena et al., 2004; Lee et al., 2005).
So, an investigation into the structural and functional features of these
enzymes in detail will provide approaches for the AEs’ development.Among these enzymes, glutathione reductase (GR), as an antioxidant, is ubiquitous and essential in terms of the glutathione redox
cycle.It reacts the free radicals and organic peroxides as well as xenobiotics metabolism which catalyzes the reduction of the oxidized glutathione (GSSG) to the glutathione (GSH)through the (Dolphin et al.,
1989). Due to its importance, the enzyme has been puriﬁed out of a
number of animals, plants and microbial sources. Andsince 1935 to
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target sequence by means of homology modeling method.This approach
is based on the use of auto-model class.3 being implemented in the
MODELLER 9v17 package (Eswar et al., 2008). The method comprises
ﬁve main steps, that is; structural identiﬁcation, the selection of the
template(s), the alignment of the target sequence and template structure(s), the construction of the model, and evaluating the quality of the
model (Eswar et al., 2006).The GRst sequence was searched in order to
identify the related protein sequences as a template through the BLAST
program against PDB. To ﬁnd the homologous structure and the most
homologous protein sequence being used as a template for homology
modeling the structural similarity was search by standalone BLASTP
against PDB.After the template identiﬁcation, a global alignment was
maintained between the query sequence and the identiﬁed templates.
Based on the highest score, the percentage of sequence similarity and
sequence identity, the percentage of coverage, and the most aligned
region the best template was chosen. A glutathione reductase from E.
coli (Mittl and Schulz, 1994) (PDB ID: 1GER; resolution, 1.86 Angstroms) was used as a template for 3D structure modeling of GRst. The
sequence alignment of GRst with the 1GER dimeric protein sequence
was performed using the CLUSTALW program by applying the default
parameters (Thompson et al., 1994) (http://www.ebi.ac.uk/clustalw).
Using Modeller 9.17 the protein sequence alignment was employed as
the input for the counstruction of the 3D structure of GRst models
(Eswar et al., 2008). Finally, the predicted 3D structure of GRst was
visualized by PyMOL (http://www.pymol.org/).

identify and explain its structure and kinetic mechanism as well as its
molecular properties a vast range of studies have been employed
(Tandogan and Ulusu, 2006). GR-isoforms from pro- and eukaryotes
constitute stable homodimers of the family of ﬂavoprotein disulﬁde
oxidoreductases containing four domains in each subunit (Bashir et al.,
1995). Structurally an FAD-binding domain, an NADPH-binding domain, a central domain, and an interface domain are situated at the Nterminus of the enzyme (Bashir et al., 1995; Deponte, 2013). With a
view to the enzyme’s functionality, the oxidized glutathione is reduced
by a multi-step reaction which in turn GR is initially reduced by NADPH
which forms a semiquinone of FAD, sulfur radical and a thiol. The reduced GR (GRred) reacts with a molecule of GSSG, resulting in a disulﬁde interchange and which produces a molecule of GSH and the
GRred-SG complex. An electron rearrangement in GR red-SG results in a
second disulﬁde interchange, splitting oﬀ the second molecule of GSH
and restoring the GR to the oxidized form (Massey and Williams, 1965).
Moreover, the stability of GR has been tested in various organisms and
in a variety of ways and it was found that GR is one of the thermostable
enzymes (Tandogan and Ulusu, 2006).
In general, the structure, both substrate-binding sites and even the
overall amino acid sequence of diﬀerent GR-isoforms are extremely
conserved in the process of evolution. For example, the subunits of
crystallized human GR are linked by a cysteine disulﬁde bond compared to the GR-isoforms from yeast, Plasmodium falciparum and
Escherichia Coli (E. coli) (Deponte, 2013). So, based on the development
of the probiotic-based diets, attention to the structure and function of
these enzymes in probiotic strains can provide an opportunity for the
reinforcement of the body’s antioxidant capacity.
Taking these points into account, the present study investigates the
structural and functional assays of the chain A of the GR of Streptococcus
thermophilus.

