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Abstract Mutations in Cu/Zn superoxide dismutase 1
(SOD1) protein are a major cause of the devastating neurode-
generative disorder Amyotrophic lateral sclerosis. Evidence
suggests that SOD1 functions as a free radical scavenger in
humans. However, neither the mechanism nor a cure for this
neurodegenerative disease are yet known. In the present study,
we explored the effect of mutations on the mechanistic action
on the Zn binding loop of SOD1 through discrete molecular
dynamics. The results were analyzed in detail using statistical
potential (BACH) to find the mutant structures having the
least potential energy. Subsequently, we studied the impact
of those mutations on metal ions bound in SOD1 using the
program Check My Metal. Remarkably, our results recog-
nized certain mutants, viz. His80Arg and Asp83Gly, that were
more damaging to the Zn binding loop than all other mutants,
leading to a loss of Zn binding with altered coordination of the
Zn ion. Furthermore, the conformational stability, compact-
ness, and secondary structural alteration of the His80Arg
and Asp83Gly mutants were monitored using distinct param-
eters. Hence, at low computational expense, our study pro-
vides helpful insight into this emergent neurodegenerative
disorder affecting mankind.
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Introduction

Metal ions in proteins are essential, and have profound
effects on protein stability and biological activity.
Certain metals, such as sodium, magnesium, calcium and
potassium, exist in the human body in significant
amounts, while the other transition metals (Cu, Zn, Fe,
Co, Mn and Ni) are present at low concentration [1, 2].
The superoxide dismutase (SOD1) enzyme belongs to one
such metalloproteinase family present in the cytosol, mi-
tochondria and nuclear membrane that functions by scav-
enging the free superoxide radicals generated during nor-
mal biochemical metabolism [3]. Monomeric SOD1 com-
prises 153 polypeptides bound with one Cu and Zn ion.
The structure of SOD1 is organized as eight beta-barrel
strands and two functionally important loops, i.e., a Zn
loop (49-82) and an electrostatic loop (121-142). The
metal ions (Cu and Zn) present in SOD1 are highly coor-
dinated with their binding residues. The Cu ion is bound
by a group of His residues (46, 48, 63 and 120), while the
Zn ion is bound to His (63, 71, 80) and Asp 83 [4-6].
Thus, the Cu and Zn ions are essential for dismutase ac-
tivity and the structural integrity of SODI, respectively,
i.e., the coordination of metal ions (Cu and Zn) in SOD1
supports both biological functioning and protein folding
[7-10]. Mutation of SODI1 can give rise to the fatal neu-
rodegenerative disorder, familial amyotrophic lateral scle-
rosis (FALS) [11, 12]. Mutations in SODI1 have been
found over the entire length of protein, leading to more
than 160 prominent mutations that could instigate FALS
in humans [13, 14].

In the present study, we focused on the prominent missense
mutations in the Zn binding loop residues (49—82) of SODI
reported in the ALS database [14], since loss of the Zn ion in
SOD1 could lead to ALS, by altering the protein-folding
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pattern and affecting catalytic activity. Further, the disparity in
Zn binding affects the stability of SODI, as it is crucial for
retaining the structure of SOD1. Moreover, SOD1 with a Cu
ion becomes catalytically inactive without the presence of a
Zn ion. In addition, experimental studies have indicated that
the SOD1 protein without the Zn ion has a distorted Zn and
electrostatic loop, while loss of the Cu ion retains stability [15,
16]. Thus, we addressed this aspect using computational tech-
niques to find the most lethal mutant that could lead to loss of
Zn binding and, therefore, SOD1 stability, through various
parameters. Hence, our report contributes to the search for
mutational effects on SODI protein via discrete molecular
dynamics

Materials and methods
Structure retrieval and geometry optimization

The X-ray crystal structure of native SOD1 was obtained from
PDB (2VOA [A]) at a resolution of 1.15 A [17]. The Zn binding
loop mutants (Table 1) reported in the ALS database were re-
trieved for our study and modeled using Swiss PDB viewer with

Table 1  Predicted results from Predict SNP and iStable programs on
Zn binding loop mutants of superoxide dismutase 1 (SOD1)

