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Abstract
Mutations in the gene encoding Cu/Zn Superoxide Dismutase 1 (SOD1) protein are contemplated to be a protruding reason 
for Amyotrophic lateral sclerosis (ALS), which leads towards protein aggregation, misfolding and destabilization. Thus, we 
investigated the systematic action of entire mutations reported on electrostatic loop of SOD1 protein through thermodynami-
cal and discrete molecular dynamics (DMD) studies. Accordingly, we analyzed the outcomes distinctly for screening the 
mutant structures having both, deleterious and destabilizing effect. Progressively, the impacts of those mutations on SOD1 
were studied using DMD program. Surprisingly, our results predicted that the mutants viz., L126S, N139H and G141A to 
be the most destabilizing, misfolded and disease-causing compared to other mutants. Besides, the outcomes from secondary 
structural propensities and free energy landscapes, together assertively suggested that L126S, N139H and G141A tend to 
increase the formation of aggregates in SOD1 relative to other mutants. Hence, this study could provide an insight into the 
sprouting neurodegenerative disorder distressing the humans.
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1  Introduction

Electrostatic interactions are considered to be key compo-
nents in proteins that are highly specific in nature, which 
governs protein folding and function. Despite the impact on 
protein stability, their total actions also aid in preserving the 
3D structure of protein [1–3].

Denervation of the upper and lower motor neurons results 
in the fatal neurodegenerative disorder, Amyotrophic lateral 
sclerosis (ALS). ALS is found to be unveiled in two dif-
ferent forms namely, Familial and Sporadic. The cause for 
the familial ALS is found to be the mutations in the gene 
encoding SOD1 protein while the causative factor the later 
remains elusive. Thus, we focused our study in elucidating 
the impact of the mutations in the SOD1 protein causing 
misfolding, aggregation and destabilization [4–6].

From the structural point of view, SOD1 is a homo dimer 
with 153 amino acids in with the Cu and Zn metal ions 
each monomer. The metal ions are found to stabilize the 
protein structure and aid in the dismutase activity [7–11]. 
Most importantly, the presence of the functionally essen-
tial loops i.e., Zn binding loop (49–82) and electrostatic 
loop (121–142) aid in retaining the structural architecture 
of the protein [12]. Further, reports from the earlier stud-
ies have stipulated that the presence of the Zn binding loop 
aids in upholding the coordination of the metal ions in the 
SOD1 protein. However, various disease-causing missense 
mutations were being reported on the Zn binding loop. We 
have previously analyzed the effect of those mutations on 
the Zn binding loop using the computational approaches 
that were agreeing with the various experimental studies 
[13–16]. Therefore, in this study we focused on the muta-
tions reported in the electrostatic loop. From in-depth litera-
ture survey, numerous studies have suggested that enzyme-
substrate encounter is improved by electrostatic support 
governed mainly by charged residues present in the electro-
static loop around Cu binding site. Moreover, an exceedingly 
conserved cluster of charged residues that are located on 
the surface of electrostatic loop forms an active site channel 
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for the effectuate long-range assistance of superoxide [17, 
18]. Besides, the location of charged residues and the struc-
ture of the electrostatic loop are also essential for uphold-
ing catalytic activity and enzymatic behavior of SOD1. The 
mutations in electrostatic loop residues are found to change 
in SOD1 activity that in turn aids towards the cause of fatal 
neurodegenerative disorder familial amyotrophic lateral scle-
rosis (FALS) [19, 20]. Varying studies from experimental 
and theoretical background stipulated that the mutations on 
the electrostatic loop often leads to structural and dynamic 
changes of SOD1, thereby improvising the disease onset 
[21–24]. Moreover, the mutations in electrostatic loop resi-
dues cause protein misfolding and increased intermolecu-
lar interaction, thereby leading to the formation of protein 
aggregates [25].