2.5. Validating the predicted tertiary structures
Based on Molpdf score the models constructed by Modeller were
chosen at the ﬁrst step of validation. Next, the quality of the models was
evaluated by ERRAT, Verify3D and Ramachandran plot. Verify 3D is
used to identify the protein’s unreliable regions being improperly
modeled and that constructs a 3D model proﬁle in which each amino
acid residue position is characterized by its own environmental score.
As to the experimentally veriﬁed high-resolution structure, Verify 3D
score is positive and highly consistent. ERRAT is a protein structure
veriﬁcation algorithm that is particularly well-suited for the evaluation
of the development of crystallographic model construction and reﬁnement (Luthy et al., 1992) through the structural analysis and veriﬁcation server (https://services.mbi.ucla.edu/SAVES/). The precision of
the predicted models was assessed by investigating the PSi/Phi Ramachandran plot using the RAMPAGE server (http://mordred.bioc.
cam.ac.uk/-rapper/rampage.php) (Lovell et al., 2003). Moreover, molecular dynamics simulation was employed for further validation of the
models.

2. Materials and methods
2.1. Retrieving the sequence and 3D structure
The complete protein sequence of GRst was obtained from protein
dataBank of National Center for Biotechnology Information database
(NCBI, http://www.ncbi.nlm.nih.gov) with accession number
AAB00353.1. Moreover, 3D structures of the ligands (NADPH, glutathione disulﬁde) were obtained from the Zinc database (http://zinc.
docking.org/) (Irwin and Shoichet, 2005).
2.2. Illustrating the protein’s physicochemical features
Physiochemical characteristics of the examined sequence including
the theoretical isoelectric point (pI), the molecular weight, the total
number of positive and negative residues, the extinction coeﬃcient, the
instability index, the aliphatic index, the amino acid composition (%),
and the Grand Average hydropathy (GRAVY) were speciﬁed via
ProtParam server (http://web.expasy.org/cgi-bin/protparam) (Wilkins
et al., 1999).

2.6. Molecular dynamic simulation study
GROMACS v5.0.7 and GROMOS96 43a1 force ﬁeld on a Linux
system, energy minimization and molecular dynamics (MD) simulation
were used for the reﬁnement of the 3D structures and the thermal
stability assay. Using the steepest descent algorithm, energy minimization was maintained and was authorized to run until it converged
into the machine precision or into a maximum force on each atom less
than 100 kJ/mol/nm. The 3D structures were centered in a cubic cell
ﬁlled with simple point charge extended (SPC/E) water with a box edge
set at 1.0 nm (nm). Accordingly, to neutralize the overall charge of the
system sodium or chloride ions were added. The position restraints
were applied to the protein and heavy atoms and simulations were
employed for NVT equilibration ensemble where the number of particles, the volume of the system and the temperature were kept constant
at 300 K for 100 ps using velocity rescaling method (Bussi et al., 2007),
followed by 100 ps of NPT equilibration ensemble where the number of
particles, the pressure and the temperature were kept constant at 1 bar.
The temperature and pressure were controlled by Nose-Hoover thermostat and Parrinello-Rahman barostat, respectively (Hoover and Gen,

2.3. Predicting the secondary structure
This
was
careered
out
by
means
of
GOR
(Garnier–Osguthorpe–Robson) secondary structure prediction method
(Sen et al., 2005). The GOR analysis was performed to understand the
presence of helices, beta turns and coils in the protein structure. To
predict the secondary structure of proteins the method utilizes both the
information theory as well as the Bayesian statistics (Garnier et al.,
1978).
2.4. Predicting the tertiary structure
The 3D structure of the target protein can be built out of its known
2
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the outlier regions, (Table 1 and Fig. 3).

1985; Braga and Travis, 2005). After the system’s well-equilibration we
run a 20 ns of MD simulation for our protein structural prediction. A
time-step of 2fs was used where all bonds were constrained using the
linear constraint solver (LINCS) algorithm (Hess et al., 1997). Subsequently, to compare the thermal stability of the built model to the
template (1GER), 10 ns simulations were maintained at 400 K. The
Root-mean square deviation (RMSD) was calculated through the 10 ns
production simulation for all backbone atoms. Moreover, C Root-mean
square ﬂuctuations (RMSF) values were calculated by comparison to
the initial structure.

