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• H43R exhibits greater mobility at
Zn-binding and electrostatic loops.

• Dimer interface interaction in H43R is
weakened compared to that of WT and
W32F.

• Distances between the highly conserved
amino acids increase for H43R.

• The decreased activity should be
attributed to the opening of active
channel in H43R.
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Recently, mutations in copper–zinc superoxide dismutase (SOD1) have been linked to familial amyotrophic
lateral sclerosis (fALS), a progressive neurodegenerative disease involving motor neuron loss, paralysis and
death. It is mainly due to protein misfolding and aggregation resulting from the enhanced peroxidase activity
of SOD1 mutants. In this study, we have carried out a 20 ns molecular dynamics simulation for wild type
(WT), H43R and W32F mutated SOD1's dimer and compared their structure and conformational properties by
extracting several quantitative properties from the trajectory to understand the pathology of fALS disease. Our
results show considerable differences in H43R compared to WT and W32F mutated SOD1, such as increasing
distances between the critical residues results in open conformation at the active site, strong fluctuations in
the important loops (Zinc and electrostatic loops) and weakening of important hydrogen bonds especially
between N (His 43/Arg 43) and carbonyl oxygen (His 120) in agreement with the experimental report. The
calculated buried surface area of dimer interface for WT, H43R and W32F are 682, 726 and 657 Å2 respectively,
representing the loss of dimerization in H43R. Essential dynamics reveal that overall motions of WT and W32F
are mainly involved in three to four eigenvectors, but in H43R the overall motions are mainly in the first eigen-
vector. These data thus provide a unifying description for the structural destabilization, enhanced peroxidase
activity, loss of dismutation activity and increase in aggregation propensity in the pathology of fALS diseases.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction
Copper–zinc superoxide dismutase (SOD1) is a metalloenzyme,
abundantly found in the intracellular cytoplasmic space of aerobic
organisms and is responsible for defending cells from oxidative damage
[1]. SOD1 is a functional homodimer, (molecular weight of ca. 32 kDa)
with each monomer containing one Cu(II) and Zn(II) ions that are
bridged by an anionic histidinato ligand. The Cu(II) ion in SOD1 is
further coordinated to three other histidine residues in a distorted
square pyramidal geometry, while Zn(II) is bound to two histidine and
an aspartate residue in a distorted tetrahedral geometry [2]. Eachmono-
mer of SOD1 forms an eight-stranded antiparallel β-barrel. The β-barrel
of SOD1 is protected against self-aggregation by having each end of the
dimer covered by well ordered electrostatic and zinc binding loops [3].
Further, these two extended loop regions form a wall for the channel
formed between the surfaces of enzyme to the active site [4].

SOD1 catalyzes the disproportionation of superoxide anions into
molecular oxygen and hydrogen peroxide and the widely accepted
catalytic mechanism [5] involves the two following steps,

SOD‐Cu2þþO2
�−
‐‐‐‐‐‐‐‐‐NSOD‐Cuþ þ O2 ð1Þ

SOD‐CuþþO2
�− þ 2Hþ

‐‐‐‐‐‐‐‐NSOD‐Cu2þ þH2O2: ð2Þ

Early biochemical studies, measuring the SOD1 activity in amyotro-
phic lateral sclerosis (ALS) patients, suggested that the reduction or the
loss of enzyme activity and an increase in the peroxidase activity
can be suppressed through post-translational modifications (such as
the attainment of copper and zinc ions, formation of disulphide bond
and dimerization) that help in the regaining of enzymatically active
quaternary structure [6,7]. Mutations affecting the post-translational
modifications in human SOD1 were identified as an important cause
for approximately 20% of fALS [3,8–10]. The fALS-associated mutants
do not essentially reduce the activity of SOD1, but gain some new
activities such as peroxidase/thiol oxidase activity that might also lead
to protein misfolding followed by its aggregation [11–14].