Zn binding loop mutants of SODI PREDICT SNP iStable
Glu49Lys® Deleterious Decrease
Thr54Arg® Deleterious Decrease
Cys57Arg Deleterious Increase
Ser591le Deleterious Increase
Gly61Arg Deleterious Increase
Phe64Leu Deleterious Increase
Asn65Ser Deleterious Increase
Pro66Ala* Deleterious Decrease
Pro66Ser® Deleterious Decrease
Pro66Arg* Deleterious Decrease
Leu67Pro Neutral Decrease
Leu67Arg Neutral Decrease
His71Tyr Deleterious Increase
Gly72Ser® Deleterious Decrease
Gly72Cys? Deleterious Decrease
AspT76Tyr Deleterious Increase
Asp76Val Deleterious Increase
His80Arg* Deleterious Decrease
Asp83Gly* Deleterious Decrease
Leu84Phe® Deleterious Decrease
Leu84Val® Deleterious Decrease

7Zn binding loop mutants that are both Deleterious in PREDICT SNP
and show a Decrease in iStable
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the native structure as a template. The native and mutant struc-
tures were energy minimized, using GROMACS v5.0.4 [18].

Effect of mutation on protein stability

The stability of Zn loop mutants was predicted via the pro-
gram iStable, which utilizes the support vector machine
(SVM) for stability predictions upon a single point mutation
in protein sequence [19]. The result obtained from iStable
integrates the prediction from various other programs such
as CUPSAT, MUpro, PoPMuSiC, i-Mutant 2.0 and
AUTO-MUTE. Further, we incorporated the PREDICT-SNP
program [20], which is a consensus classifier for predicting
mutant effects on SOD1 function. The program combines the
results from different tools (SIFT, SNAP, PhD-SNP,
PolyPhen-1, PolyPhen-2 and MAPP), and predicts the consol-
idated results along with a confidence score.

Discrete molecular dynamics

We performed dynamic analyses for native and mutant
SOD1 using discrete molecular dynamics (DMD) simula-
tion, a distinct molecular dynamics that uses a discrete
energetic potential for pairwise interaction modeled with
discontinuous functions [21-23]. An atomistic DMD
force field was used in this study. The united atom model
was used to represent a protein model in which polar
hydrogen atoms and heavy atoms were modeled.
Bonded interactions comprise covalent bonds, bond an-
gles and dihedrals. The non-bonded interactions include
van der Waals, solvation, and environment-dependent hy-
drogen bond interactions. The Lazaridis-Karplus implicit
solvation model was used to model the solvated energy
with fully solvated conformations as the reference state.
Hydrogen bond interactions were modeled using
reaction-like algorithms. Screened charge—charge interac-
tions were modeled, using Debye-Hiickel approximation,
by setting Debye length to ~10 A. DMD simulation was
performed at constant volume and periodic boundary con-
ditions. An Anderson thermostat was used to maintain a
constant temperature of 300 K throughout the DMD sim-
ulation for native and mutant SOD1. The Zn and Cu ions
were added independently before performing simulation
for native and mutant SODI1. The dynamic simulation
was performed at timeunits (tu) of 1 x 10° for native
and mutant SODI1, respectively. In this study, we per-
formed DMD simulation for native and mutant SOD1 in-
dependently. The obtained trajectories were analyzed
using the Bayesian Analysis Conformation Hunt
(BACH) program [24], which reveals the potential score
of native and mutant SOD1 in locating the structures with
the lowest potential score in terms of kilocalories per
mole.
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Zn coordination and ensemble analysis

The mutant structures obtained from the BACH program were
subjected to Zn binding analysis, using the program Check
My Metal (CMM). The CMM program uses the
NEIGHBORHOOD algorithm, which recognizes and exam-
ines the coordinated geometry of metal ions present in SOD1
[25]. The coordination geometry of metal ions was assessed
using different parameters [Occupancy, B-factor, Ligands,
Valence, nVECSUM, Geometry, gRMSD(°) and Vacancy]
with the threshold values obtained from datasets. Thus, the
Occupancy and Ligands parameter in CMM program desig-
nates the metal occupancy and ligand composition for the first
coordination sphere of the metals, respectively. Further, the
Valence parameter specifies the individual bond valance pres-
ent in the metal. The nVECSUM parameter postulates the sum
vector of the valance vector of the metal. Finally, the
Geometry, gRMSD(°) and the Vacancy parameters determines
the three dimensional coordination of the ligands, geometrical
deviations and the vacancy in the coordination space around
the metals, individually. Furthermore, the results from the pro-
gram were displayed in green, yellow and red colors denoting
acceptable, borderline, and outlier values of metal coordina-
tion, respectively. In addition, the program also provided the
distance distribution of the metal complex in comparison with
the Cambridge structural database [26]. Therefore, an out-
come from the CMM program with a red color indication in
more than two parameters suggests an error in metal binding.
Thereby, we detected the most lethal mutant, which could lead
to loss of Zn binding. Further, the trajectory of the most lethal
mutant structures was analyzed to determine the conforma-
tional stability, compactness and the secondary structural al-
terations in SOD1. Thus, the geometrical tools g_rms, g_gy-
rate, do_dssp present in the GROMACS [18] program were
utilized in our study, respectively.