In this study, we focused on an entire set of mutations 
reported on the electrostatic loop residues from ALSoD1 
database [26]. ALSoD1 (http://alsod​.iop.kcl.ac.uk), is a 
database that is freely available with the records of various 
information regarding mutations, genotype, phenotype and 
geographical information of various genes involved in both, 
the sporadic and familial ALS from the data reported all 
over the world. We computationally analyzed the effect of 
each mutation on SOD1 using various parameters depending 
on protein function, stability, thermodynamics and molecu-
lar dynamics. Thus, we determined the most lethal mutant 
regarding aggregation and misfolding in SOD1 protein using 
computational approach. Hence, the study aid in profound 
enlightening knowledge on the effect of mutations on the 
electrostatic loop residues, which could provide an initiative 
for understanding the biological relevance of the electro-
static loop in SOD1.

2 � Materials and Methods

2.1 � Data Collection

The sequence of Human SOD1 protein with UNIPORT id: 
P00441 was obtained from UniProt database [27]. Besides, 
the structure of wild type SOD1 protein [PDB ID: 2V0A(A)] 
were acquired from the PDB database [28]. Mutant struc-
tures of electrostatic loop residues were modeled, using 
SWISS-PDB viewer [29]. Further, the obtained structures 
were energy-minimized, using YASARA program. The wild 
type and mutant structures were energy minimized, using 
AMBER14 force field in YASARA program. The entire 
system was solvated within the cubic box with a dimension 
of 1.0 nm. Addition of a Na+ ion neutralized the charge of 
the system. The temperature was maintained at 298 K. Peri-
odic boundary conditions were included during the energy 
minimization of all the structures. Particle Mesh Ewald [30] 

(PME) and van der Waal’s interaction were included for the 
long–range interactions.

2.2 � Effect of Mutation on Protein Function

Consequently, the electrostatic loop mutations reported on 
SOD1 was evaluated with PREDICT SNP [31]. PREDICT 
SNP is a consensus classifier, which combines the prediction 
of best six prediction tools (MAPP, PhD-SNP, PolyPhen-1, 
PolyPhen-2, SIFT and SNAP), for accurate predictions along 
with prediction score.

2.3 � Predicting the Structural Stability Upon 
Mutation

Stability of SOD1 upon mutations in the electrostatic loop 
residues was determined, using DynaMut web server [32]. 
The web server examines and visualizes the protein dynam-
ics by sampling conformations and assesses the impact of 
mutations on protein dynamics and stability resulting from 
vibrational entropy changes, using normal mode approaches. 
Moreover, it also integrates graph-based signatures to cre-
ate a consensus prediction of the influence of a mutation on 
protein stability.

2.4 � Discrete Molecular Dynamics (DMD) Simulation

DMD is a distinctive molecular dynamic simulation, which 
uses the swift processing of event-driven molecular dynam-
ics with the potential function for calculating interactions. 
Medusa force field was used for performing the dynamic 
calculations [33, 34]. Consequently, united-atom model 
was used for the representations. Besides, the system were 
solvated using the Lazaridis–Karplus implicit solvation [35]. 
Hydrogen bonds interactions were modeled using the Reac-
tion-like algorithm [36]. Furthermore, the charge–charge 
interactions were modeled using the Debye–Hu ̈ckel approx-
imation, with Debye length setting to 10 Å. The simulations 
were carried out with periodic boundary conditions. The 
temperature was maintained using Andersen’s thermostat 
[37]. Further, the binding of metal ions was modeled by 
assigning the distance constraints between each metal atom 
and the corresponding metal-coordinating atoms. The dis-
tance and coordination dependence of disulfide bond estab-
lishment was modeled, using a reaction algorithm [38]. 
Moreover, the previous reports have profoundly suggested 
that the medusa force field is more appropriate than other 
force filed in performing the simulation with the divalent 
metal ions, Cu and Zn in SOD1. The time units in DMD 
simulations refer to the unit of time [T] that is determined 
by units of mass [M], length [L] and energy [E], which 
are Dalton (1.66 × 10−24 g), angstrom (10−10 m), and kcal/
mol (6.9 × 10−22 J), respectively. Therefore, each time unit 
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corresponds to approximately 50 fs as relative with classical 
MD [36]. Thus, the time period of the entire simulations was 
of 5 ns. Consequently, the snapshots were secured for every 
100-timeunits (tu) for wild type and mutant SOD1, over the 
simulation time.