More recently, pulsed EPR andNMR spectroscopic studieswere used
to establish the oxidation of His 43 residue during peroxidase activity of
SOD1 resulting in the loss of enzyme activity [15]. It has been found that
the fALS sites are associated not only with the active site His residues,
but also with the integrity of the β-barrel fold, the dimer interface,
and other structural features [6]. In addition to the metal-bound His
residues in the active site, His 43 is only the residue located in the vicin-
ity of the active site, (ca. 11 Å away from the Cu (II) site) [15] positioned
at an opening of the β-barrel and stabilizes the ends of the compact
structure of β-barrel through its hydrophobic packing interactions
with the nearby residues [16,17]. His 43 also assists with the exact
orientation of the Arg 143 side chain with respect to the Cu active site
by forming a hydrogen bond bridge [16,17]. Therefore, His 43 to
Arg mutation in human SOD1 (H43R), enhances the disruption of the
Thr39-His43-His120 hydrogen bond bridge that indeed alters the posi-
tion and orientation of Arg 143 residue, resulting in a reduced stability
of SOD1 protein structure leading to protein aggregation [6]. Further,
H43R mutation has been identified in patients of fALS [9,10,16].

Similarly, Trp 32 is located on the surface of human SOD1and the ox-
idation of Trp 32 occurs in vivo as a natural modification to SOD1 lead-
ing to peroxide-induced aggregation [18]. The enhanced peroxidase
activity of human SOD1, resulting in the formation of a tryptophanyl
radical by the reaction with carbonate anion radical (CO3

•−), has been
found to cause protein aggregation [13,14]. Further, mutating Trp 32
with Phe (W32F) slows down the rate of oxidative modification
[13,14,18] that has been found to decrease the cytotoxicity in motor
neuronal cell culture model and the rate of aggregation of SOD1[14].

Information about the dynamical properties of these mutants
of SOD1 is crucial in understanding their role in protein activities/
aggregation on a molecular level. Since, crystal structures of SOD1
mutants give only the static behavior, molecular dynamics (MD) simu-
lationswere used as an alternative tool for probing the structural aswell
as conformational changes due to mutations [3]. MD simulations reveal
atomic-level insights which remain inaccessible by present high resolu-
tion experimental methods, and that are expected to shed light on the
unresolved issues connecting the protein's dynamics and structure
to its biological activities [19]. Studies describing the structure and
dynamics of WT and selectively mutated SOD1's are available [3,20–26].
More recently, Schmidlin et al. [27] performed MD simulations on A4V
mutated SOD1 and demonstrated the structural changes to monomeric
SOD1 but have not focused on describing the dynamical behavior of
these two mutations (H43R and W32F) and their relation to protein
aggregation and its stability. Indeed, this is essential in understanding
the pathology of fALS diseases and therefore by using classical molecular
dynamics, we address here the dynamical properties of these mutated
systems and explain several properties and their relation to the protein
activities/aggregation on a molecular level.
2. Computational methods

The starting co-ordinates of theWT SOD1 dimer (pdb entry 1spd) at
2.4 Å resolution were obtained from the protein data bank [28].
We have constructed H43R and W32F mutants using the interactive
computer graphics package Swiss pdb viewer v 3.6 [29] by substituting
His 43 residue with Arg and Trp 32 residue with Phe in the WT crystal
structure. Molecular dynamics (MD) simulations were carried out
using the GROMACS 4.5.3 [30] package using GROMOS96 [31] 43a1
force field for all residues and metal ions. The protonation state was
treated with the help of optimal H-bonding conformation. The standard
GROMOS96 charges were used for all the atoms except for the residues
of the active site, forwhich the partial atomic charges calculated fromab
initio methods reported in Ref. [32] were employed. Each structure
was fully solvated with SPC cubic water in a box with side's 6.939
nm × 4.719 nm × 4.190 nm with box angles 90° for each side. The
whole dimeric enzyme of WT, H43R and W32F mutated SOD1's was
embedded in 22639, 22642 and 22647 water molecules respectively.

The steepest descent algorithm was used for energy minimization
and the maximum step size for energy minimization considered was
0.01 nm. The tolerance used in this simulation was 6000 kJ/mol/nm.
The WT protein and W32F mutant both have a net charge of −5 e,
while the H43R mutant has a net charge of −4 e. Precise simulation
of protein dynamics needs the inclusion in themodel of, at least, a neu-
tralizing counter ion's atmosphere, therefore in this work, five and four
Na+ ions were added by replacing solvent molecules with the highest
electrostatic potential for WT, W32F and H43R mutants respectively,
thus the investigated proteins have a net charge of zero. Initially,
position-restrained MD was carried out for 200 ps which restrains the
position of atoms in the protein and allows the distribution of solvent
in the system. The LINCS algorithm was used to constrain all bonds
[33] and SETTLE algorithm [34] for solvent distribution.

