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Background: Characterizing the structure and function of superoxide dismutase (SOD), as an antioxidant enzyme providing
opportunities for its application in food supplements.

Objectives: In this study, the features of the Manganese-SOD of Lactococcus lactis (SDLL), subsp. cremoris MG1363, as
probiotic bacteria, were determined on the basis of the computational methods.

Materials and Methods: The protein’s physicochemical properties and the prediction of its secondary structure were
determined via the ProtParam server and the GOR program respectively. Moreover, the 3D structures of the proteins were
constructed via the MODELLER on the basis of the homology method and the threading algorithm MUSTER. On the other
hand, the structural stability of the models was assayed under the quasi-physiological conditions by the GROMACS program
via the GROMOS96 43al force field in Linux system. Finally, using the Molecular Docking Studies, the functionality
features of the models were predicted through their affinity with the corresponding substrates.

Results: The results revealed the physicochemical properties of the SDLL and a 3D model of a chain of the enzyme being
similar to the SOD from the Bacillus Subtilis (SDBS). The model of the SDLL was checked for quality control purposes
including the Ramachandran plot, the ERRAT and the Verifiy3D. The model was suggestive of the structural stability in
quasi-physiological conditions; yet, less than that of the SDBS. Assessing the cause of the instability in the SDLL model
was indicative of two unstable regions in the area far from the enzyme’s active position, they were considered suitable for
mutagenesis. Accordingly, the loop substitution for the corresponding region of SDBS and the deletion of the loop positioned
at the C terminal of SDLL resulted in a mutant of SDLL with more stability and appropriate affinity with the corresponding
substrate.

Conclusion: In general, the study provides a new model of SDLL with certain thermostable features, and a new mutant with
suitable stability and functionality on the basis of the direct mutagenesis being used in different applications.

Keywords: Antioxidant enzymes, food supplements, thermostability, direct Mutagenesis

1. Background cells from the free radicals, including the superoxide

Free radicals, including the reactive oxygen species
(ROS) and the reactive nitrogen species (RNS), are
highly active compounds with the ability of reacting
with the biological molecules such as proteins, lipids,
nucleic acids, enzymes, and other small molecules,
resulting in the loss of cellular functions. The deleterious
effects of these compounds are ameliorated through
antioxidants. They are capable to neutralize the free
radicals by donating one of their own electrons or they
can act as scavengers. Therefore, they are regarded as
guardians of health. There are some enzymatic- and
non-enzymatic anti-oxidation systems in protecting the

dismutase (SOD), the glutathione peroxidase and the
catalase and ascorbic acid, a-tocopherol, carotenoid,
thiolantioxidan and the flavonoids (1). The antioxidant
enzymes provide an important line of cellular defense
against the free radical damages. Among these enzymes,
SOD are a major radical superoxide scavenger due to
their distinct ability to catalyze the dismutation of the
highly reactive superoxide anions to O, and less reactive
species H,O,. Consequently, they plays an important
role in cell protection (2-4). These enzymes are Metallo
proteins classified in four isoforms: Manganese SOD
(Mn-SOD), iron SOD (Fe-SOD), copper/zinc SOD

Copyright © 2019 The Author(s); Published by National Institute of Genetic Engineering and Biotechnology. This is an open access article, distributed
under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (http://creativecommons.org/licenses /by-nc/4.0/)
which permits thers to copy and redistribute material just in noncommercial usages, provided the original work is properly cited.


mailto:a.haddad@um.ac.ir

Gholampour-Faroji N et al.