2.5 � Geometrical Assessment

The trajectories obtained from DMD simulation for wild 
type and mutant SOD1 were subjected to geometrical evalu-
ation, using g_rms (conformational deviation), g_rmsf (con-
formational flexibility) and g_gyrate (protein gyration/Rg) 
from GROMACS tools.

2.6 � Cross‑Correlation Matrix

The dynamic cross-correlation matrix (DCCM), DCCij 
that reflects the fluctuations of Cα atoms of protein over the 
dynamic period was computed using g_covara, to examine 
the collective motions of wild type and mutant protein sys-
tems. The covariance matrix was made between atoms, j and 
i that measures the correlative nature of atomistic fluctua-
tions. The equation to calculate the cross-correlation is as 
follows.

where Δri and Δrj correspond to atomic displacement vec-
tors for atoms, i and j, respectively, from their mean position 
concerning time interval [39].

2.7 � Free Energy Landscape

Free energy landscape of protein was acquired using confor-
mational sampling method, which provides the near-native 
structural conformation. Herein, we used DMD to sample 
the conformations of wild type and mutant SOD1, corre-
spondingly. To obtain the free energy landscape, we utilized 
two essential components such as conformational deviation 
and protein gyration as the reaction coordinates in our study. 
The energy landscape was computed with these two compo-
nents using the equation,

where ∆G is the Gibbs free energy of state, kB is the Boltz-
mann constant, T is the temperature of simulation. Consider-
ing two different reaction coordinates, p1 and p2, the two-
dimensional free-energy landscapes were obtained from the 
joint probability distributions, P(p1, p2) of the system [40].

DCC(i, j) =
< Δri × Δrj >

√

< Δri2 >
√

< Δrj2 >

ΔG(p1, p2) = −kBT ln �(p1, p2)

2.8 � Statistical Validation

Statistical method on dynamic evaluation stipulates an 
significant assessment with the experimental studies [41]. 
Therefore, the outcomes obtained from the simulation 
studies were exposed to statistical substantiation using 
STATPLUS program.

3 � Results and Discussions

Modification of particular amino acid in proteins may alter 
the biochemical functions, folding and stability leading 
to various disease state conditions in humans [42, 43]. 
Accordingly, the present study provides insight towards 
the effect of point mutations reported on the electrostatic 
loop residues of SOD1, which is found to be a causative 
factor for FALS, due to aggregation and misfolding. Fur-
ther, we computationally analyzed the mutational effect 
on SOD1 regarding functionality and stability to elucidate 
the disease-causing fatal mutants, which could alter the 
structure and function of the SOD1 protein.

3.1 � Mutation Functionality and Stability Prediction

Initially, the influence of mutation on the SOD1 structural 
functionality and stability were predicted using the PRE-
DICT SNP and DynaMut web-servers. Further, the pre-
dicted results from PREDICT SNP implied the deleterious 
effect on SOD1 function upon mutation except for E121G. 
Therefore, the outcomes from the predictions unveiled the 
influence of mutation on SOD1 function.

Mutations that were screened from PREDICT SNP 
were subjected to the stability analysis. Previous find-
ings have stated that the single point mutation in a pro-
tein might lead to variations in protein stability [44–46]. 
Therefore, we monitored the structural changes in the 
stability of the mutant SOD1, using DynaMut program 
(Table 1). Remarkably, several mutations viz., L126S, 
G138E, N139D, N139H, G141A and G141E were found 
to destabilize the SOD1 protein, while the other mutants 
exhibited the stabilizing effect on SOD1 protein. The use 
of PREDICT SNP and DynaMut programs were reported 
to have more predictive accuracy and more reliability as 
compared to other prediction programs reported for the 
protein mutational studies concerning the function and 
stability features. Therefore, the screened mutants having 
both deleterious and destabilizing effect on SOD1 function 
and stability were used for further molecular dynamics 
studies.
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3.2 � Mutational Effect on the Protein Structure Over 
the Dynamic Period

The influence of mutations on SOD1 protein was exclusively 
studied using discrete molecular dynamics simulation in 
order to elucidate the change in the structural stability, flex-
ibility compactness, FEL and overall secondary structural 
features.