In our simulations, the temperature was maintained at 300 K by
weak coupling to an external temperature bath and the simulation is
continued for 20 ns (including the equilibration steps) for each WT,
H43R and W32F mutated SOD1's. A time step of 2 fs was used and the
data were collected every 500 fs. A twin range cut-off was used for
the calculation of the non-bonded interactions. The short range cut-off
radius was set to 0.9 nm and the long range cut-off radius was set to
1.4 nm for both columbic and Lennard–Jones interactions. The electro-
static interactionwas handled by the particle-mesh Ewald (PME)meth-
od [35]. The distances measured at the active site metals after 20 ns of
MD simulations are shown in Supplemental Table S1. It reveals that
the geometry of the active site is maintained, and shows that the set
of parameters employed for themetal ions and their ligands are reliable
for studying the dynamical behavior of this molecule.
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Fig. 1. Evolution of structural properties over time backbone RMSD: Red—WT, Blue—H43R
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legend, the reader is referred to the web version of this article.)
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The essential dynamics (ED) is obtained by diagonalizing the
covariance matrix, which is built from the atomic fluctuations in a MD
trajectory where overall translational and rotational motions have
been removed, [31,36–38]

Cij ¼
Xi‐Xi;0

Xj‐Xj;0

 !
ð3Þ

where X are the x, y and z coordinates of the atoms fluctuating around
their average positions (X0) and b…N denotes an average over time. To
construct the protein covariance matrices, we have used Cα atoms tra-
jectory, as it has been shown that the Cα atoms contain the necessary
information to reasonably describe large concerted motion of the
proteins [26]. Upon diagonalization of the covariance matrix, a set of
eigenvalues and eigenvectors is obtained. The eigenvectors of the
covariance matrix correspond to directions in a 3N-dimensional space
(where N is the number of Cα atoms), andmotions along a single eigen-
vector correspond to concerted fluctuations of atoms. Our system
contained 306 Cα atoms, having 918 position coordinates for each
case. The eigenvalues of the covariance matrix represent the total
mean square fluctuation of the system along the corresponding eigen-
vectors. If the eigenvectors are ordered according to their decreasing
eigenvalues, the first one describes the largest scale correlatedmotions,
whereas the last onewill correspond to small-amplitude vibrations [39].

3. Results and discussion

Over 130 mutations to SOD1 have been identified in fALS patients,
and the clusters of fALS related point mutations are found around the
β-barrel opening [9,10], at the dimer interface regions and other struc-
tural features [6,40]. His 43 is positioned just behind the active site and
mutating His 43 to Arg resulting in reduced stability of SOD1 leading to
protein aggregation [6,40]. Trp 32 is far away from the active site and
represents one of the normally occurring oxidative modifications that
promotes aggregation and toxicity of proteins [18]. However, the rates
of oxidation-induced aggregation of WT SOD1 were decreased by re-
placing Trp 32 with Phe [14,15,18]. In order to examine the structural
stability and dynamical changes in the structure of WT, H43R and
W32F mutated SOD1's dimer, we report here several geometrical and
conformational properties obtained from theMD trajectories. The calcu-
lated structural features exhibit good correspondence with the X-ray
measurements and are listed in Table 1.

3.1. Root mean square deviation (RMSD)

The RMSD of the backbone and the Cα atoms of the investigated
proteins are extracted from the simulated trajectory, which are then
compared to understand the relative stability. The plot, describing the
RMSD of the investigated proteins backbone over the course of simula-
tion time is shown in Fig. 1. RMSD values of the backbone atoms
Table 1
Geometrical properties of SOD1 compared with the X-ray structure.

