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dynamics of superoxide dismutase
(SOD1) in osmolytes: a molecular dynamics
simulation study†

Ishrat Jahan and Shahid M. Nayeem *

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease caused by the misfolding of

Cu, Zn superoxide dismutase (SOD1). Several earlier studies have shown that monomeric apo SOD1

undergoes significant local unfolding dynamics and is the predecessor for aggregation. Here, we have

employed atomistic molecular dynamics (MD) simulations to study the structure and dynamics of

monomeric apo and holo SOD1 in water, aqueous urea and aqueous urea–TMAO (trimethylamine oxide)

solutions. Loop IV (zinc-binding loop) and loop VII (electrostatic loop) of holo SOD1 are considered as

functionally important loops as they are responsible for the structural stability of holo SOD1. We found

larger local unfolding of loop IV and VII of apo SOD1 as compared to holo SOD1 in water. Urea induced

more unfolding in holo SOD1 than apo SOD1, whereas the stabilization of both the form of SOD1 was

observed in ternary solution (i.e. water/urea/TMAO solution) but the extent of stabilization was higher in

holo SOD1 than apo SOD1. The partially unfolded structures of apo SOD1 in water, urea and holo SOD1

in urea were identified by the exposure of the hydrophobic cores, which are highly dynamic and these

may be the initial events of aggregation in SOD1. Our simulation studies support the formation of

aggregates by means of the local unfolding of monomeric apo SOD1 as compared to holo SOD1 in water.
Introduction

Amyotrophic lateral sclerosis (ALS), also known as motor
neuron disease (MND), is a fatal neurodegenerative disorder
that affects the nerve cells in the brainstem and spinal cord,
which causes gradual paralysis and ultimately leads to patient
death. ALS is of two types-sporadic and familial. About 90–95%
of ALS cases are due to unknown causes and are termed as
sporadic (sALS), and the remaining ALS cases are due to familial
inheritance (fALS) and are associated with mutations in the
SOD1 genes in a dominant manner.1,2 The key pathological
hallmark of ALS is the misfolding and aggregation of SOD1;3–5

nonetheless the structural events provoking the misfolding of
SOD1 remains controversial. So far, more than 180 mutations
University, Aligarh-202002, U.P., India.
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have been reported in SOD1, which have been associated with
ALS and these mutations are located throughout the poly-
peptide chain.6 The formation of protein aggregates in the
motor neurons of fALS patients and transgenic mice is the main
element of ALS.7,8 It has been proposed that disulphide bond
reduction or metal loss from SOD1 causes the misfolding of
SOD1, which may form insoluble aggregates and by that,
increase the intracellular fractions of the apo or disulphide
reduced state.9,10 In solution, SOD1 protein forms stable homo-
dimers where each SOD1 unit contains 153 amino acids, binds
to 1 copper and 1 zinc ion and has a conserved intra-monomer
disulphide bond (Cys57–Cys146). Each monomeric subunit of
SOD1 has eight antiparallel immunoglobulin-like b-strands
with N-terminal strands (strands 1, 2, 3, and 6) and C-terminal
strands (strands 4, 5, 7, and 8). It has seven loops, where two of
the loops are long and functionally very important as they are
connecting the eight strands of SOD1 (Fig. 1). The structurally
important zinc ion is bound by the zinc-binding loop (residues
49–83) and the electrostatic loop (residues 121–142) plays an
important role in accompanying the superoxide anion to the
active site.11,12 The zinc-binding loop is important as it is
responsible for the structure and function of the copper active
site.

Many studies have proposed that the main reason for the
SOD1 aggregation is a monomeric species where sticky
sequence regions of SOD1 have been exposed through the local
unfolding of the central b-sheets13,14 by the reduction/loss of the
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Crystal structures of apo and holo SOD1 used in the simulations, along with the structures of urea and TMAO, which are used as osmolytes
(red, blue, black and white colours indicate oxygen, nitrogen, carbon and hydrogen, respectively).
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intramolecular disulphide bond,15 cross-linked oxidatively via
the cysteine,16 oligomerized through the active site loops,11,17 or
by a combination of mechanisms.18 Moreover, it has also been
found that the disulphide-reduced apo SOD1 monomer is
slightly stable at physiological temperature,19,20 which suggests
that the partial unfolding of b-sheets will serve as a starting
point for aggregation. Nonetheless, several studies have also
proved that the overall unfolding of SOD1 is the disease
precursor in vivo.19,21,22