(Cu/Zn-SOD), and nickel SOD (Ni-SOD). They can
be located in cytosol, chloroplast, mitochondria and
extracellular spaces. All these types of enzymes are
synthesized in prokaryotic organisms; although the
eukaryotes have only Mn-SOD, Fe-SOD and Cu/
Zn-SOD. It is demonstrated that Mn-SOD is a major
mitochondria isoform in fetal development. Also in
this enzyme, polymorphisms have been associated with
the increase in the risk of neurodegenerative diseases.
Current studies indicate that, as a new mechanism
for cancer prevention, Mn-SOD may inhibit the
glycolysis. Moreover, SODs have valuable effects on
the treatment of inflammatory diseases, burn injuries,
protection against UV rays and the reduction of facial
wrinkles and hyperpigmentation or depigmentation. As
a consequence, they can be used in cosmetics industry
(2, 5). In fact, SODs have many potential applications
in food preservation, sero-diagnosis of pathogens,
cosmetic additives and health-promoting supplements
(1, 6). Irrespective of the capacity of the body for
the generation of SODs, probiotics can reinforce this
capability. As probiotics, the anti-oxidative activities of
some lactic acid bacteria (LAB) have been authenticatd
in different studies. They are important sources in
delivering the enzymatic antioxidants in the gut. The
genetically engineered LAB has the anti-inflammatory
effects because of expressing SOD or catalase (5).
Among these bacteria, Lactococcus lactis is widely used
as a beneficial bacterium in dairy and meat industry (7).
These bacteria naturally produce SOD that is able to
provide the oxidative stress resistance. Furthermore,
the Mn-SOD production has been reported in some
LABs such as Streptococcus thermophiles, Lactococcus
lactis and Lactobacillus gasseri (2, 8). Accordingly, the
producing organisms of these enzymes might provide
an opportunity for reinforcing the antioxidant capacity
of the body using the probiotic as well as the prebiotic
diets. To achieve the aim, the bioinformatics methods
have given rise to the best chance for saving time and
cost. Accordingly, the modeling, the molecular dynamic
simulation (MD), the proteins docking etc. provide the
opportunity for the prediction of the three-dimensional
structure of the biological and chemical compounds
(9-10), their interactions (11), the biological pathways
and even simulating the physiological conditions of
these biological pathways (12-15). In this regard, some
studies have been reported in relation to the modeling of
SODs from different species (3-4, 16-17). Nonetheless,
no dataset is currently available on the characteristics
of SOD from Lactococcus (L) lactis subsp. cremoris
MG1363. SOD has a wide application in industrial
and non-industrial procedures wherein its stability is
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a major characteristic. Accordingly, to obtain a more
stable structure of this enzyme, the in-silico molecular
tools were used in order to present a model for Mn-
SOD of L. lactis subsp. cremoris MG1363.

2. Objectives

The current study aims to characterize the structure
and function of the Manganese-superoxide dismutase
of Lactococcus lactis providing opportunities for the
achievement of an efficient model of the enzyme on the
basis of the molecular simulation studies.

3. Material and Methods

3.1. The Retrieval of the Sequence and 3D Structure
The amino acid sequence of the target protein molecule,
Mn-SODin L. lactis subsp. cremorisMG1363 (accession
number: AAA85266.1) was retrieved from the protein
dataBank of the National Center for Biotechnology
Information database (NCBI/protein, http://www.ncbi.
nlm.nih.gov). Moreover, the 3D structure of the ligand
were obtained from the Zinc database (http://zinc.
docking.org/)(18).

3.2. The Physicochemical Properties of Protein

The ProtParam server (https://web.expasy.org/
protparam/) was used for the determination of the
physiochemical characteristics of the examined
sequence including the molecular weight (MW),
the theoretical isoelectric point (pl), the extinction
coefficient, the total number of positive and negative
residues, the instability index, the aliphatic index, the
amino acid composition (%) and the Grand Average
hydropathy (GRAVY) (19).

3.3. The Secondary Structure Prediction

The protein’s secondary structure was anticipated
through the secondary structure prediction method
or GOR IV (Garnier- Osguthorpe- Robson) (20). To
understand the presence of helices, beta turns and the
coils in the protein structure, the GOR analysis was
carried out. The GOR method uses the two theoretical
information and Bayesian statistics for the prediction
of the protein’s secondary structure (20). Because of its
simple assumptions, the GOR method has conceptual
advantage over the other subsequent advanced methods
such as PHD, PSIPRED, SPINE-X, and the others
as well. While these secondary structural predictive
tools depend on the machine learning and are typically
black boxes in terms of the principles leading to their
predictions, the GOR method’s reasoning for arriving at
a particular prediction. In some cases, this clarity may
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be more significant than the slight loss in accuracy of
the GOR algorithm. In addition, the GOR IV algorithm
is computationally fast (20).