Geometrical properties MD average X-ray structure

Accessible surface of protein (WT) 14198 Å2 14251 Å2

Accessible surface area of protein (H43R) 13971 Å2 13959 Å2

Dimer interface (WT) 682 Å2 ~640 Å2a

Radius of gyration (WT Cα-atoms) 1.91 nm 1.96 nmb

Surface area of residue-43 (H43R) 256 to 291 Å2 271 to 293 Å2c

Solvent accessibility of Leu38 2164 to 2286 Å2 Increasesc

Solvent accessibility of Thr39 1222 to 1231 Å2 Increasesc

Solvent accessibility of Glu40 532 to 536 Å2 Increasesc

a P.A. Doucette et al., J. Biol. Chem, 279 (2004), 54558–54566.
b G. Chillemi et al., Biophys. J, 73 (1997), 1007–1018.
c M. DiDonato et al., J. Mol. Biol, 332 (2003), 601–615.
with respect to the initial structure indicates that within 5 ns a stable
behavior is reached, showing that the WT protein is equilibrated.
The equilibration time for W32F mutant is 2 ns and 7 ns for H43R.
The average RMSD of backbone and Cα atoms of WT are 0.2787 nm
and 0.2828 nm, while for H43R and W32F mutated SOD1, the values
are 0.2606 nmand0.2657 nm&0.2371 nmand0.2430 nmrespectively.
In H43R mutated SOD1, both the backbone and the Cα RMSD (data not
shown) exhibit significantly less flexibility up to 6.5 ns compared to
WT, but after which a considerable change in RMSD, (from 0.20 nm to
0.30 nm) was observed that has been found to remain constant in the
rest of simulation window. This sudden increase in backbone and Cα
RMSD's is due to the disruption ofmajor loops, β-barrel and dimer inter-
face, indicating a structural instability. However, inW32Fmutated SOD1
the backbone and Cα RMSD's decrease considerably when compared to
WT and thus the stability is increased.

3.2. Radius of gyration (Rg)

TheRg is defined as themass-weighted rootmean square distance of
a collection of atoms from their common center of mass and this analy-
sis gives insight into overall globularity of the protein. The average
values of radius of gyration Rg (Cα) for WT, H43R and W32F mutated
SOD1 are 1.91, 1.93 and 1.92 nm respectively. The value (average Rg
(Cα)) computed for WT SOD1 is in good agreement with the already
reported value of 1.89 nm [35]. Furthermore, the average values of Rg
(protein) for WT, H43R and W32F mutated SOD1 are 1.94, 1.96 and
1.95 nm respectively. These values indicate that both WT and the
mutated SOD1 have similar globularity.

3.3. Root mean square fluctuations (RMSF)

The differences in the mobility of residues can be understood from
the values of RMSF (Chain A & B) relative to the average structure and
are shown in Fig. 2 (a) and (b). The RMSF differences show that the
dynamics of the core were different for WT, H43R and W32F mutated
SOD1's. The RMSF analysis of critical residues for WT and both the
mutated SOD1 indicate that the two subunits Chain A and Chain B
exhibit dissimilar dynamical behaviors and their active site residues
exhibit distinct fluctuations. This asymmetric behavior of the individual
subunit has been well documented for WT SOD1 dimer [7].

In H43R mutated SOD1, we find in Chain B that there are two loop
regions comprising residues 48–85 (Zinc loop/loop IV) and 121–143
(Electrostatic loop/loop VII) show larger fluctuations for the entire
simulation window, indicating a strong deformation or disorder in
these loops. Since, loop IV in SOD1 is located close to the interface
between two monomers, the observed fluctuations might also have a
crucial impact in maintaining the dimer structure of SOD1 [7]. This
supports the larger deviation of RMSD values (protein's backbone and
Cα) for H43R mutation compared to WT and W32F mutated SOD1.
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Furthermore, it has been reported that loop VII produces an optimal
electrostatic field for the uptake of superoxide anion radical [7] and
the deformation occurring as a result of this mutation disrupts the
orientation of metal-ligands for the dismutation reaction that conse-
quently reduces its catalytic activity. In W32F mutated SOD1, the loop
containing residues 48–85 (Zinc loop/loop IV) and 121–143 (Electro-
static loop/loop VII) exhibit similar fluctuations as WT, explaining
minor differences in the catalytic activity of these two proteins.
3.4. Solvent accessible surface area (SASA)

The average SASA values for WT (−5 e), H43R (−4 e) and W32F
(−5 e) mutated SOD1's are 14,198, 13,971 and 14,131 Å2 respectively.
Fig. 3. The changes in the overall structures of SOD1 and mutants after 20 ns MD simulations,
legend, the reader is referred to the web version of this article.)
The average SASA value calculated from this simulation is in good agree-
ment with the reported experimental value of 14120 Å2 [6]. Compari-
son of calculated values indicates that the residues in H43R mutated
SOD1 are effectively packed compared to WT and W32F SOD1.