Computational studies provide an additional understanding
of the structural properties of SOD1. A few groups have usedMD
simulations to study the structure and dynamics of wild-type
apo SOD1 and its mutants in water.23–27 They found that the
loss of the metal ion and disulphide bond increases the
propensity of apo SOD1 to unfold and form aggregates. Mutants
of apo SOD1 undergo distinct unfolding patterns and thus
favour the aggregation. In contrast, we have performed atom-
istic MD simulations of both these forms of SOD1, i.e., apo and
holo SOD1 in water and in osmolytes (urea and TMAO) to study
the structure and dynamics of apo and holo SOD1. The all-atom
Monte Carlo method has been employed by Bille et al.28 to
investigate the local unfolding and dynamics of the b-sheet of
the SOD1 monomer. Das and Plotkin29 performed simulations
of SOD1 where a local measure of force resistance was
computed and analysed. Their results provide insights into the
internal stress of the native structure of SOD1. These studies
provide an abundance of information about the properties of
SOD1, which is important in understanding their role in protein
folding and aggregation at the molecular level. It has been re-
ported earlier that the monomeric apo SOD1 species is
This journal is © The Royal Society of Chemistry 2020
responsible for the formation of aggregates.13 Urea is a naturally
occurring osmolyte that causes the denaturation of proteins.
Most of the studies reported earlier show urea-induced protein
denaturation. It has now been accepted that urea induces
protein denaturation via a direct mechanism, i.e., by binding to
the protein side-chains and backbone with less disorder of the
water structure (i.e., less distortion of the tetrahedral order
parameter of water molecules).30–36 TMAO is also a naturally
occurring protein-protective osmolyte present in living organ-
isms, mainly in marine animals such as sharks, rays and
cartilaginous shes and it counteracts the effect of urea-
induced protein denaturation.37,38 The exact mechanism of
TMAO action on protein by which it stabilizes the protein
remains arguable. Many computational and experimental
studies reported earlier proposed that TMAO forms a complex
with 2–3 water molecules39 and results in the depletion of TMAO
molecules from protein surfaces or causes the unfavourable
interaction of TMAO with the protein backbone.35,40–43 Most of
the efforts in the past decades have been invested in studying
the individual action of urea and TMAO on the protein struc-
ture. In our present study, we have tried to explore the confor-
mational dynamics of monomeric apo and holo SOD1 in water,
urea and urea–TMAO solution through standard molecular
dynamics simulations since the structural dynamics of SOD1
are associated with the early stages of aggregation, which cause
ALS disease. Here, we have also demonstrated how TMAO
counteracts the urea denaturation and its interactions, which
shows its protein-protective nature in the presence of urea. We
have also explored the relative conformational uctuations of
apo and holo forms of SOD1 in different environments.
RSC Adv., 2020, 10, 27598–27614 | 27599
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Methods

MD simulations were carried out on the monomers of the apo
and holo forms of the SOD1 protein with PDB ID-2C9V obtained
from the RCSB protein data bank. The apo form of SOD1 was
obtained by removing all the metal ions and heteroatoms from
the structure. The all-atom MD simulations were carried out by
Gromacs v5.1.4 (ref. 44) using GROMOS53a5 force elds.45 To
solvate each of the proteins with water, urea/water and urea/
TMAO/water mixture in a cubic simulation box of side 60 �A,
the SPC/E water model was used.46 The parameters for urea and
TMAO molecules were built from an automated topology
builder (ATB)47 and are provided in the ESI.† The ATB generated
parameters were found to be reliable and have been widely used
in several current studies.48–53 However, the effectiveness of ATB
parameters was also justied by calculating the transport
properties (i.e. self-diffusion coefficient), structural properties
(RDF and number of hydrogen bonds) and thermodynamic
properties (density) of the TMAO box, and the results were
compared with the Shea force eld54 and the united atom force
eld (generated from ATB) of TMAO as a benchmark test;55

these are reported in the ESI.† The numbers of osmolytes and
water molecules that were used to prepare an aqueous mixture
of 4M urea and 2M TMAO in a cubic simulation box of side 60�A
have been provided in the ESI (Table S1).† Protein was placed in
the centre of the equilibrated box and overlapping water
molecules were deleted. Position restraints were applied to the
metal ions and on the residues involved in the interaction in the
case of holo SOD1. Ions were added to neutralize the system.

Energy minimization was done on each system using the
steepest descent algorithm for 50 000 steps followed by equili-
bration. A total of six standard MD simulations (1.2 ms) was
performed and, for each of the six systems, a 200 ns production
run was carried out with an integration time step of 2 fs at 300 K
using the NPT ensemble. The Berendsen weak coupling algo-
rithm was used in both cases, i.e., for pressure at 1 bar with
a coupling constant of 0.5 ps and for temperature with coupling
constant of 0.1 ps.56 The coordinates and trajectory were saved
at every 10 ps. A similar simulation protocol was used to that
described earlier.57

Analyses of theMD trajectories obtained aer the production
run were conducted using Gromacs utilities. To determine
whether the system reached equilibrium, thermodynamic
parameters, potential energy and density of the system were
calculated and were found to be uniform throughout the
simulation, which showed that the system had reached equi-
librium (Fig. S1 and S2†). To dene the conformational changes
of each holo and apo SOD1 in water, urea/water and urea/
TMAO/water during the simulation, the RMSD (root mean
square deviations) were calculated. Nc (fraction of native
contacts), residual hydrophobic contact map and the SASA
(solvent accessible surface area) were calculated to determine
the changes in holo and apo SOD1 variants in water, urea–water
and urea–TMAO–water solution. Congurational entropies and
the number of intermolecular hydrogen bonds were also
calculated to monitor the extent of unfolding in both holo and
27600 | RSC Adv., 2020, 10, 27598–27614
apo SOD1 in all three systems. Essential dynamics analysis and
DSSP analyses were also performed using Gromacs utilities. The
Delphi program58 has been used to calculate the surface
potential of the apo and holo SOD1 exposed in different
osmolytes. The surface potential was calculated for the initial
structure and the structure obtained aer 200 ns MD. The PDB
of apo and holo SOD1 were written at 200 ns of the MD simu-
lations using the Gromacs44 gmx trjconv command. The
parameters used for Delphi calculations are as follows: grid size
of 80, percent ll 80, probe radius 1.4, internal dielectrics 2.0,
and external dielectric 80. Ionic strength was kept at 0 for all the
calculations. The distributions of water and osmolyte molecules
around SOD1 were also calculated in terms of the radial
distribution function (RDF) and it was dened as the proba-
bility of nding the molecules at a distance ‘r’ from another
tagged molecule. This was denoted as g(r) and was calculated
using the gmx RDF command of Gromacs utilities. The three-
dimensional arrangement of water and osmolyte molecules
around SOD1 were calculated in terms of the spatial distribu-
tion function (SDF). SDF of the oxygens of water (OW), oxygens
of urea (OU) and nitrogens of TMAO (NT) were calculated using
the gmx spatial command of Gromacs utilities in all the systems
of apo and holo SOD1. Visualization of the results was done
using the VMD59 soware.
Essential dynamics analysis