3.4. The 3D reﬁnement of GRst's accepted model
Minimizing the energy level of accepted Model of GRst’s accepted
model via Gromacs caused signiﬁcant reductions in energy being indicative of the improved quality of the model packing. As shown in
Fig. 4, the RMSD plot of the built model represents stability within an
interval of 20 ns embedded in the water environment at a temperature
of 300 K. The Root-mean square deviations of the GRst’s backbone indicated slight variations of 0.25 nm to 0.30 nm without any changes to
the structure of the enzyme (Fig. 4-B). Moreover, it was demonstrated
that after the process of simulation the scores of the Verify-3D and Errat
of the GRst’s model were upgraded from 91.96 to 99.78 and 77.85 to
87.92, respectively (Fig. 5).

2.7. Molecular docking studies
At the ﬁrst step and based on the literature, the active site of GR was
determined (Mittl and Schulz, 1994; Kuriyan et al., 1991). According to
the reports, FAD/NAD cofactors location is at the active site of the GRisoforms within the P-binding domain.To study the protein-ligand interaction, AutoDock Vina (Trott and Olson, 2010) was used by blind
docking approach with grid box parameter including size x = 68; size
y = 47; size z = 61 and center x = 43.0108; center y = 49.4749 and
center z = 51.3799. Moreover, utilizing on a PyRx platform and based
on the scoring function of the Lamarckian genetic algorithm these interactions were maintained (Dallakyan and Olson, 2015). Regarding
this, to get various docked conformations AutoDock Vina was run
several times. For each test compound, ten best poses were generated
and scored using AutoDock Vina scoring functions. The interaction
features were illustrated by the PyMOL Molecular Graphics System
v.1.3 (Schrodinger, LLC).

3.5. The thermal stability assay of GRst
To evaluate the conformation stability of GRst at a high temperature
the molecular dynamic simulations were used. Moreover, as a control
the structural stability of GRec was assessed in a same condition. The
results of this analysis reveal the stability of both structures at 400 K
within a time interval of 10 ns (Fig. 6). Nonetheless, as the ﬁgure displays GRst is more stable than GRec in such a way that the RMSD of the
GRst varies within a range of 0.25 nm to 0.30 nm as compared to GRec
which varies within a range of 0.25 nm to 0.7 nm.
The RMS ﬂuctuations for each residue of GRst and GRec were designated within this temperature condition. As is noticed in Fig. 7, the
ﬂexibility of both enzymes increased, especially among the residues of
GRst including 59–79, 246–248, 271–276, 325–331, 381–384, 48–434
and 446–448.

3. Results
3.1. The sequential characterization of the GRst

3.6. The characterization of the active cavity and the active site of GRst
The sequential analysis of GRst revealed 450 amino acids in the
context of the enzyme weighing 48.712 kDa and that it’s isoelectric
point is 5.04. It was found out that G (10.7%), A (9.3%), V 9.3%, T
(7.3%), E (7.1%) and O and U (0.0%) are the maximum and the least
number of amino acids available in the sequence of GRst. Moreover, it
was noticed that the number of positively (R + K) and negatively
(D + E) charged residues of this enzyme are 41 and 61. The instability
index of the GRst has been computed at 20.50. And the enzyme’s halflife was indicative of a value of more than 10 h. Furthermore, the aliphatic as well as the hydropathic indices of the GRst are calculated at
87.53 and 0.074, respectively. In other words, these analyses indicate
that the total residues of GRst are made up of 86 strands, 123 helices
and 241 Random coils (Fig. 1).

Using the random docking among GRst and GRec to the corresponding ligands including NADPH and GSSG and based on literature
data the issue was investigated. The output of the analysis led to the
presence of 50 and 45 amino acids residues as the active cavity of GRst
around 4 Å (A) of GSSG and NADPH, respectively (Table 2). As shown
the table underlines 38 residues out of all which are common in both of
the ligands binding pockets indicating the precision of the cavity location. Interestingly, it is observed that the binding cavity of NADPH
and GSSG are situated near the binding site of FAD as a cofactor of GRst
(Fig. 8). In other words, out of the given residues CYS40 and CYS45
showed the strongest aﬃnity to the corresponding ligands as the active
site of GRst (Fig. 8).

3.2. The predicted tertiary structures of GRst

3.7. The interaction assays of GRst to the corresponding ligands

The highest homology of the sequence of GRst characteristic of the
chain A of GRec with 62% identity, 100% coverage and 553 bits score
are revealed through our surveys. Thus, using the crystal structure of
the GRec homologous (PDB: 1ger, resolution 1.86 A°), the tertiary
structure of GRst was modeled. The results of the modeling led to the
creation of three models of GRst with diverse qualities (Fig. 2).