The buried solvent-accessible surface area of residue His 43/Arg43 in
H43Rmutated SOD1 increases from 256 Å2 to 291 Å2. Further, we have
also calculated the SASA for Leu 38 and its nearby residues (Thr 39 and
Glu 40) because these are considered to play an important role in stabi-
lizing the β-barrel [16]. Moreover, the side chain of Leu 38 is in van der
Waals contact with His 43, whose amide chain is linked to catalytically
important Arg 143 by forming a hydrogen bond bridge [16]. The total
solvent accessibilities of Leu 38, Thr 39 and Glu 40 for WT are
2164 Å2, 1222 Å2 and 532 Å2 while for H43R mutated SOD1they are
2286 Å2, 1231 Å2 and 536 Å2 respectively. This increase in the solvent
accessibility of Leu 38 and its nearby residues relative to WT might
alter the positions and orientations of Leu 38 and Arg 143 side chains,
leading to a distortion of the structural stability and also reduce the
catalytic activity (see Fig. S1in the supplemental material). Further,
this could be a general feature of fALS mutants, since similar packing
imperfections were already identified in the fALS SOD1 mutant A4V,
which affect the dimer interface and other β-barrel end [6,41].
In W32F mutant, we find no evidence of substantial change in SASA
values of individual residues compared to WT, signifying that the dimer
interface and β-barrel end are preserved in a similar way to WT SOD1.
3.5. Solvent accessible surface in the dimer interface

Dimerization of the individual monomer subunits increases the sta-
bility of SOD1 [42] and therefore mutations that perturb the interaction
between these monomers and a perturbation at the dimer interface de-
crease the overall stability of the protein. The dimer interface is formed
by reciprocal contacts between the C-terminal β-strand and residues
from the disulphide loop from each monomer [43]. Our MD results
of buried SASA in the dimer interface for WT (−5 e), H43R (−4 e)
andW32F (−5 e) mutants are 682 Å2, 726 Å2 and 657 Å2 respectively.
The increase in the value for H43R mutated SOD1, indicates that the
reciprocal contacts between the C-terminal β-strand and residues
from the disulphide loop are relatively weakened compared to WT
and W32F SOD1. We have also analyzed the average structures of
chain B for WT, H43R and W32F mutated SOD1 in our simulations and
present in Fig. 3. Comparison of these structures indicates clearly that
the β-barrel of H43R mutated SOD1 undergoes the largest structural
fluctuations indicating that this part of the protein undergoes severe de-
formations. It has been shown by electron and atomic forcemicroscopic
techniques that the loss of dimerization and partial loss of the β-barrel
the β-sheets are colored as red. (For interpretation of the references to color in this figure
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Table 2
Hydrogen bonding distance variation analysis.

Atoms WT (nm) H43R mutant (nm) W32F mutant (nm)

O His 120–N His 43/Arg 43 0.4999 0.6536 0.4905
O Thr 39–N His 43/Arg 43 0.4345 0.4324 0.4361
O Glu 121–N His 43/Arg 43 0.3389 0.3468 0.3248
AGly51N-Bile151O 0.2803 0.2844 0.2607
AGly114O-Bile151N 0.3055 0.3097 0.2841
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result in fibril aggregation [44]. In the case of W32F mutated SOD1, the
reciprocal contacts are strengthened compared toWT, representing that
the dimer interface and β-barrel are maintained in W32F mutated
SOD1, in agreement with experimental observations [15,23].