The collective motion of apo and holo SOD1 in water, urea and
urea–TMAO solution during the course of the simulation can be
studied in terms of essential dynamics,60 which were performed
using GROMACS utilities. The covariance matrix was built by
taking the atomic co-ordinates obtained from MD trajectories
and the collective motions of apo and holo SOD1 were saved as
eigenvalues and eigenvectors, which provide the magnitude of
their motion. Each eigenvector shows the motion of atoms,
which in turn displays the direction of the motion of the
protein. Here, the rst two eigenvectors were considered as they
make the greatest contribution to the magnitude of motion of
apo and holo SOD1 throughout the trajectory.

Free energy landscape (FEL) plots61 were also plotted by
considering the rst two eigenvectors (PC1 and PC2).
Results and discussion
Structural dynamics of apo and holo SOD1 variants

Evaluation of the RMSD is a routine check to analyse the
structural stability of the protein. The RMSD of the backbone
atoms of apo and holo SOD1 in water, along with the urea and
urea–TMAO solution, were computed with respect to the initial
native structure to quantify the extent of structural changes
(Fig. 2). We rst compared the behaviour of apo and holo SOD1
in water and then we analysed the behaviour of apo and holo
SOD1 in the presence of osmolytes with respect to the system
with no osmolyte. The RMSD of apo and holo SOD1 in water
reached a stable conformation at 0.34 nm and 0.23 nm within
50 ns of the simulation and remained stable throughout the
simulation. However, a little uctuation in the RMSD of holo
This journal is © The Royal Society of Chemistry 2020
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SOD1 was observed near 120 ns of the simulation and aer that,
it remained stable. The RMSD of the backbone atoms of apo
SOD1 in urea was lower than that in water, which indicates that
apo SOD1 underwent fewer structural changes in urea than in
water. In the urea–TMAO ternary solution, the RMSD showed
uctuations near 150–170 ns and aer that, it decreased from
0.38 nm to 0.3 nm (Fig. 2B). The RMSD of holo SOD1 in urea
showed a large uctuation and it increased from 0.1 nm to
0.3 nm, suggesting the unfolding of the protein, which was as
expected since urea leads to the extended conformation of the
protein.61 However, the RMSD of holo SOD1 in the urea–TMAO
solution remained constant throughout the simulation and was
even less than that in water, which might be due to the stabi-
lizing nature of TMAO (Fig. 2C). The larger uctuation in the
RMSD of apo SOD1 was assumed to be the cause of aggregation
as compared to holo SOD1. We also calculated the RMSD of
metal-binding (loop IV) and electrostatic loops (loop VII) since
they are believed to be highly responsible for the structural
stability of protein.26,62,63 The removal of metal ions from their
active sites caused the loops loosen and become more dynamic,
which may have increased the propensity to form aggregates;
this can be validated from the RMSF (root mean square uc-
tuation) and the hydrophobic SASA of residues (H46, H48, H63,
H71, H80, D83, H120) interacting with metal ions in both forms
of SOD1 in water (Fig. S3†). The RMSF and hydrophobic SASA of
residues of apo SOD1 showed larger values than holo, which
Fig. 2 RMSD of the backbone atoms of the whole (A) apo and holo SOD1
RMSD of loop IV and VII (D, E and F) of apo SOD1 in water, urea and urea
solutions, respectively.

This journal is © The Royal Society of Chemistry 2020
indicated that the loss of metal ions from their active sites
might be the reason for the higher aggregation propensity of
apo SOD1 than holo SOD1. The RMSD of loops IV and VII of apo
SOD1 showed larger uctuations in water as compared to holo
SOD1, which indicated the greater propensity for apo SOD1 to
aggregate in water as compared to holo SOD1. However, the
RMSD of loop IV of holo SOD1 in urea showed less uctuation
and loop VII showed more uctuation than apo in urea. It was
observed that the RMSD of loop VII showed a larger uctuation
than loop IV in both forms of the protein, which indicated that
the large unfolding in the protein arose because of loop VII. In
the ternary system, both loops were stabilized but the extent of
stabilization was higher in holo SOD1 (Fig. 2F and I).