Results and discussion

Earlier studies on SOD1 indicated that the loss of Zn ion could
lead to ALS [16]. In this study, using various computational
tools, we analyzed the effect of mutation on the Zn binding
loop in order to narrow down the lethal mutant that could
cause the disparity in Zn binding, and affect protein structural
activity.

Mutant stability and function prediction

Earlier studies have reported that a single point mutation could
lead to changes in protein stability [27-29]. Thus, we moni-
tored the effect of sequence level changes on mutant SOD1
stability using the program iStable. The results predicted re-
sults by the program are presented in Table 1. Notably,

increased stability was found in some mutants, viz.,
Cys57Arg, Ser591le, Gly61Arg, Phe64Leu, Asn65Ser,
His71Tyr, Asp76Tyr, and Asp76Val, while other mutants ex-
hibited a loss of SOD1 stability. Further, examination of the
effect of mutants on SOD1 function using the program
PREDICT SNP (Table 1) revealed that all these mutants
showed a deleterious effect on SOD1 function, except
Leu67Pro and Leu67Arg, which exhibited a neutral effect
on SOD1. Therefore, our screen identified mutants
(Glu49Lys, Thr54Arg, Pro66Ala, Pro66Ser, Pro66Arg,
Gly72Ser, Gly72Cys His80Arg, Asp83Gly, Leu84Phe,
Leu84Val) having both decreased and deleterious effects on
SODI1 stability and corresponding function.

Structural dynamic study

The dynamic behavior of the native protein and screened mu-
tants was analyzed using atomistic DMD simulation to study
the effect of mutation on metal binding. The dynamics simu-
lation was performed with a tu of 1 x 10 for all the native and
mutant SODI proteins. The ensembles of native and mutant
protein conformation were analyzed using the BACH pro-
gram. The results specified the structure of native and mutant
SODI1 having the lowest potential energy (in kcal mol ™).
Those structures were recovered from the trajectory and fur-
ther analyses were performed.

Coordination of metal ions

The CMM program was incorporated in our study to analyze
the coordination of metal ions in native and mutant structures
obtained from the BACH program. The results, showing ac-
ceptable, borderline and outlier values, are presented in
Table 2. Initially, metal ion occupancy was determined in na-
tive and mutant SOD1. Subsequently, we determined ligand
parameters designating similar and acceptable ligands (N,) for
the Cu ion in the entire native and mutant structures. Notably,
the ligands (O;N,) for Zn ion were found to be acceptable in
all the mutants tested except His80Arg (O;N;) and Asp83Gly
(N). Further, the valence parameter endured acceptable, bor-
derline outlier values for the native and mutant structures. In
particular, the CMM indicated error in the valance value of the
Zn ion for His80Arg and Asp83Gly, with values 0of 0.9 and 1,
respectively. Progressively, the nVECSUM values were ac-
ceptable for Cu ion, though for Zn ion, which was found to
be borderline and outlier. Consequently, the Geometry param-
eter specified square planar and tetrahedral geometry for the
Cu ion, while distinct geometries were found for the Zn ion
coordination. Furthermore, the gRMSD parameter indicated
borderline and outlier values for the Cu and Zn ion, respec-
tively. Moreover, the vacancy parameter clearly portrayed that
the mutation had created a vacancy in Zn ion coordination in
all the mutants tested. Specifically, Pro66Ala, His80Arg and
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Table 2 Coordination of Cu and Zn ion in native and mutant SOD1 predicted via the program Check my Metal (CMM). SP Square planar, 77
tetrahedral, 7B trigonal bipyrmidal, OT octahedral, 7P trigonal planar, gRSMD generalized root mean square deviation