3.2.1 � Conformational Structural Studies on SOD1

Conformational ensembles of the wild type and mutant 
SOD1 proteins (L126S, G138E, N139D, N139H, G141A 
and G141E) were inspected via different factors to decrypt 
the effect of the mutation on the structural and residual level. 
Initially, the conformational stability was computed using 
RMSD parameter, which suggested the overall conforma-
tional deviation of the wild type and mutant SOD1 protein 
(Table 2). The c-alpha carbon atom of protein structures 
was utilized for computing the conformational deviation 
(Fig. 1a). From the overall examination, we deciphered that 
L126S and N139H attained greater RMSD values with 0.50 
and 0.54 nm as considered to that of wild type with 0.45 nm. 
Moreover, the RMSD values of other mutant proteins exhib-
ited a relative deviation as shown in the descending order, 
N139D (0.48) > G138E (0.47) > G141E (0.44) > G141A 

(0.43 nm). Thus, suggesting that the mutation in L126S 
and N139H has rigorously affected the proteins conforma-
tion deviation compared to all the other mutants. Further, 
the disparity in the movement of the electrostatic loop was 
monitored by computing the RMSD of the residues rang-
ing from (121–142) in all the protein structures. Unexpect-
edly, an increased RMSD was found in mutants, L126S and 
N139H with 0.76 and 0.68 nm, respectively, than the wild 
type (0.53 nm) (Fig. 1b). Exceptionally, the graphical rep-
resentation showed a larger deviation for L126S and N139H 
as compared to the wild type and other mutants over the 
period of simulation. Besides, G138E, N139D, G141A and 
G141E showed a marginally similar RMSD to that of wild 
type with 0.51, 0.51, 0.53 and 0.52 nm respectively. There-
fore, we could endorse that L126S and N139H had radi-
cally altered the motion of electrostatic loop that supported 
for the increased RMSD in mutant SOD1, when contrasted 
with wild type SOD1. Furthermore, the results from both 
the studies were found to be statistically significant with p 
value < 0.001.

Similarly, the total compactness of wild type and mutant 
SOD1 proteins were examined, using the g_gyrate tool. The 
results obtained were mapped using Xmgrace tool as por-
trayed in Fig. 1c. From the graph 1c, we could decipher that 
L126S, N139H and G141A showed greater deviation in pro-
tein compactness as compared to wild type and other mutant 
proteins. Indeed, the average compactness was also found to 
be higher in those mutant proteins with 1.49 nm, 1.48 nm 
and 1.49 nm, respectively, relative to wild type (1.47 nm). 
Other mutant proteins, G138E, N139D and G141E showed 
an average Rg value with 1.47 nm, 1.46 nm and 1.46 nm, 
respectively. In general, we found that the mutation at res-
idue position 126 and 139 (H) had directed the distorted 

Table 1   Predicted output from PredictSNP and DynaMut for SOD1 
electrostatic loop mutants

Bold represents the mutants having both deleterious and destabiliza-
tion effects on SOD1

Mutation PredictSNP (Pathogenic-
ity)

DynaMut (Stability)