3.6. Secondary structure analysis

The secondary structure of proteins is the local polypeptide back-
bone structure, which is typically expressed by the Ramachandran
plot [45]. The Ramachandran plots for WT, H43R and W32F mutated
SOD1 are shown in Fig. 4. The most allowed conformational regions of
Ramachandran space are colored blue, and partially allowed conforma-
tional regions are colored green. In SOD1, the disulphide loop (Cys 57
and Cys 146) can influence the conformation of the enzymatically
important residue, Arg 143, through a hydrogen bonding network.
Portions of this loop contribute to the dimer interface, leading to the
possibility that the disulphide loop influences the protein dimerization
and thereby the SOD1 secondary structure [6]. Fig. 4 very clearly reveals
that inWTandW32Fmutated SOD1, the catalytically important Arg 143
residue is within themost allowed regionswhile, in H43Rmutated SOD1,
Arg 143 residue has moved to partially allowed region. Furthermore, one
of the disulphide loop residue Cys 57 is foundwithin the partially allowed
regions for both the WT and W32F mutated SOD1, but in H43R mutated
SOD1, Cys 57 has moved to the disallowed region illustrating a strong
perturbation in the structure that might be one of the cause of destabi-
lization. Also we find that Cys 146 is placed in most allowed regions
forWT andW32Fmutated SOD1, and it has moved to the less favorable
region in H43R mutated SOD1. Further we have also calculated phi and
psi values of Cys 146, Cys 57 and Arg 143 for WT, H43R and W32F
mutated SOD1's from secondary structure analysis and are shown in
Supplemental Table 2. These results possibly illustrate that the second-
ary structure of H43R mutated SOD1exhibited more structural changes
thatmight enhance the aggregation property of the proteins, compared
to WT and W32F mutated SOD1.

3.7. H-bonding network

A complex network of hydrogen bonding determines the orientation
of the metal ligands and active site channel configuration, which is
essential in maintaining a high catalytic efficiency of SOD1 [44]. Exper-
imentally M. DiDonato et al. [6] reported that, in the WT crystal struc-
ture, the His 43 side chain forms a series of hydrogen bond between
the main chain carbonyl oxygen atoms of Thr 39, His 120 and Glu 121,
and is found lying near to Leu 38. The Arg 43 side-chain keeps up the
His 43 hydrogen bonds with the carbonyl oxygen atoms of Thr 39 and
Glu 121. However, the Arg 43mutation results in the loss of a hydrogen
bond that existed betweenHis 43 N and the carbonyl oxygen of His 120.
The distances between the N (His 43/Arg 43) and the carbonyl
oxygen of His 120 for WT, H43R and W32F mutants are 0.4999 nm,
0.6536 nm and 0.4905 nm respectively. These results are presented in
Table 2, obviously indicating the loss of hydrogen bond between Arg
43 N and the carbonyl oxygen of His 120 in agreement with the exper-
imental work done byM. Di Donato et al. This loss of onemain-chain to
side-chain hydrogen bond in H43R mutant might destabilize the struc-
ture by disrupting the orientations of the metal ligands, Leu 38 and Arg
143 in conjunction with a loss of catalytic activity and in agreement
with the SASA analysis. This observation strongly suggests that His 43
is an important part of the highly efficient catalytic machinery of
SOD1. But in W32F mutated SOD1, the hydrogen bond between His 43
N and the carbonyl oxygen of His 120 is preserved, signifying the
increase of its catalytic activity.

In WT SOD1 dimer, the monomers forming the dimeric molecule
are linked by hydrogen bonds formed between i) subunit A Gly51N–
subunit B Ile151O and ii) subunit A Gly114O–subunit B Ile151N [4].
Analysis of distance variations in these hydrogen bonds observed in
our MD simulations are shown in Table 2, which indicates that the
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distances of selected hydrogen bonds are increased in H43R, mutated
SOD1 than WT. This reveals that the dimeric interface in the H43R
mutated SOD1 is considerablyweakened, supporting a structural desta-
bilization. In the case of W32Fmutated SOD1 the distances of hydrogen
bonds are decreased more than WT SOD1 indicating a strengthening
of dimeric interface and thus increased structural stability. These obser-
vations are consistent with our conclusions from SASA analysis.
3.8. Distance variation analysis between the critical residues

In addition to its unique bimetallic active site structure, SOD1 has
exceptionally high catalytic efficiency [17] in converting superoxide
anions into molecular oxygen and hydrogen peroxide. The catalytic
efficiency is attributed to the positive and negative charged residues
on the protein surface and in the active site channel, which steers the
superoxide anion radical towards the active site. This is maintained by
the correct alignment of critical residues [17]. The distance between
the Cζ Arg 143 and Cβ Thr 137, the two strictly conserved amino acid
residues, determines the narrowest section of the active site channel
[21] and so, we have measured the distances between critical residues
Table 3
Distance variation of critical and conserved residues for Chain A (values for Chain B are
given in parentheses).