Another important parameter for monitoring the compact-
ness of the protein is the radius of gyration, Rg. The probability
distribution of Rg of apo and holo SOD1 in water, urea and urea–
TMAO solution has been plotted (Fig. 3). Apo SOD1 in water
showed a broader peak whose Rg value ranged from 1.43 to
1.46 nm, whereas holo SOD1 in water showed a sharp peak at
1.45 nm, which showed the compactness of holo SOD1 (Fig. 3).
The larger value of Rg in apo SOD1 indicated a decrease in the
compactness of the protein, which might be due to the de-
ciency of the metal ions since they are responsible for the high
stability of the protein when it is in its fully functional form.64

The Rg value of apo SOD1 in urea was larger than that in water
and it decreased in the urea–TMAO solution. The large value of
in water, (B and C) apo and holo SOD1 in water, urea and urea–TMAO.
–TMAO and (G, H and I) of holo SOD1 in water, urea and urea–TMAO

RSC Adv., 2020, 10, 27598–27614 | 27601
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Fig. 3 Probability distribution of the radius of gyration (Rg) of apo and holo SOD1 in water, urea and urea–TMAO solution.
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Rg of apo SOD1 in urea may be attributed to more uctuations
in loop VII of apo SOD1, which decreased the compactness of
the protein; this was also seen from the RMSD of loop VII of apo
SOD1 in urea (Fig. 2E). However, Rg of holo SOD1 in urea
showed a broader peak with Rg value ranging from 1.47 to
1.49 nm, which was larger than holo SOD1 in water. In ternary
solution, both proteins were stabilised but the probability of the
Rg value of 1.45 nm was higher in holo SOD1 than in apo SOD1.
Hence, holo SOD1with metal was less prone to aggregation than
the apo form.13,14

One of the essential processes in the protein folding/
unfolding study is the breakage or formation of specic
contacts between the two residues of the protein chain. Here, we
calculated the fraction of native contacts (Nc) of apo and holo
SOD1 in water and in osmolytes as a function of time during the
last 50 ns of the simulation (Fig. 4) (we discarded the rst 150 ns
of the simulation as an equilibration time based on the RMSD).
The fraction of native contacts in apo SOD1 was considerably
smaller than that of holo SOD1 in water, indicating the rela-
tively lower stability of apo SOD1 as compared to the holo form
(Fig. 4A). However, in apo SOD1, a signicant increase in native
contacts was found in 4 M urea at the end of the simulation,
which was closer to that of holo SOD1 in 4 M urea (Fig. 4B). The
partial unfolding and destabilization of holo SOD1 were
observed in 4M urea as the fraction of native contacts decreased
as compared to that in water. In the ternary system, the value of
Nc was restored in both apo and holo forms but this increase
was higher in holo than in apo SOD1, which illustrates that the
Fig. 4 Fractions of the native contact of apo and holo SOD1 in (A) wate

27602 | RSC Adv., 2020, 10, 27598–27614
unfolding of the protein is smaller and it might remain in its
native conformation (Fig. 4C).

To visually demonstrate the extent of the unfolding of apo
and holo SOD1 in water and in osmolytes, several congura-
tions of the protein at different time intervals (i.e. 100 ns, 150 ns
and 200 ns), in water and in osmolytes are displayed (Fig. 5). As
a reference, the monomeric holo SOD1 structure obtained from
the RCSB protein data bank is also provided in Fig. 5, high-
lighting the secondary structural segment. It is clear from the
gure that in apo SOD1, the a-helix present in loop IV and loop
VII diminished at the end of the simulation in urea and
remained 1% in water. The gain in the a-helical content (up to
3%) was observed in the urea–TMAO solution, which showed
the dominant stabilizing nature of TMAO as it counteracted the
effect of urea on protein.65 On the other hand, the loss of the
secondary structure of holo SOD1 was lower in comparison to
apo SOD1 in water (Fig. 5A–C and J–L). However, in urea, loops
IV & VII of holo SOD1 were completely loosened and also the a-
helix content was completely converted into a exible coil-like
structure with the convincing loss of the secondary structure
as evident from Fig. 5M–O. In the ternary system, the distortion
of the secondary structure was less since the loss of the a-helical
content was smaller than in urea, which showed that TMAO
counteracted the effect of urea (Fig. 5P–R). The large expansion
of loops IV & VII of apo SOD1 in water and urea, and of holo
SOD1 in urea, is one of the reasons for the formation of
aggregates since it leads to the separation of the segments
corresponding to b4, b5, b7, and b8. These snapshots of apo and
r, (B) urea and (C) urea–TMAO solution.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The initial structure of the monomer holo SOD1, which consists of eight b-sheet, seven loops and two a-helixes present in loop IV and
loop VII. Snapshots of a few representative structures of apo SOD1 in (A–C) water, (D–F) urea, (G–I) urea–TMAO and holo SOD1 in (J–L) water,
(M–O) urea and (P–R) urea–TMAO solution at 100 ns, 150 ns and 200 ns of the simulations, respectively.
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holo SOD1 conformations are consistent with our earlier results
stated above.
Table 1 Percentages of the secondary structure contents of apo and
holo SOD1 in water, urea and urea–TMAO (denoted as UT) solutions

System Helix b-sheet Coil Turn

Apo_water 1 30 36 3
Apo_U 4 M 1 31 39 6
Apo_UT 3 31 38 5
Holo_water 2 34 29 7
Holo_U 4 M 0 23 44 5
Holo_UT 3 34 31 5
Inconsistency in the secondary structure