Mutant SOD1 Metals Occupancy Ligands Valence nVECSUM Geometry gRMSD (°) Vacancy (%)
Native Cu 1 N, 1.8 0.085 TB® 8.8% 0
Zn 1 O.N, 1.3 0.14% T 28.3° 0
Glu49Lys Cu 1 N, 1.7 0.076 SP 13.7% 0
Zn 1 ON; 1.3 0.2° T 21% 25%
Thr54Arg Cu 1 N, 1.7 0.069 T 14.5° 0
Zn 1 O,N; 1.4° 0.28" Sp? 20.8° 25°
Pro66Ala Cu 1 Ny 1.7 0.1 SP 23° 0
Zn 1 O,N, 1.3% 0.52° oT* 9.9 50°
Pro66Ser Cu 1 Ny 1.7 0.12° T 20° 0
Zn 1 ON; 1.3 0.097 T 28.5° 25°
Pro66Arg Cu 1 N, 1.7 0.062 T 13.8° 0
Zn 1 ON; 1.3 0.17% TT 31.2° 25°
Gly72Ser Cu 1 N, 1.7 0.046 T 19.8° 0
Zn 1 0N, 1.3° 031° TT 15.7° 20°
Gly72Cys Cu 1 N, 1.7 0.13* TB® 113 20°
Zn 1 O.N, 1.4° 0.19* TP® 11.8° 0?
His80Arg Cu 1 N, 1.8 0.093 TB® 8.7 20°
7n 1 ON,? 0.9° 0.47° TP® 3.6 33
Asp83Gly Cu 1 Ny 1.8 0.085 T 20.8° 0
Zn 1 N2 1° 0.47° TP® 3.9 33°
Leu84Phe Cu 1 Ny 1.7 0.068 T 14.5% 0
Zn 1 ON; 1.3 0.16* Sp* 26.3° 25°
Leu84Val Cu 1 Ny 1.6 0.073 TB® 114 20°
Zn 1 05N, 1.3 0.29° T 6.3 25°

#Borderline values
° Outlier values

Asp83Gly exhibited a greater vacancy with higher percentile.
Likewise, CMM reports signified that the nVECSUM,
Geometry and Vacancy parameters were perceived to decide
potential error in metal binding, since these parameters stipu-
late the completeness of metal ion binding in SOD1 [25].
Hence, the above investigations inferred that His80Arg and
Asp83Gly were the most destructive Zn binding mutants,
exhibiting outlier values in the valance, nVECSUM,
Geometry and Vacancy parameters as compared to other
mutants.

Ensemble analysis

From the aforementioned report, the ensembles of native and
mutant (His80Arg and Asp83Gly) were examined via distinct
parameters in order to decipher the impact of the mutation on
the structure of SOD1. Firstly, the root mean square deviation
(RMSD) was processed for the c-alpha carbon atom of the
native and mutant structures (Fig. 1a). From the overall exam-
ination, His80Arg and Asp83Gly achieved higher RMSD
values (0.48 nm and 0.47 nm) than that of native SOD1
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(0.46 nm). In this way, we also monitored the movement of
the Zn binding loop in SODI1 via computing the c-alpha
RMSD for the residues (49-82) within the native and mutant
SODI. Surprisingly, an increased RMSD was found in the
mutant compared to the native protein (Fig. 1b). At first,
Asp83Gly showed a higher RMSD with 0.5 nm, while iden-
tical deviation (0.4 nm) was found in the native protein and
HSOR, until 0.1x10° tu. From that point onwards, the motion
of the Zn binding loop in the native differed between 0.4 nm
and 0.5 nm, and focused on an RMSD of 0.43 nm while the
deviation in His80Arg and Asp83Gly demonstrated an ex-
panded RMSD of 0.6 nm and 0.55 nm, respectively, at the
end of the simulation. Therefore, it was confirmed that
His80Arg and Asp83Gly had radically changed the move-
ment of the Zn loop, explaining the increased RMSD in mu-
tant SOD1, when contrasted with that of native SOD1.