E121G Neutral Stabilizing
D124G Deleterious Stabilizing
D124V Deleterious Stabilizing
D125H Deleterious Stabilizing
L126S Deleterious Destabilizing
G127R Deleterious Stabilizing
E132K Deleterious Stabilizing
E133V Deleterious Stabilizing
S134N Deleterious Stabilizing
S134T Deleterious Stabilizing
T137A Deleterious Stabilizing
T137R Deleterious Stabilizing
G138E Deleterious Destabilizing
N139D Deleterious Destabilizing
N139H Deleterious Destabilizing
N139K Deleterious Stabilizing
A140G Deleterious Stabilizing
G141A Deleterious Destabilizing
G141E Deleterious Destabilizing

Table 2   Average values computed for RMSD protein (P), RMSD 
electrostatic loop (ES) and Rg of wild type and mutant SOD1

SOD1 RMSD (P) (nm) RMSD 
(ES) 
(nm)

Rg (nm) Statistical p value

Wild type 0.44 0.53 1.47 < 0.001 (Signifi-
cant)

L126S 0.50 0.76 1.49 < 0.001 (Signifi-
cant)

G138E 0.47 0.52 1.47 < 0.001 (Signifi-
cant)

N139D 0.48 0.51 1.46 < 0.001 (Signifi-
cant)

N139H 0.54 0.68 1.48 < 0.001 (Signifi-
cant)

G141A 0.43 0.53 1.49 < 0.001 (Signifi-
cant)

G141E 0.44 0.51 1.46 < 0.001 (Signifi-
cant)
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conformational movement and hammering the compactness 
of SOD1 protein as compared to wild type.

3.2.1.1  Residual Fluctuation  The mobility of wild type 
and mutant SOD1 proteins was scanned through root mean 
square fluctuation (RMSF) that measures the flexibility 
of individual residue of a protein. The RMSF profiles of 
all proteins were combinedly plotted and represented in 
Fig.  1d. From Fig.  1d, we found that the mutants G138E 
and N139D showed less fluctuation relative to wild type, 
throughout the simulation studies. Whereas, the mutants, 
L126S and N139H exhibited increased residual flexibility 
comparatively of other mutant forms.

On the other hand, the residual flexibility of G141A and 
G141E were marginally similar to wild type. With the out-
comes from RMSF studies, we could infer that the flexibil-
ity of 153 residues in SOD1 was drastically altered upon 
the substitution of Ser and His at 126th and 139th residual 
position. From this result, we noticed that the substitution 
of residue Ser and His at L126 and N139 in SOD1 not only 
affected its residue flexibility but distorted the flexibility of 
nearby residues as well, perchance by the shift in their sec-
ondary structural states.

Further, we computed the average RMSF values for the 
wild type and mutant forms of SOD1. Collectively, the 
results elucidated that the average residual flexibility of 
L126S (0.20 nm) and N139H (0.20 nm) were relatively 
greater than all the other forms of mutants viz., G138E 
(0.16 nm), N139D (0.16 nm), G141E (0.19 nm), G141A 
(0.19 nm) and wild type (0.19 nm). This result confirmed 
that the mutation in the electrostatic loop of SOD1 (L126S 

and N139H) could augment the overall flexibility thus urg-
ing towards the loss in protein conformational stability, 
which could be a root cause for protein misfolding. However, 
in comparison of all the RMSF fluctuation peaks, N139H 
and L126S showed quit higher fluctuation, than all other 
proteins, which corroborates with our results from structural 
conformation studies. The structural representation of wild 
type SOD1 with the position of mutations (ball and stick) in 
the electrostatic loop regions (orange) were shown in Fig. 2.

3.2.1.2  Quantifying the Effect of Mutation Around the Elec‑
trostatic Loop Region  To enumerate the effect of mutation 
in residues surrounding the electrostatic loop, we selected 
the average structure with least energy from the entire tra-
jectories of wild type and mutant forms of SOD1. Further, 
we graphed the residues around 6 Å of every mutation and 
mapped the structural changes in comparison with wild type 
(Fig. 3). From the results, we could conclude that the sub-
stitution of Ser, His and Ala at the residual position 126, 
139 and 141 had utterly destroyed the formation of helix in 
the electrostatic loop, which governs for the structural sta-
bility of SOD1. Moreover, the number of adjacent residues 
within 6  Å of the mutated region in L126S (16), N139H 
(16), N139D (18) and G141A (23) were found to be reduced 
relative to wild type (33), G138E (25) and G141E (25). We 
also computed the difference in the RMSD of the proximal 
residues around the electrostatic loop of the mutant forms 
with the wild type. Remarkably, the outcomes exposed that 
L126S (5.16 nm), N139H (5.74 nm) and G141A (5.05 nm) 
showed greater structural deviation than the other mutants 
with wild type SOD1. Hence, our results agreed with our 