3.4. The Modeling and the Qualitative Evaluation of
the 3D Structure

The BLAST program (https://blast.ncbi.nlm.nih.gov/Blast.
cgi) was initially used for selection template. Although the
quickest way to search the appropriate templates is to use
the simple pairwise sequential alignment methods such
as BLAST, the results validate the dominant advantage
of profile-profile based methods, which generate models
with the average TM-score of 26.5% higher than the
sequence-profile methods, and 49.8% higher than
the sequence-sequence alignment methods. The TM-
score is defined to combine the alignment accuracy and
coverage as a unique score (21). On the other hand, to
recognize the template proteins containing similar folding
structures or structural motifs, the the MUIti-Sources
ThreadER (MUSTER) method was used to search the
PDB library for the structures having similar sequences
and secondary structures with the superoxide dismutase
of L. lactis (SDLL). Accordingly, the 2RCV with the
highest sequence and structural similarity with the target
sequence was selected in modeling process. Based
on the template structures and the multiple sequence
alignment, the 3D structure of SDLL was derived from
the “segment matching” or “coordinate reconstruction”
approach. Subsequently, the model was constructed
by the homology-based software via the MODELLER
(https://salilab.org/modeller/), and the threading-based
server through the MUSTER (https://zhanglab.ccmb.med.
umich.edu/MUSTER/) (9-10). Moreover, the models were
evaluated for their structural quality by ERRAT, Verify 3D
and Ramachandran plot (https://servicesn.mbi.ucla.edu/
SAVES/). The Verify 3D constructs a 3D model profile
in which each amino acid residue position is characterized
by its environmental score (22). The ERRAT is also used
for the verification of the proteins’ structures determined
by crystallography (23). In addition, the accuracy of the
predicted models was evaluated by Ramachandran plot
via the RAMPAGE server (24) (http://mordred.bioc.cam.
ac.uk/~rapper/rampage.php).

3.5. The Molecular Dynamics Simulation

To assess the structural stability of the native and mutant
models, the MD simulation was used. In this regard, the
version 4.5.3 of the GROMACS program was applied
(25) under the GROMOS96 43al force field at the Linux
system (26) for 10 ns (Nano seconds). To increase
the accuracy, the simulation was repeated three times.
Accordingly, for water, the well-tested SPC/E was used
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(12). The system was neutralized with Na+ as counter
ions. Moreover, to minimize the energy of each system
and to relax the solvent molecules, the steepest-descent
algorithm was carried out. Furthermore, regarding
the solvent molecules, the LINCS algorithm (13) was
employed to fix the chemical bonds between the atoms of
the protein and the SETTLE algorithm (14). On the other
hand, to maintain a constant temperature and pressure
for the various components during the simulation
process, the Berendsen coupling algorithm was used
(15). Simulations were used applying the isothermal-
isobaric (NPT) ensemble with an isotropic pressure of
1.0 bar. The electrostatic interactions took place using the
Particle Mesh Ewald (PME) method (27) with a coulomb
cutoftf of 1.0 nm. All production simulations were run
for 10 ns with a time step of 2 Fs. The simulations were
conducted for structures of SDLL, SDBS and mutant at
a temperature of 300 k. The RMSD was calculated as
a measure of the deviation between the respective Ca
atoms of the proteins with respect to the initial structures
of the Ca atom, the average was taken over the Ca atoms.
In the case of the root mean square fluctuations (RMSF),
the average was taken over the time. All simulations
were repeated to test the convergence of the results.