The percentages of the secondary structure contents of apo and
holo SOD1 under all conditions, i.e., in water, urea and urea–
TMAO solutions, were calculated using the DSSP program
(Table 1). Remarkable changes in the secondary structure
contents of apo and holo SOD1 were observed during the last 50
ns of the simulation as compared with the holo SOD1 at 0 ns of
the simulation time. During the start of the simulation, the
percentages of a-helix, b-sheet, turns and coil contents of holo
SOD1 were 3%, 32%, 12% and 29%, respectively. The
percentage of the b-sheet content of apo SOD1 did not show any
signicant changes under all the conditions; however, notable
changes in the coils, turns and helix percentages were observed.
The percentages of a-helical content of apo SOD1 in water, urea
and urea–TMAO were 1%, 1%, and 3%. The a-helical content
decreased in water and urea, whereas in urea–TMAO solution, it
remained constant. The a-helix is present in loops IV & VII of
SOD1 and is considered as a functionally important loop. A
decrease in the a-helical content caused the extension of loops
IV & VII, and in turn destabilised the protein, which made the
protein aggregation-prone. The a-helical contents of holo SOD1
This journal is © The Royal Society of Chemistry 2020
in water, urea and urea–TMAO solutions were 2%, 0% and 3%.
The larger unfolding of holo SOD1 was observed in urea;
however, the distortion of the secondary structure was smaller
in ternary solution. Thus, holo SOD1 was more stable and
retained most of its secondary structure in water and urea–
TMAO solution.
Solvent accessible surface area (SASA)

A decrease in the native contact (Nc) value leads to protein
expansion, which consequently increases the solvent accessible
surface area of the protein. To further examine the behaviour of
apo and holo proteins in the presence of osmolyte, we plotted
RSC Adv., 2020, 10, 27598–27614 | 27603
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the residue-wise SASA changes in osmolytes with respect to the
corresponding apo and holo SOD1 systems in water only
(Fig. 6). In 4 M urea, the positive value of the SASA indicates that
unfolding occurs in both forms of SOD1, which leads to an
increase in the solvent-accessible surface area of the protein. b2
of apo SOD1 underwent more unfolding than holo SOD1 as
observed from the increased value of the SASA, whereas the
extent of unfolding in b3, loop IV, b5, b6 and loop VII of holo
SOD1 was found to be a little larger than in apo SOD1 in the
presence of urea (Fig. 6A). The increases in the SASA value of the
b5 and b6 strands are consistent with the ndings that show the
involvement of these strands in aggregate formation.17,23 In
ternary systems, the DSASA value decreases in both cases but
this decrease was higher in holo SOD1 (mainly in loop IV & VII,
b2, b3, b5 and b6), which depicts the larger stability of holo
SOD1 in the urea–TMAO solution than apo SOD1, which is in
agreement with the native contacts (Fig. 4) and DSSP (Table 1)
results.
Changes in the conformational stability of the b-strand

Another important preserving element that sustains the folded
structure of SOD1 is the b-barrel plug and it consists of loop III
(residue 37–40) and loop V (residue 90–94).66,67 Loop V is
considered as an aggregation site in SOD1 and it connects the
edge strands b5 and b6.68 The probability distribution of the
SASA of loop V of apo and holo SOD1 in water, urea and urea–
TMAO solutions were plotted. We observed the shi in the
dynamics of loop V in apo and holo SOD1 in water and in 4 M
urea solution (Fig. 7A and B). The probability of loop V having
a SASA value of 7.9 nm2 is higher in apo SOD1 than loop V of
holo SOD1 in water (Fig. 7A). This change in dynamics desta-
bilizes the b-strand, which then causes the b5 and b6 strand to
move apart and in turns leads to the opening of the b-strand
and causes aggregation. However, in the presence of urea, the
loop V of holo SOD1 has a higher probability with a SASA value
of 7.5 nm2 than apo SOD1, which shows larger unfolding in
holo than apo SOD1 (Fig. 7B). In the presence of urea–TMAO
solution, the probability of loop V having a SASA value of 7.5
nm2 decreases in both forms but this decrease is higher in holo
SOD1 (Fig. 7C), which shows the lower exibility of the b-plug
region in both forms, indicating that SOD1 is less prone to
Fig. 6 The difference between the SASA per residue of apo and holo SO
water, respectively.

27604 | RSC Adv., 2020, 10, 27598–27614
aggregation. These results suggest that apo SOD1 in water, urea
and holo SOD1 in urea are more prone to aggregation as the
opening of the b-strand occurs, which in turn exposes the
hydrophobic core of the protein (Fig. 8) and therefore causes
aggregation.

To see the hydrophobic surfaces of apo and holo SOD1
exposed in different solvents, the Delphi program58 was used to
calculate the surface potential of apo and holo SOD1. It was
observed that the hydrophobic residues (viz. L8, V14, W32, V47,
V87, I99, I113, and I149) were buried in the initial structure of
SOD1. In the presence of water, most of the hydrophobic resi-
dues (viz. V14, W32, V94, I99, I113, and I149) of apo SOD1 were
exposed and in the presence of urea, the exposed hydrophobic
residues were L8, V14, W32, V87, V94, and I149 at the end of the
simulation (Fig. 8A and B). In ternary solution, some of the
hydrophobic residues of apo SOD1 (viz. V14, W32, V47, V87,
V94, I113, and I149) remained buried (Fig. 8C). However, most
of the hydrophobic residues (L8, V14, W32, V47, V87, I99, I113,
and I149) of holo SOD1 in urea were exposed except for the V94
at the end of the simulation (Fig. 8E) in comparison to the
initial structure of holo SOD1. In the presence of water and
urea–TMAO solution, the hydrophobic residues remained
buried (Fig. 8D and F) at the end of the simulation, which
showed the compactness of holo SOD1 as compared to apo
SOD1, also in agreement with the above results.