Distance between the
residues

WT (nm) H43R mutant
(nm)

W32F mutant
(nm)

Cζ Arg143 0.8915 (0.8488) 1.0195 (1.3871) 0.9082 (0.9650)
Cζ Arg143 1.0060 (0.9173) 0.7909 (1.0368) 0.7607 (0.7338)
Nη1 Arg143 1.0112 (0.9315) 0.8271 (1.0750) 0.8264 (0.7886)
Nη2 Arg143 1.0958 (0.9947) 0.8606 (1.1026) 0.8080 (0.7836)
Nζ Lys136 1.1622 (1.3729) 1.6067 (1.5746) 1.6260 (1.6358)
Nζ Lys136-OE1 Glu132 1.0415 (0.5792) 0.5806 (0.5507) 0.5752 (0.6047)
O1 Thr137 0.7763 (0.7763) 0.8648 (0.8675) 0.8810 (0.9194)
OD1 Asp124 0.3097 (0.3239) 0.3185 (0.2942) 0.3176 (0.3314)
OD2 Asp124 0.3808 (0.4438) 0.4842 (0.3673) 0.4975 (0.4205)
(Cζ Arg 143 − Cβ Thr 137, and O His 120 and ND1 His 43) in WT and
mutated SOD1 and the results are shown in Fig. 5 (a) and (b). The
results illustrate that upon mutation, the two groups move apart from
the channel which is enhanced in H43R mutated SOD1 compared to
W32F mutated SOD1 in both chains A and B.

The key point should be that the Cζ Arg 143 and Cβ Thr 137 and O
His 120 and ND1 His 43 distances change significantly in H43R but the
fluctuations remain uniform throughout the entire simulation. This
could disturb the narrowest section of the active site channel and pro-
duce less attraction for the incoming superoxide anion radical, thus
the enzymatic activity is reduced in H43R mutated SOD1 which might
result in an enhanced peroxidase activity compared to WT and W32F
mutated SOD1. Further, we have also listed the distance variation
between the critical residues in the active site environment for chain-
A and chain-B in Table 3 which also suggest that the dynamic behaviors
of the two monomers are instantaneously asymmetrical and in agree-
ment with reported experimental work [2]. The asymmetrical behavior
is more pronounced for H43R mutated SOD1.
3.9. Electrostatic potential and electric field calculations

The electrostatic interactions play an important role in the SOD1 cat-
alytic function. At long range, it steers the incoming superoxide anion
radical to the active site, and at short range, it furnishes the specific
local interactions for catalysis. The superoxide is electrostatically
attracted by the Arg 143 residue to the copper atom [5]. For these rea-
sons, we have calculated the electrostatic potentials across the box for
Table 4
Electrostatic potential calculations.

WT (V) H43R (V) W32F (V)

Dimeric protein 3.72 2.59 3.81
Active site −2.30 −3.04 −2.63
Copper atom −0.7784 −1.0374 −0.8680
Arg143 residue −1.5153 −1.7992 −1.3807
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WT, H43R and W32F mutated SOD1's. Plots of electrostatic potential
and electric field as a function of across the box dimensions are shown
in Fig. 6 (a) and (b). The average electrostatic potentials for the whole
dimeric protein (WT andmutants), active site, copper atom and catalyt-
ically important Arg 143 residue are reported in Table 4. The average
electrostatic potentials of whole dimeric WT (−5 e), H43R (−4 e)
andW32F (−5 e)mutated SOD1's are 3.72 V, 2.59 V and 3.81 V respec-
tively. These values indicate that WT and W32F SOD1's show almost a
similar behavior, while H43Rmutated SOD1 reveals a significant differ-
ent behavior compared toWT SOD1. To understand this effect, we have
also calculated the electrostatic potential for the active site of these
proteins which are found to be −2.30 V, −3.04 V and −2.63 V for
WT, H43R and W32F mutated SOD1 respectively. The less positive
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Fig. 8. RMSF per atom of eigenvectors as a function of Cα atoms; Red—WT, Blue—H43R and
the reader is referred to the web version of this article.)
electrostatic potential of whole dimer andmore negative value of active
site for H43R mutation indicate a lesser reduced affinity for the incom-
ing superoxide anion towards the active site supporting a loss or reduc-
tion of catalytic activities of the protein. The analysis electric field across
the box also reveals that the WT and W32F mutated SOD1's show
similar behavior, but H43Rmutated SOD1 exhibits a significantly differ-
ent behavior compared to WT. These results might also be relevant in
explaining the dismutation reaction and fibrous aggregation of WT
and both the mutated enzymes.