The antioxidant capacity of GRst was assessed via its aﬃnity to
GSSG and NADPH, as the corresponding ligands, compared to GRec
interaction with these ligands. As shown in Table 3, the built model of
GRst possesses a high aﬃnity to NADPH and GSSG compared to the
interaction of GRec with these ligands. This being the case, the interaction of the lowest binding energy of GSSG and NADPH with GRec and
GRst were determined to be -6.4, -8.3 and -7.1, -11.3 kcal/mol, respectively.

3.3. The quality assay of 3D structures of GRst

4. Discussion

The precision and quality of the GRst models were evaluated to
some further analyses. As shown in Table 1, the GRst generated structures characteristic of the Molpdf score of Model 3 displayed the lowest
score. The quality scores of ERRAT and Verify_3D of this structure were
estimated at about 77.85 and 89.06, respectively. Furthermore, based
on Ramachandran plot analysis it was found out that 96.6% of residues
of the model were situated in favored regions, 3.4% of which were
located in authorized regions and that there were no residues (0.0%) in

It is evident that in recent years the antioxidant enzymes have
played a vital role in medicine and industry. So, discovering the new
enzyme sources, understanding their molecular mechanisms will be of
great importance in the interpretation of the cellular defenses against
the oxidant factors, the drug-based antioxidant actions, and their applications as well. Taking the issue into account, to understand the
3
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Fig. 1. The graphical representation of GRst’s secondary structures with various frequencies including the most frequent random coils (53, 56%), and being followed
by alpha helixes (27, 33%), and extended strands as the least frequencies (19.11%).

protein sequence could provide parameters for the interpretation of its
stability (Guruprasad et al., 1990; Ikai, 1980), functionality (Bachmair
et al., 1986) and puriﬁcation (Gill and Von Hippel, 1989). The analysis
brings to light high polar residues including Gly (10.7%), Thr (7.3%),
Glu (7.1%) as well as 3 Cys residues in the context of GRst implying the
enzyme’s hydrophilic features and disulﬁde bridges. It has also been
shown (Gill and Von Hippel, 1989) that the estimation of a proteins
molar extinction coeﬃcient out of the knowledge of its amino acid
composition would be surely be possible. nother words, these characterizations reveal the enzyme’s basic character and stability in a wide

molecular mechanisms of glutathione reductase of Streptococcus thermophilus as an antioxidant factor for the therapeutic and non-therapeutic applications, we systematically analyzed and characterized its
structure and function. Our investigation and analysis revealed the
physicochemical properties and half-life of GRst. Moreover, the study
provides a 3D model of the enzyme conﬁrmed via Molpdf, ERRAT,
Verify-3D and Ramachandran plots before and after its structural reﬁnement. Interestingly, the analysis showed the structural stability and
suitable functionality of the enzyme at 300 and 400 K, even more than
that of the homologous enzyme. Physicochemical properties of a

Fig. 2. The GRst’s predicted 3D structures.
4
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Table 1
The detailed quality assays of GRst’s predicted 3D structures.
The situation of GRst’s residues in the Ramachandran Plot
Outlier region

Allowed region

Favored region

2 (0.4%)
0 (0.0%)
0 (0.0%)

15 (3.4%)
14 (3.1%)
15 (3.4%)

429 (96.2%)
432 (96.9%)
431 (96.6%)

ERRAT

VERIFY 3D

Molpdf score

Type

74.65%
70.68%
77.85%

89.96%
91.96%
89.06%

2368.4321
2191.76855
2048.78833

Model 1
Model 2
Model 3

Fig. 3. The evaluation of the stability of the generated models of GRst based on Ramachandran plot via the RAMPAGE server.
Fig. 4. The GRst’s reﬁnement structure within 20 ns at 300
k. A) The RMSD plot of the constructed model of GRst, as it
is shown in the plot throughout the simulation process the
GRst’s structure was stable with a little variation between
0.25 nm to 0.30 nm. B) The GRst’s 3D structure after the
process of simulation. The α-helixes are represented by
cyan ribbons, the β-strands are represented by magenta
arrows, and the coiled regions are represented in pink.

estimated to be equal to −0.074 conﬁrming its solubility consistency in
the other reports (Wilkins et al., 1999; Kyte and Doolittle, 1982). The
random coil’s frequency of (53, 56%) within the context of GRst (Fig. 1)
imply the rich content of Gly and Pro residues in the enzyme. A random
coil plays an important role in protein’s ﬂexibility, conformational

temperature range and indicate its isoelectric point as well as its instability and aliphatic index. The GRst’s features refer to the presence of
aliphatic side chains in its context (Guruprasad et al., 1990; Ikai, 1980),
which is conﬁrmed through the given results (Figs. 4 and 6). In addition, the Grand Average hydropath (GRAVY) Index of GRst was
5
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Fig. 5. The GRst’s modeled Errat Plot analysis before and after the process of MD.