Fig. 1   Geometrical parameters used for analyzing the mutational 
effect on SOD1 protein. a Overall conformational change in the back-
bone of SOD1 upon various mutations computed over the trajectory. 
b Influence of mutations altering the deviation on the electrostatic 

loop of SOD1. c Protein compactness computed for SOD1 and its 
mutant types thought the simulation time. d Residual fluctuation of 
the wild type and mutant SOD1 protein
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previous findings of conformational stability and the flex-
ibility suggesting that the SOD1 bearing the mutations 
L126S, N139H and G141A could radically alter the stability 
and flexibility thereby admonishing towards the misfolded 
conformations of SOD1.

3.2.1.3  Concerted Motion of  Wild Type and  Mutant Pro‑
teins  Concerted dynamics of the protein over the trajectory 
was accomplished to investigate the conformational changes 
over the backbone atoms of wild type and mutant SOD1. 

The diagonalized covariance matrix using atomic fluctua-
tion in coordinate space was computed by employing the 
g_covar module. This module endows a set of eigenvectors 
and resultant eigenvalues, which describes the collective 
motions every atom along with its directions. The tenacity 
of covariance matrix analysis is to unearth the correlated 
and anti-correlated motions of atoms. Thus, the positive 
correlation between two atoms reveals a sterenous motion 
by the same direction, while the negative correlation signi-
fies an opposite direction of motion. The outcomes from the 

Fig. 2   3-D structural represen-
tation of wild type SOD1 (grey) 
with the electrostatic loop 
highlighted in orange color. The 
residual position of mutations in 
the electrostatic loop repre-
sented within the box. (Color 
figure online)

Fig. 3   Local structural (cartoon) 
and residual (wireframe) change 
represented within 6 Å of the 
electrostatic loop for mutant 
SOD1 proteins in comparison 
with wild type (grey)
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matrix are visualized as red and grey color. These colors 
define whether the residues moves together (red) or vice-
versa (grey) (Fig.  4). Here, the covariance matrices were 
structured and analyzed to bestow a perception about the 
correlated and anti-correlated conformational motion of 
wild type and mutant SOD1. From our study, we observed 
that the anti-correlation regions were conspicuously seen in 
mutant as compared to wild type SOD1. Moreover, we could 
visualize a dissimilar pattern in the correlation of mutant 
SOD1, thus evoking the cause for the discrepancies in the 
conformational stability and flexibility of SOD1 relative 
to wild type. Therefore, the concerted motion of wildtype 
SOD1 exhibiting the strong correlation in the region of the 
electrostatic and Zn binding loops was found altered, thus 
leading to the loss in the atomistic motion of SOD1 upon the 
notable mutations in the electrostatic loop region.

We further analyzed the significance of concerted 
motions by the projection of eigenvector 1 and 2, which 
corresponds to the eigen values defining the active involve-
ment of each component to the motion. The projection 
of eigen vector 1 (PCA1) and eigen vector 2 (PCA2) was 
computed and plotted on 2D plane (Fig. 5) for the screened 
mutant SOD1 proteins in comparison with wild type. The 
results mapped on 2D graph suggest that the wild type has 