The further stability of SOD1 was examined by calculating
the pairwise distance distribution of the b-strand region resi-
dues G37 and G93 (Table 2). We found that the distance
between these residues was larger in apo SOD1 as compared to
holo SOD1 in water. Furthermore, this distance decreased in
4 M urea in apo SOD1 and further decreased in ternary solution.
However, in holo SOD1, the distance between these residues
increased in urea and then decreased in urea–TMAO solution,
suggesting the destabilization and then stabilization of the b-
plug regions of holo SOD1.

The variation in the distance between loops IV & VII residues
(i.e. G73–L126 and N86–L126) was also analysed (Table 2). As
seen from Table 2, the distance between these residues of apo
SOD1 was higher in water and decreased in urea and further
decreased in the urea–TMAO solution. However, in holo SOD1,
the distance was higher in urea and smaller in water and urea–
D1 containing (A) urea and (B) urea–TMAO w.r.t apo and holo SOD1 in

This journal is © The Royal Society of Chemistry 2020
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TMAO solution, which indicated that the b-plug regions were
more compact in water and ternary solution than in urea. These
results suggest that apo SOD1 in water and holo SOD1 in urea
are more prone to aggregation, which is in agreement with the
SASA of loop V.
Hydrophobic contact map

Distinctive solvent exposure of apo and holo SOD1 proteins may
disturb the hydrophobic contacts of the protein; therefore,
hydrophobic contact map analysis was performed in water, urea
and urea–TMAO solutions (Fig. 9). Aer inspecting the results
more closely, it was observed that the tertiary structure of the
apo SOD1 underwent greater destruction than holo SOD1, with
the loss of the long-range hydrophobic contacts in water being
marked by the removal of points farther (10–21, 21–10) in apo
than holo SOD1 (Fig. 9A and D). This shows that the b4 and b8
strands of apo SOD1 underwent more conformational changes
than holo SOD1 in water. In the presence of urea, the loss of
long-range hydrophobic contacts was observed more in holo
SOD1 than in apo SOD1, marked by the points (1–13, 7–21, 10–
21, 13–1 and 21–10) (Fig. 9E). This signies the considerable
unfolding of b1, b3, b4, b5, b7 and b8 strands of holo SOD1 in
urea, also in agreement with the experimental results reported
by Furukawa et al., which showed the three major regions,
namely, the N-terminal b-sheet, i.e., strands 1, 2 and 3; the
middle region, i.e., strand 6; and C-terminal strand 8, which is
responsible for the formation of aggregates.69 In 4 M urea, some
new long-range hydrophobic contacts were formed in apo SOD1
Fig. 7 Probability distribution of the SASA of loop V of apo and holo SO

This journal is © The Royal Society of Chemistry 2020
(5–13, 6–18, 7–18 and 13–5) (Fig. 9B). In the ternary solution, the
formation of some new contacts took place along with the
reappearance of those long-range hydrophobic contacts in both
apo and holo SOD1 (Fig. 9C and F). In apo SOD1, some new
short-range contacts were also formed. This indicates that the
loss of the native-like compact conformation of SOD1 was
smaller in the ternary solution in both forms. The overall result
suggests that b1, b3, b4, b5, b7 and b8 strands of holo SOD1
displayed noticeable loss and unfolding of protein in 4 M urea
as compared to apo SOD1 with the expulsion of long-range
contacts involving b1–b5, b3–b8, b4–b7 and b4–b8. However,
breakage of these long-range contacts was smaller in ternary
solution in both apo and holo SOD1.

In addition, the disruption of the tertiary structure, as well
as the dynamics of unfolding, can also be validated by the
calculation of the pair-wise distance of long-range contacts
between edge strands, i.e., Ala4 (b1)–Ile99 (b6) and Ala4 (b1)–
Ile149 (b8) of apo and holo SOD1 in all conditions (Table 2).
We found that in water, the pair-wise distance between these
strands was larger in apo than holo SOD1, which may cause
the tertiary contacts of apo SOD1 to vanish. In the presence of
urea, the pair-wise distance in the Ala4 (b1)–Ile99 (b6) strand
of holo SOD1 was larger than apo SOD1, whereas it remained
almost constant in Ala4 (b1)–Ile149 (b8) in both forms of
protein, which indicates that the extent of unfolding was
greater in the b1–b6 strand of holo than in apo SOD1. In the
presence of urea–TMAO, the hydrophobic contacts started
reappearing in both apo and holo SOD1 as the pairwise
D1 in (A) water, (B) urea and (C) urea–TMAO solutions.

RSC Adv., 2020, 10, 27598–27614 | 27605

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra02151b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

0/
26

/2
02

5 
2:

35
:3

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
distance between Ala4 (b1)–Ile99 (b6) in both apo and holo
SOD1 decreased (Table 2), which is in agreement with all the
above results.
Congurational entropies of apo and holo SOD1

An increase in the congurational entropy of protein indicates
an increased conformational uctuation/disorder of a protein.70

Such conformational disorder in apo and holo SOD1 can be
different along different unfolding pathways in water and in
osmolytes as discussed above (Fig. 5). We have further seen that
loops IV & VII of apo SOD1 in the given conditions showed
different unfolding behaviour than holo SOD1. The differential
unfolding behaviours of apo and holo SOD1 in different
conditions led to the gain or loss of entropy, which has been
explored in this section.