The compactness of SOD1 was also analyzed, utilizing the
g gyrate tool. The outcomes acquired were plotted employing
the Xmgrace tool as delineated in Fig. 2. The graph revealed that
His80Arg and Asp83Gly have a similar compactness (1.52 nm)
from 0.2-0.5 x 10° tu, while the compactness of the native
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Fig. 1 The conformational stability of SOD1 plotted using the Grace
program obtained from discrete molecular dynamics (DMD). a Root
mean square deviation (RMSD) of native (NT) and mutant (His80Arg

protein remained < 1.5 nm. Indeed, the compactness of native,
His80Arg and Asp83Gly converged at 1.47 nm, 1.55 nm and
1.52 nm, respectively, at the end of the simulation. Additionally,
the average compactness was computed, revealing that the value
for the native protein (1.47 nm) had better compactness than
mutants His80Arg and Asp83Gly, with 1.53 nm and 1.52 nm,
respectively. Overall, it was found that mutation at residues 80
and 83 coincided with altered conformational motion and loss in
compactness of mutant SOD1, compared to native SODI1. In
addition, we also performed a simulation with the mutant
Cys57Arg, which was found to have no significant impact on
SOD1 structure. The outcomes were found to be roughly similar
to those of the native (Table S1), thereby confirming that the
simulation method chosen does not introduce statistical noise.

Radius of gyration
1.7 T T T T T T T T

L —NT .
— His80Arg
165 — Asp83Gly

Rg (nm)

o 02 0.4 0.6 038 1
Timeunits (tu) x10°

Fig. 2 The compactness of native (NT) and mutant (His80Arg and
Asp83gly) SOD1 graphed over the entire trajectory of simulation

Timeunits (tu) x10°

and Asp83gly) over the entire trajectory. b Specific RMSD for the Zn
binding loop residues of native (NT) and mutant (His80Arg and
Asp83gly) SOD1

Secondary structure composition

Further study was carried out on the ensemble of native and
mutant SODI to ascertain the percentage of secondary struc-
ture composition using the DSSP program. The outcomes
(seeTable 3) uncovered the content of «-helix, [3-sheets,
others (turn, bend, 3-bridge and coil) in the native and the
mutant. Analysis of the outcomes revealed that the amount
of «-helix was higher (6%) in native SOD1 than in the mu-
tants (His80Arg and Asp83Gly with 5% and 1%, respective-
ly). In contrast, the propensity to form 3-sheets was found to
be higher in mutant (41%) than native SOD1 (40%). Further,
the content of other structures in the mutants (54% and 58%)
was more prominent than in the native protein (54%). In this
manner, the outcomes indicated that the change in «-helix
content had prompted the expansion in the structure of
[3-sheets and others in mutant SOD1. Studies have revealed
that [3-sheet is a key factor in protein folding [30]; therefore,
the alteration in {3-sheet content could bring about protein
misfolding, eventually prompting diseased states [31, 32].
The transformation of helix into (3-sheets is the major

Table 3  Secondary structure content of native and mutant SOD1
computed through DSSP program

Secondary Structure composition Native (%) Mutant (%)

His80Arg Asp83Gly

o-Helix 6 5 1
3-Sheets 40 41 41
Others?® 54 54 58

#Turn, bend, 3-bridge and coil
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consideration in formation of the amyloid fibrils linked direct-
ly to the increase in aggregation propensity in SOD1 [33-35].
Moreover, the results obtained from our study correlate with
earlier reports indicating the loss of stability and the metal
binding in SOD1 mutants [36-38]. Taken together, investiga-
tion of the above parameters signified that these mutants could
be devastating, not only in distorting Zn binding but also in
instigating stability loss and aggregation in SOD1, which ul-
timately results in a neurodegenerative disorder [39, 40].

Conclusions

The computational work introduced in this study outlined the
preliminary screening of deleterious and destabilizing mutants
in the Zn binding loop of SOD1, using PREDICTSNP and
iStable programs individually. Alongside, we studied the pres-
ence of metal binding in native and mutants with reduced
potential retrieved from DMD. Thus, the obtained native and
mutant structures were subjected to the CMM program to
determine the coordination of metal ions in SOD1 using dis-
tinct parameters. The results revealed that the mutation on
His80 and Asp83 led to a drastic loss in Zn binding compared
to other mutants. Further, we explored the impact of those
mutations on SOD1 structure through various geometrical pa-
rameters in order to determine the stability compactness and
the composition of secondary structure. Thus, analyses of the
above-mentioned parameters indicated that these mutation led
to the destabilization and a loss in compactness, with in-
creased beta-sheet propensity, as compared to native SODI.
Overall, the results revealed the cause of Zn binding loss,
destabilization and aggregation to mutation in SODI that
can finally lead to the fatal neurodegenerative disorder fALS
in humans. This study provides a perspective on the most
deleterious and destabilizing mutants in the Zn binding loop
of SOD1 by using computational studies to enlighten their
effect on metal ion coordination, stability, compactness and
secondary structure propensity.
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