a confined conformational basin with stronger density, thus 
exhibiting folded and defined motion of SOD1. In contrast 
to wild type, a clear estrangement in the conformational 
behavior with the distinct pattern of wider conformational 
basin was observed in L126S, N139H and G141A. Moreo-
ver, the change in concerted motion and the discrepancies 
in conformational dynamics of these mutants could be due 
to the loss in their residual flexibility and stability of SOD1. 
Notably, the transition in the secondary structural features 
could be seen in these mutants, owing to the loss in the frus-
tration along PCA1 and PCA2. Whereas, the other mutant 
forms G138E, N139D and G141E showed only a marginal 
displacement in their concerted motions with relatively 
spread basins in comparison with wild type. With the afore-
mentioned results, we could conjecture that the substitution 
of amino acids in L126S, N139H and G141A are found to 
be most significant that could alter the folding pattern and 
structural geometries of SOD1.

3.2.2 � Secondary Structure Composition

To broaden our study, we determined the propensity of 
secondary structure by utilizing DSSP program for the 
ensemble of wild type and mutant SOD1 proteins (Table 3). 

Fig. 4   Diagonalized covariance matrix computed at the atomistic level for wild type and mutants SOD1 proteins from DMD trajectory
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Analysis from the outcomes signified that the arrangement 
of alpha helix in wild type SOD1 (5%) was marginally simi-
lar with G138E (5%), N139D (4%) and G141E (5%), dis-
cretely. Besides, L126S, N139H and G141A do not exhibit 
the formation of helix over the simulation time. Moreover, 
the formation of helix structure profoundly seen in the 
electrostatic loop residues of wild type SOD1 was lost due 
to the substitution of Ser, His and Ala at residual position 
126, 139 and 141 of SOD1. To support the aforementioned 
results, we mapped the structural snapshots of wild type and 

mutant SOD1 proteins throughout simulation time. Remark-
ably, the pictorial representations exposed the loss in the 
helical structure of SOD1 upon the mutation L126S, N139H 
and G141A in comparison with wildtype (Fig. 6). Moreo-
ver, the aforesaid statement could be the causative factor for 
the augmented deviation in the electrostatic loop of L126S 
and N139H as compared to other mutants and wild type 
SOD1. On the other hand, the propensity of beta-sheets was 
discovered to be higher in L126S (43%) and N139H (44%) 
than wild type SOD1 (41%). Consequently, we could suggest 

Fig. 5   Concerted motions of mutant SOD1 computed over the simulation time were mapped using the principal component of eigenvectors 1 
and 2 in comparison with wild type (black)
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that the change of alpha helix has provoked the increase of 
beta sheets in these mutants. Further, the alteration of helix 
into beta-sheets are considered to be the major concerns in 
the formation of amyloid fibrils that unswervingly associ-
ates to the escalation in aggregation propensity [47, 48]. 
Furthermore, the content of beta-sheets in others mutants, 

N139D > G138E > G141A > G141E was found reduced with 
41%, 38%, 37% and 33%, respectively, as compared to wild 
type. Reports have shown that the beta-sheet endure a sig-
nificant element in protein folding [49]. Thus, the change in 
beta sheets could bring about protein misfolding, ultimately 
provoking to the diseased states [50]. Besides, the propensity 
of coils exhibited an augmented content in L126S, G138E, 
N139D, N139H, G141A and G141E with 53%, 55%, 50%, 
52%, 59% and 59%, respectively, compared to wild type 
(51%). In addition, the content of beta-bridge also followed 
a similar trend within the range of 4–6% in mutants relative 
to wild type (3%). Overall, our investigations signified that 
these mutants could be destructive not only in the altera-
tion of protein stability and functionality, however, prompt 
towards misfolding in SOD1 that eventually, ends in neuro-
degenerative disorder [51, 52].