Fig. 6. The GRst’s RMSD plot compared to GRec within 10,000 ps at 400 k.

Fig. 7. The GRst’s RMSF residue featurescompared to GRec at 400 K within 10 ns.

nowadays known as one of the best-understood enzymes and a reference protein for the redox catalysis (Deponte (2013). Nonetheless, up
to the present time no three-dimensional structure of probiotic bacteria’s GRs such as Streptococcus thermophilus has been created. Based on
a similar sequence of GR the crystal structure of which is available from
E.coli (Mittl and Schulz, 1994) with identity in the region of its residues
from 3 to 480, the present study predicts the GRst’s 3D structure via the
homology modeling (Webb and Sali, 2014). The analysis has led to the
construction of a three-dimensional model of GRst (Fig. 2), with suitable quality in Molpdf, ERRAT, Verify3D factors (Table 2), and Ramachandran plot (Fig. 3). Moreover, to optimize the unfavorable bond

changes and the enzymatic turnover (Buxbaum, 2007). The tertiary
structure of the enzyme is a critical concept for the prediction of its
function (Webb and Sali, 2014). Considering this there exists reports
about the GR-isoform’s modeling since 1977 up to the present time. In
1978, the ﬁrst low-resolution crystal structure of a dimeric ﬂavoenzyme
GR-isoform from human erythrocytes was explained by a key article on
the structure at 3 Å resolution by Schulz (Schulz et al., 1978). During
the following years the true amino acid sequence was obtained and in
1981 Thieme et al. assigned the sequence to a X-ray data set with 2 Å
resolution (Thieme et al., 1981). Owing to the numerous additional
protein crystallographic studies as well as the genetic screens GR is
6
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S12,G13,T39,C40,V43,G44,C45,K48,F97,H140,P141,L142,S155,D156,F159,A173,G174,Y175,I176,A177,E179,K197,P200,L201,R202,T203,V259,G260,A261,L277,E279,A280,G281,N282,Y284,G300,D301,T303,G304,K305,L306,D307,L308,T309,V311,A312,T339,V340,V341,F 342
G11,S12,G13,T39,C40,G44,C45,K48,K49,I93,S96,F97,L142,A173,G174,Y175,I176,E179,R202,T203,V259,G260,R261,L277,E279,R280,G281,N282,Y284,G300,D301,T303,G304,K305,L306,D 307,L308,T309,A312,V313,Y334,T339,V340,F 342,Q 415
GSSG