3.10. Essential dynamics analysis

Essential dynamics (ED) is a method that utilizes principal compo-
nent analysis (PCA) on the actual coordinates of the system and thus
gives the essential motion of the protein in phase space [31]. The struc-
tural fluctuations corresponding to each eigenvector are generated by a
different combination of the motions involving subdomains including
the major loops and β-barrel [26]. After the removal of rotational
motions, a covariance matrix was constructed for WT, H43R and
W32Fmutated SOD1 and the eigenvalues using Eq. (1). The eigenvalues
are plotted in Fig. 7 against the corresponding eigenvector index for the
first twentymodes ofmotion at different trajectory lengths. Fig. 7 shows
that the first eigenvector inWT is 1.334 nm2, while for H43R andW32F
mutated SOD1 they are 2.6396 nm2 and 2.4129 nm2 respectively indi-
cating that for the first eigenvector, themutated enzymes undergo larg-
er motion compared to WT. For the successive eigenvectors up to fifth,
H43R mutated SOD1 undergo less motion than WT, while the W32F
mutated SOD1 experience enhancedmotion compared toWT. However,
in the remaining fifteen eigenvectors we find a similar behavior for these
three proteins suggesting that themotions occurmainly along very few
directions in the essential subspace, but with different amplitude for
concerted motions for these three proteins.

This analysis shed further insight about the nature of the motions
represented by eigenvectors in H43R mutated SOD1. The major
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collective modes of fluctuations involving the loops and β-barrel are
mainly occurred in the first eigenvector for H43R mutated SOD1.
These results are significant in understanding the behavior of H43Rmu-
tated SOD1. However in the case of WT and W32F mutated SOD1, the
major protein motion occurred not only in the first eigenvector but
also included a few more eigenvectors.

Eigen RMSF per atom of eigenvectors as a function of Cα atoms is
shown in Fig. 8 indicating the Cα displacements along the four main
eigenvectors. The essential motions identified are different for WT and
the mutated proteins. Fig. 8 clearly indicates that in H43R mutated
SOD1, there are two loop regions viz., 48–85 (Zinc loop/loop IV) and
121–143 (Electrostatic loop/loop VII). They explore a wide conforma-
tional space since their motions have large amplitude along all the
first four most important directions of the essential space. In WT and
W32F mutants, the residues 48–85 (Zinc loop/loop IV) and residues
121–143 (Electrostatic loop/loop VII) undergo lesser movements.
These results reveal that the concerted motions of these two loops
decreased considerably in WT and W32F mutant and these structural
fluctuations are related to the results developed from other analyses
of the present MD simulations.

4. Conclusions

The dynamics of H43R andW32F mutated SOD1 have been investi-
gated to analyze their properties quantitatively, to understand the
changes in structural and conformational features that can be used to
explain the role of these mutants in fALS pathology. Upon H43R muta-
tion in SOD1, several features viz., large fluctuations in the electrostatic
and Zn-binding loops followed by rapid loss of β-sheet conformations,
the increase in distance between highly conserved amino acid residues
especially at the narrow active site, the increase in SASA at the dimer
interface, and the loss of important hydrogen bonds, result in consid-
erable changes in the structure, conformation and functions of the
mutated protein. Essential dynamic analysis reveals that the overall
motions are mainly due to the first eigenvector for H43R and three
to four eigenvectors for WT and W32F mutated SOD1. These results
clearly account for the observed loss in the dismutation activity
and enhanced peroxidase activity. Further, this study explains the
dissociation of dimer especially in H43R and thus provides insight
into the mechanism of mutation–protein aggregation relationship
in fALS pathology.
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