3.6. The Molecular Docking Studies

To begin with, based on the literature, the active site of
SDLL was determined (28). According to the reports,
the manganese ion is located at the active site of each
monomer of Mn-SOD, which is stabilized by three
histidines (His27, His82 and His168), one aspartic
acid (Aspl64) and one water molecule (Fig. 4B).
Subsequently, in order to assay the functionality of the
models, the protein-ligand interactions were maintained
via the AutoDock Vina (11) and the blind docking
approach. In this regard, the grid box parameters were
included; size x = 40; size y =40; size z = 40 and center
x = 0; center y = 0 and center z = 0. Accordingly, the
AutoDock Vina was run several times to get the various
docked conformations among the models and the anion
superoxide as substrate. For each test compound, ten
best poses were created and scored using the AutoDock
Vina scoring functions. The interactive features were
visualized by PyMOL Molecular Graphics System
v.1.3 (Schrodinger, LLC).

4. Results

4.1. The Characteristics of the Sequential Context of SDLL
The sequential analysis of SDLL revealed 450 amino
acids in the context of enzyme, with 23.253 kDa in the
molecular weight, and 5.03 of isoelectric point. It was
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found that L (10.7 %), A (10.2%), E (8.7%), N (7.8 %) as
well as O and U (0.0%) are the maximum and the least
number of amino acids being present in the sequence
of SDLL. Moreover, it was noticed that the number
of positively (R+K) and negatively (D+E) charged
residues of this enzyme are 17 and 31 respectively. The
instability index of the SDLL has been computed at
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33.72. Meanwhile, the half-life of this enzyme showed
a value more than 10 hrs. Furthermore, the aliphatic
as well as the hydropathic indexes of the enzyme are
calculated on 80.58 and -0.446 respectively. On the
other hand, these analyses reveal that the total residues
of SDLL are made up of 26 strands, 91 helices and 89
random coils (Fig. 1).
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Figure 1. The graphical representation of the secondary structures in the sequential context of SDLL with a different frequency including;
The random coil as the most frequent (43.20%), alpha helix (44.17%), and the extended strand as less frequent (12.62%).

4.2. The. Structural Modeling and the Qualitative
Assessment of SDLL

The sequential similarity searching has resulted in the
revelation of eighteen structures of known proteins in the
Protein Data Bank with more than 50% of the sequential
similarity to the SDLL. However, the threading
approach reveals a closely related sequence with the
sequential identity and covering equal to 61% and
100% respectively; from the chain A of SOD of Bacillus
Subtilis as a suitable template. Subsequently, the SDLL
model was built by the MUSTER method (Fig. 2A) and
passed the quality control procedures. The best model of
SDLL revealed the Z score being equal to 26.384, and its
Ramchandran plot showed that 85.6 % of the residues
are located in the most favorable regions, 11.6 % of them
in additional authorized regions, 1.1% of the residues
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in the generously authorized regions, whereas 1.7% of
them are situated in the unauthorized region (Fig .2B).
On the other hand, the ERRAT score of the model and
template being evaluated was equal to 94.444% (Fig. 2C)
and 96.875%, respectively, which is well within the
normal range for a highly qualitatively model. Moreover,
the Verify 3D of the model confirmed the structure, so
that 100% of the residues had an average of 3D-1D
score, larger than 0.2.

4.3. The Thermal Stability of SDLL structure

In order to assess the stability of the structures and to
gain an insight into the deviation in the tertiary structure
of the models at room temperature (at 300K), the RMSD
with respect to the initial structure suggested that the
SDBS was more stable than the SDLL (Fig. 3A). As is
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shown in the figure, the RMSD of Ca atoms of the SDLL
at 300 K varied between 0.09 nm to 0.19 nm and those of
SDBS varied between 0.08 nm to 0.14 nm. This suggests
that the deviation in the three dimensional structure of
the SDBS seems as little as of the SDLL with respect to
initial structure. On the other hand, the fluctuations in
the deviation of residues are monitored by the RMSF of
the Ca atoms of the two models (Fig .3B). This survey