3.2.3 � 2‑D Free Energy Landscape

To provide a better understanding of the profound effect 
of mutations urging towards the proteins misfolding and 

Table 3   Overall secondary structure propensity of wild type and elec-
trostatic loop SOD1 mutants computed via DSSP program

Bold indicates the mutants having increased beta-sheets contents than 
wild type SOD1

Secondary struc-
ture elements

Helix Beta-sheets B-Bridge Coils

Wild type 5 41 3 51
L126S 0 43 4 53
G138E 4 38 3 55
N139D 5 41 4 50
N139H 0 44 4 52
G141A 0 37 4 59
G141E 5 33 2 59

Fig. 6   Time-lapse shots of mutant SOD1 proteins superimposed to wild type (grey) along with the computed average structure over the simula-
tion period
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aggregation, we mapped the folding free energy funnel for 
wild type and mutant SOD1. Further, we computed the 
free energy landscape funnel by utilizing RMSD and Rg 
coordinates of wild type and mutant SOD1, individually 
(Fig. 7). From Fig. 7, we could decipher that the fold-
ing free energy funnel of wild type protein was confined 
within one particular region exhibiting a folded state of the 
protein. Further, the coordinates of RMSD and Rg values 
was found confined within 0.20 nm and 1.50 nm, respec-
tively. Unfortunately, L126S, N139H and G141A showed 

an increased number of misfolded conformers by forming 
multiple metastable states with lower Gibbs free energy. 
Moreover, RMSD and Rg coordinate values in these muta-
tions were also seen to be greater than wild type falling 
within a range of 0.20–0.30 nm and 1.50–1.55 nm, respec-
tively. Reports from our previous studies have stipulated 
that the formation of multiple metastable states could be a 
causative factor in forming the toxic aggregates in protein 
[53–55]. Our results could suggest that L126S, N139H and 
G141A could lead to the formation of toxic aggregates in 

Fig. 7   Change in 2-D free energy landscape compared between wild type and mutant SOD1 with varying Gibbs free energy
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SOD1 and improvise the death rate of patients as com-
pared to wild type. On the other hand, G138E, N139D 
and G141E displayed altered folding free energy funnel, 
which could be due to single point substitution muta-
tions on SOD1. The folding free energy funnels of these 
mutants were different as compared to wild type. Further, 
there were differences in the folding patterns and forma-
tion of metastable states in these mutations. RMSD and 
Rg values of these mutants were also found to have some 
discrepancies relative to wild type. Therefore, we could 
categorize these mutants as aggregation (L126S, N139H, 
and G141A) and misfolding (G138E, N139D and G141E) 
prone mutants in comparison with wild type. Overall, our 
study aided in providing a better outlook for studying the 
effect of mutations on the functionally important electro-
static loop residues.

Therefore, the present study outlined the effect of dis-
tinct mutations reported on functionally important elec-
trostatic loop, using various computational tools. Initially, 
we screened the mutations in electrostatic loop of SOD1 
that affect the protein functionality and stability, using 
PREDICTSNP and DynaMut programs discretely. Fur-
ther, the mutations with both, the deleterious and desta-
bilizing effect were screened to broaden our study. The 
screened mutations were subjected towards the DMD stud-
ies in comparison with the wild type SOD1. Subsequently, 
we analyzed the impact of mutations on SOD1 from the 
obtained trajectory using different geometrical parameters, 
thereby postulating an overall understanding on protein 
stability, compactness, interatomic contacts, structural dis-
parities, secondary structural propensity and free energy 
landscapes. Accordingly, the factors above pointed out that 
the mutations (L126S and N139H) had directed towards 
the structural destabilization with augmented beta-sheet 
propensity relative to wild type SOD1.

Moreover, the results from the free energy landscape 
also suggested that L126S, N139H and G141A led to the 
formation of more toxic aggregates in SOD1 as compared 
to other mutants. In general, our results provided better 
reasoning and noticeable changes in the structural features 
of SOD1 upon mutations in electrostatic residues caus-
ing fALS in human beings. Overall, the study stipulates a 
perception over the deleterious and destabilizing mutants 
on electrostatic loop of SOD1 by computationally clarify-
ing their effect on protein structural features along with 
free energy landscapes. Hence, our study could be helpful 
in providing an insight into the mutational effect on the 
electrostatic loop of SOD1 causing the sprouting neurode-
generative disorder ALS that distresses the life of human.
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