The congurational entropy of protein can be measured by
using the method proposed by Schlitter.71 The method
proposed by Schlitter is procient for directly calculating the
absolute entropies of large macromolecules from their Carte-
sian coordinates and is based on one-dimensional quantum
mechanical harmonic oscillator approximation. In this method,
the absolute entropy (Sabs) can be estimated as

Sabs \S ¼ 1

2
KB ln det

�
1þ KBTe

2

ħ2
M1=2sM1=2

�
(1)

where, KB is Boltzmann's constant, T is the absolute tempera-
ture, e is Euler's number, ħ is Planck's constant divided by 2p,M
is the 3N dimensional diagonal matrix containing N atomic
masses of the solute and s is the covariance matrix of atom
positional uctuations. The inequity in the above equation
Fig. 8 Potential surfaces of apo SOD1 in (A) water, (B) urea, (C) urea–TM
solutions at the end of the simulation along with the initial structure gen
charged, positively charged and neutral hydrophobic residues, respectiv

27606 | RSC Adv., 2020, 10, 27598–27614
arises as the entropy calculated using the Schlitter way is an
upper bound to the true absolute entropy (Sabs) of the system.
The covariance matrix elements (sij) were calculated as

sij ¼ h(xi � hxii)(xj � hxji)i (2)

where xi denotes the Cartesian coordinates of macromolecule
atoms aer removing the center-of-mass translation and rota-
tion motion w.r.t. the reference structure of the macromolecule.
In the above procedure, the calculated entropy is the congu-
rational entropy of the molecule. The covariance matrix was
calculated by averaging the time over the simulated trajectories.
In our calculation, the initial structure of monomer SOD1 was
used as a reference structure. More details about the method
can be found in literature.71,72 The triangularization method,
also known as the Cholesky decomposition method,72 has been
used to determine the determinant of the symmetric positive-

denite matrix, 1þ KBTe2

ħ2
M1=2sM1=2. One of the specic

upper hands of this method is that it can be used for calculating

the entropy contribution of a particular subset of atoms forming
a segment of macromolecules like proteins, which otherwise
cannot be calculated from other available methods.

The cumulative congurational entropies (S) of apo and holo
SOD1 in water, urea and urea–TMAO solutions at 300 K were
calculated throughout the simulation trajectories. The entropy
contributions obtained from backbone atoms and the non-
hydrogen side-chain atoms are shown in Fig. 10. The entropy
values were normalised by dividing by the number of atoms to
avoid the difference in the number of backbone and side-chain
atoms. As evident from the gure, the gain in entropy was larger
AO solution and holo SOD1 in (D) water, (E) urea and (F) urea–TMAO
erated using chimera (red, blue and white colours show the negatively
ely).

This journal is © The Royal Society of Chemistry 2020
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Table 2 Pairwise distance distribution in nm (average � standard deviation) of apo and holo SOD1 in water, urea and urea–TMAO solutions

SOD1 G37–G93 G73–L126 N86–L126 A4–I99 A4–I149

Apo_water 0.22 � 0.06 1.08 � 0.08 0.38 � 0.14 1.05 � 0.05 0.43 � 0.03
Apo_U 4 M 0.21 � 0.03 0.49 � 0.09 0.34 � 0.03 0.95 � 0.06 0.39 � 0.03
Apo_UT 0.18 � 0.04 0.40 � 0.12 0.20 � 0.08 0.77 � 0.06 0.40 � 0.03
Holo _water 0.20 � 0.03 0.50 � 0.06 0.43 � 0.10 1.00 � 0.09 0.39 � 0.03
Holo_U 4 M 0.73 � 0.13 0.54 � 0.04 1.28 � 0.12 1.11 � 0.06 0.38 � 0.02
Holo_UT 0.40 � 0.10 0.36 � 0.04 0.34 � 0.05 1.00 � 0.04 0.40 � 0.03
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in the side chain of SOD1 than in the backbone, which indicates
that the large conformational changes in the protein arise due
to the disturbance in the sidechain of SOD1. Apo SOD1 in water
contributed more to the protein's entropy than the holo SOD1;
i.e., the gain in the entropy of apo SOD1 in water was higher
than holo SOD1, which indicates the larger conformational
change of apo SOD1. In the presence of urea, the entropy gain in
apo SOD1 was a little less than that in water (both in backbone
and sidechain atoms) (Fig. 10A and C), which showed that apo
SOD1 underwent less conformational changes in the presence
of urea, whereas in holo SOD1, the entropy of the backbone
atoms continued increasing in the presence of urea (Fig. 10B),
which indicated that the unfolding occurred in both forms. In
the ternary system, the entropy contribution of backbone atoms
in both forms of SOD1 was reduced, which indicates the sta-
bilisation of protein where stabilization is greater in holo than
in apo SOD1. A similar pattern was also observed for the side
chains of SOD1 in both forms for all the conditions. Since loops
IV & VII are considered as the important functional loops since
Fig. 9 Hydrophobic contact map of apo and holo SOD1 barrels in wate