Program: ERRAT2

E s

reveals that most of the residues in the two models
bear common and similar fluctuations. In addition, the
residual fluctuations of the models in question are less
in SDBS compared with that of the SDLL. However, in
the two structural regions of the SDLL being between
90 103 and 200 206, the residual number significantly
differs in fluctuation.
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Figure 2. The predictive and the qualitative assay of the 3D structure of SDLL. A) The graphical representation of the best model of the 3D
structure of SDLL, B) The position of the residues of SDLL based on the Ramchandran plot, and C) the qualitative features of the model
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Figure 3. The comparative assay of the thermal stability of the models of SDLL to the SDBS based on A) the RMSD and B) the RMSF
curves. The regions with high fluctuations are demonstrated by blue dots in the RMSF curve.
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4.5. The Position of the Unstable Structural Regions of
SDLL

Probing into the position of the SDLL’s unstable regions
in the 3D structure of the model has been suggestive of

" Region2

their positions at two loop regions (Fig. 4). As is shown
in the figure, their locations are on the surface of the
model and far from the active-site regions.

Figure 4. The graphical representation of the unstable regions and the active position of SDLL in the enzyme’s 3D structure. A) The unstable regions
being restricted via the discontinuous elliptic lines as Region 1 and Region 2. B) The residues of the active site are around the ion-manganese (MN).

4.6. The Characteristics of the Unstable Regions of SDLL
Overlapping the SDLL’s 3D structure  with that of the
SDBS model has led to the discovery of a brief change in
length and structure, especially in relation to the region
1 (Fig. 5). In this regard, the region 1 at SDLL is a long
loop with 13 residues from 90 up to 103, whereas this
region at SDBS has 9 residues being located from 92 to
101. On the other hand, the sequential contexts of these
regions in the 2 models showed different contexts, so that
“PNTDGSENHADGE” are located in the SDLL loop,
whereas “PNGGGEPTGAL” are placed in the SDBS loop.

SDLL loop

‘ o SDBS loop
h =7
Figure 5. The graphical merge of the structure of SDLL to SDBS.
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4.7. The SDLLs Loop Substitution and Deletion

In order to improve the stabilization of SDLL, the
modification of its unstable regions was targeted.
As to this, the region 1 of the SDLL was substituted
short loop of SDBS. Moreover, the unstable region
2 including the LYAKAK residues in the area of 200
to 206 located on the C-terminal of this enzyme was
truncated. The mutant with 197 amino acids in length
obtained a sequence with different contextual and
physicochemical features (Fig. 6), without changing in
the active position.

4.8 The Functionality and Stability Features of the
Mutant of SDLL

The stability and functionality of the mutant were
evaluated to assay the effects of mutation on its structure
and function. The analysis revealed that compared to the
native enzymes the mutations significantly decrease
the residual fluctuations (Fig. 7A). As is shown in the
figure, the mutant residual fluctuations showed more
stability, especially in regions 1 and 2 compared to that
of the SDLL. While the affinity of the mutant SDLL
with the corresponding substrate evaluated -1.5 kcal/
mol, the affinity of the SDBS with its substrate was
-2.1 kcal/mol. Although the stability of the mutant
has increased, its affinity with the substrate (Fig.7B)
showed less bias compared to that of the SDBS.
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Figure 6. The presentation of the sequential context of the SDBS, SBLL and the mutant related to one another based on the multiple
alignment. As is shown in here, most of the sequences are similar to one another; however, they are different in loop locations.
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Figure 7. The thermal stability features and the affinity of the mutant with the corresponding substrate. A) The stability of the residues of the
mutant compared to the native enzymes based on the RMSF curve. B), the localization of the anion superoxide (Red bullet) as the enzyme’s

substrate in the active site of the mutant.