lengths, bond angles, and torsion angles the modeled of GRst was reﬁnement for optimizing via gromacs v5.0.7 (Abraham et al., 2015) with
the GROMOS 96 force ﬁeld (van Gunsteren et al., 1996). As shown in
Fig. 4, based on RMSD plot indicating the improvement of its quality
compared to the enzyme’s structure prior to the process of simulation,
the structure of GRst remained stable at 300 K within 20 ns (Fig. 5). To
ﬁnd out whether the protein is stable and close to the experimental
structure and for the analytical purpose, it can be said that the rootmean square deviation is one of the most important fundamental
properties (Kuzmanic and Zagrovic, 2010). One knows that during their
functioning many proteins undergo conformational changes for which
reason ﬂexibility will be required for the attainment of their biological
activity (Rosales-Hernández et al., 2010). The quantiﬁcation of the
protein’s structural changes in the experimental and physiological
conditions will be provided by RMSD parameters (Kuzmanic and
Zagrovic, 2010). To have an insight into the GRst’s structural changes
and to describe its conformational movements at the atomic level MD
simulations were maintained at 400 K within 10 ns (Fig. 6). As shown in
Fig. 6, GRst is more stable than GRec at 400 K; however, some residues
within the regions 59–79, 246–248, 271–276, 325–331, 381–384,
48–434 and 446–448 have increased the ﬂexibility of both of GRst and
GRec (Fig. 7). The Root-mean square ﬂuctuation (RMSF) of the Catoms
of protein from the primary structure are plotted as a function of residue number (Kuzmanic and Zagrovic, 2010). Subsequently, based on
molecular docking the antioxidant capacity of the GRst was maintained
via its aﬃnity to corresponding ligands. This method is commonly used
to predict the binding modes of ligands to proteins (Hillisch et al., 2004;
Hossain et al., 2016).
As to this and based on the comparative docking analysis, the active
cavity and site of GRst to NADPH, GSSG and FAD as corresponding
ligands (Simoni et al., 2002; Deponte and Hell, 2009), and cofactor
(Schulz et al., 1978; Karplus and Schulz, 1989; Deponte et al., 2005)
were taken into account (Table 3). The investigation resulted in the
disclosure of the binding locations of GSSG, NADPH and FAD being
close to one another with the strongest aﬃnity to the two cysteines
residues (CYS40 and CYS45) as an active site (Fig. 8). It was demonstrated that the sequence alignment of oxidoreductases enzymes such as
GR, thioredoxin reductase, Trypanothione reductase, Lipoamide dehydrogenase, alpha-ketoacid dehydrogenase, Mercuric reductase showed
two conserved cysteines, with various locations on the enzyme’s sequence context, included in the redox-active disulﬁde bond as active
sites (Eggink et al., 1990; Ross and Claiborne, 1992; Kuriyan and
Guenther, 1991). For instance, CYS42 and CYS47 are the essential residues of GRec’s active sites, and that CYS58 and CYS63 are the essential residues of active sites of a type of human’s GRs (Mittl and
Schulz, 1994; Untucht‐Grau et al., 1981; Untucht grau et al., 1981).
With a view to this, the GRst’s active cavity is being characterized with
38 amino acids residues within 4 Ås around corresponding ligands
(Table 3). It has been demonstrated that a 30-residue alpha-helix of
human GR lines the cavity and contributes to the active site (Savvides
and Karplus, 1996). Finally, the interaction assays of GRst to the corresponding ligands support the antioxidant capability of the enzyme
even more than GRec (Table 3).The molecular docking approach can be
used to model the interaction between a small molecule and a protein at
the atomic level, which allow us to characterize the behavior of small
molecules in the binding site of the target proteins as well as to elucidate the fundamental biochemical processes (McConkey et al., 2002). In
general, these data provide a model of GRst with a high quality in its
structure and function via binding to the corresponding ligands.
Moreover, the investigation reveals that this model of GR is resistant to
a wide temperature range representing a suitable candidate for the
industry applications as cosmetics and prebiotics. Furthermore, the
strong aﬃnity of GRst to corresponding ligands might interpret high
antioxidant capacity of Streptococcus thermophilus (Ito et al., 2003), as a
host of this enzyme.

NADPH

Amino acids residues
Ligand

Table 2
The GRst’s amino acid residues within 4 A around GSSG and NADPH as the enzyme’s active cavity.

N. Gholampour-Faroji, et al.
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Fig. 8. The GRst’s structural cartoon models in the complex of the corresponding ligands and FAD cofactor. A) GRst in the complex of NADPH. B) GRst in the complex
of GSSG. The FAD is in magenta, NADPH is in green, GSSG is in yellow. As it is shown in here, NADPH and GSSG are embedded in the putative binding site of the
cysteine residues.

Jami for their valuable suggestions in relation to the manuscript.

Table 3
The nine positional binding energy interactions of GRec and GRst with the
GSSG and NADPH as ligands.
pose
mode

1
2
3
4
5
6
7
8
9

Docking scores based on kcal/mol
via the GR-GSSG interactions

Docking scores based on kcal/mol
via the GR-NADPH interactions

GRec

GRst modele

GRec

GRst modele

−6.4
−6.3
−6.2
−6.1
−6.0
−5.9
−5.8
−5.8
−5.8

−8.3
−7.8
−7.5
−7.4
−7.4
−7.4
−7.4
−7.4
−7.4

−7.1
−7.1
−6.8
−6.7
−6.6
−6.6
−6.6
−6.5
−6.5

−11.3
−11.1
−11.0
−10.9
−10.7
−10.5
−10.3
−10.2
−10.1
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