5. Discussion:

Protein engineering is an important technology in
improving the enzymatic properties used in medical
and industrial applications. In this regard, one can
already point to many industrial successes. For
example, proteases engineered by Genencor (South
San Francisco, California, USA) tolerate the bleach
in laundry detergents (29). The strategies used in
protein engineering including the rational and/or the
randomized; however, in each case the desired changes
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should be applied to the sequential context of the
protein. Furthermore, the effects of the mutagenesis on
the structure and function of the protein were evaluated
via the various methods with different advantages or
disadvantages (30). Irrespective of the mutagenesis
strategies, the mutant screening could be evaluated
via the laboratorial and/ or computational methods. It
is rational that the mutagenesis and screening carried
out via the in-silico approaches before being entered
into the laboratorial condition; which are considered
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in this study in order to improve the SDLL model
properties. Accordingly, the SDLL’s sequential features
were assessed at the first step. The analysis revealed
the enzyme’s physicochemical properties. Based on the
results obtained, the SDLL with instability index being
equal to 33.72 is a stable protein, more than 10 hours
in the half-life (31). On the other hand, the aliphatic
and hydropathic indexes of the enzyme confirm its
thermal stability and water solubility. The Aliphatic
Index (AI) which has been defined as the relative
volume of a protein occupied by the aliphatic side
chains has been regarded as a positive factor for the
increase in the thermal stability of the globular proteins
(31). So, high Al of the SDLL which is equal to 80.58;
indicates the stability of the enzyme in a wide range
of temperature conditions (32). Moreover, the very
low Grand Average hydropath (GRAVY) index of this
enzyme refers to its simple interaction with water (33).
Interestingly, in line with these indexes there are 91
helixes in the structure of this enzyme which confirm
their stability (34-35). The protein properties such as
stability, activity, interface, and size could be changed
by the mutagenesis such as N- or C-terminus deletions,
the loop deletions and random deletions (36-38).
However, in the first place, this operation is completely
dependent on the knowledge of the characteristics of
each enzyme and protein. Conclusively, the 3D model
of'the SDLL was built on the basis of'its similarity to the
sequence of SDBS and which have passed the quality
control processes. Predicting the 3D structure of each
protein enables the investigator to predict its functions,
improve its stability, half-life and its other favorable
features (39). Moreover, the thermal stabilities of SDLL
and SDBS were evaluated, which revealed unstable
regions throughout the SDLL, as suitable candidates
for mutagenesis. In this study, the mutant of SDLL
was built by substituting and deleting the two unstable
regions being between 90-103 and 200-206 residues of
the SDLL, with high fluctuations, in a region far from
the active position. The substitution took place via the
corresponding region of the SDBS’s loop, with 9 amino
acids in length considered a factor of stability of the
SDBS related to the SDLL. The Substitution and the
deletion of mutagenesis provide important tools for
the alteration of the protein’s structures and functions
(29). On the other hand, the random evolution and
the rational design are two main strategies in protein
engineering, which can be combined with the semi-
rational design or the focused-directed evolution.
The advantage of the randomized pathway is that no
structural information is needed and that variations in
the unexpected positions distant from the active-site
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can be introduced (30). Although our strategy was
based on the mutagenesis at regions far from the active-
site and similar to the directed mutagenesis (30), yet,
we used the computational methods as the rational
design. In the rational design the biochemical data, the
protein structures and the molecular modeling data are
evaluated to propose mutations being introduced by
the site-specific mutagenesis (30). Moreover, here we
used the molecular dynamic simulation (MD) to assess
the effects of mutagenesis on the structural stability
of the mutant related to the native enzymes. The MD
simulation is an effective computational tool to evaluate
the proteins’ thermostability and flexibility (40), and
also to determine the relationship between the structure,
the dynamics, and the function of the macromolecules
particularly the proteins and other biomolecules.
The results of the analysis has been indicative of a
significant decrease in the fluctuations of the mutant
compared to the native, especially to the SDLL, which
refers to the stability of the mutant and confirms our
mutagenesis strategy. Considering this, the affinity of
the mutant with the corresponding substrate, as an index
of its functionality, was evaluated, which confirms the
capacity of the mutant to the substrate.

6. Conclusion

Taken as a whole, for the first time, the findings provide a
3D model of superoxide dismutase of Lactococcus lactis
subsp. cremoris MG1363, with a high quality in structure
and function. The SDLL model revealed two unstable
loops in the area far from the active site of the enzyme.
The proposed loop substitution of SDBS and the deletion
of the loop positioned in the C terminal of SDLL, may
give rise to a mutant SDLL with more stability and
suitable affinity with the corresponding substrate. These
mutations may improve the enzyme’s applications.
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