This journal is © The Royal Society of Chemistry 2020
they are responsible for the stability of the SOD1 protein,73 we
also calculated the congurational entropies of the backbone
and side-chain atoms of these loops over the last 50 ns of the
simulations under all conditions. Time evolution entropies of
backbone and sidechain atoms of loops IV & VII of apo and holo
SOD1 under all conditions are shown in the ESI (Fig. S4 and
S5).† The backbone atoms of loop 4 of holo SOD1 underwent
less conformational changes than apo SOD1. However, in the
case of apo SOD1, the backbone and sidechain atoms of loop 4
had minor differences in their entropies in all the conditions.
The sidechain atoms of loop 4 of holo SOD1 showed a decrease
in the entropy in the ternary system, which indicates that holo
SOD1 was more stabilised than apo SOD1. The backbone and
sidechain atoms of loop 7 of holo SOD1 underwent a noticeable
conformational transformation in urea and hence, a gain in
entropy was observed. The entropy gained by loops IV & VII of
apo SOD1 in water was consistent with the unfolding and
breaking of secondary structures of the whole protein as
compared to holo SOD1 as discussed in the above results.
r (A & D), urea (B & E) and in urea–TMAO solution (C & F).

RSC Adv., 2020, 10, 27598–27614 | 27607
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Fig. 11 Probability distribution of the number of intramolecular
hydrogen bonds present in apo and holo SOD1 in (A) water, (B) urea
and (C) TMAO.

Fig. 10 Cumulative configuration entropies (per atom) of the backbone (A and B) and sidechain (C and D) of apo and holo SOD1 in water, urea
and urea–TMAO solutions, respectively.
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Hydrogen bond analysis

The extent of the unfolding of apo and holo SOD1 was further
studied in terms of the number of intermolecular hydrogen
bonds present in apo and holo proteins in water, urea and urea–
TMAO solutions. We calculated the probability distribution of
the number of hydrogen bonds present in apo and holo SOD1
under all conditions and it was observed that the probability of
nding more hydrogen bonds (105 hydrogen bonds) was higher
in holo SOD1 than in apo SOD1 in water (Fig. 11A). In the
presence of 4 M urea, the probability of nding 85 hydrogen
bonds was higher in apo SOD1 than in holo (Fig. 11B) and in the
presence of the urea–TMAO solution, the probability of nding
100 hydrogen bonds increased in the holo as compared to apo
SOD1. The overall results suggested that the extent of unfolding
was smaller in holo SOD1 in water and in urea–TMAO solution,
and thus less prone to aggregation than apo SOD1. However, in
the presence of urea, the extent of unfolding was greater in holo
than in apo; i.e., the holo form became less stable than apo
since the intermolecular interactions in holo SOD1 were
reduced and its stability was less affected in the presence of the
urea–TMAO solution, where intermolecular interactions in
protein increased. Although both forms of SOD1 were stabilised
in the presence of urea–TMAO, the extent of the loss of
hydrogen bonds was higher in apo than in holo (Fig. 11C),
which is in agreement with the secondary structure content
results.

Essential dynamics analysis

To further explore the conformational dynamics of apo and
holo SDO1 proteins in water, urea and urea–TMAO solutions,
27608 | RSC Adv., 2020, 10, 27598–27614
essential dynamics (ED) was performed on the protein back-
bone. The rst two principal components (PC1 and PC2) from
ED were used in constructing the free energy surface. These two
components correspond to large-scale collective motions, which
were used to determine the feasible conformational changes in
the protein. The 2D and 3D constructed free energy landscape
(FEL) projected onto the rst two principal components of apo
and holo SOD1 in water, urea and urea–TMAO solutions are
This journal is © The Royal Society of Chemistry 2020
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represented in Fig. 12, with the Gibbs free energy ranging from
1 to 5 kJ mol�1. The 3D free energy landscape of proteins shows
the stability of the protein based on the shape and size of the
funnel with a global minimum energy area. The more concen-
trated the blue region of the FEL is an indicator of the higher
stability of the protein.74 A 2D-FEL plot of apo SOD1 in water
and urea shows that apo SOD1 samples smaller basins of
conformations with very low population density of particular
conformations (Fig. 12A and B), as also seen from the 3D-FEL
plot (Fig. 12A0 and B0). This suggests that very few conforma-
tions of apo SOD1 have stable energy and all the other confor-
mations are unstable, which indicates the unfolding of proteins
in water and urea (Fig. 12A and B). In the presence of the urea–
TMAO solution, the apo SOD1 samples wider basins of
conformation with a higher population density of particular
conformations, indicating that a stable conformation was
attained by most of the conformations in ternary solution
(Fig. 12C). The 3D-plot also shows single minima with more
concentrated blue zones indicating the greater stability of apo
SOD1 in ternary solution (Fig. 12C0). Holo SOD1 in water and
urea–TMAO solutions sample wider basins of conformations
with higher population densities of a particular conformation
(Fig. 12D, D0, F and F0). However, holo SOD1 in urea also
samples wider basins of conformations but with lower
Fig. 12 2D and 3D free energy landscape (FEL) plot of the first two eigenv
and C0) urea–TMAO, and holo SOD1 in (D and D0) water, (E and E0) urea

This journal is © The Royal Society of Chemistry 2020
population density andmultiple minima as evident from the 3D
plot, which shows the unfolding of the protein (Fig. 12E and E0).
Holo SOD1 in water exhibits four different conformations
having global minimum energy and in urea–TMAO solution, it
exhibits two minima with higher population density, which
shows the stabilization of SOD1 in ternary solution in
comparison to holo SOD1 in urea where multiple minima are
observed (Fig. 12E0). This result is also in agreement with the
above-stated results.

The overall conclusion from our static and dynamic results
revealed that absolute changes in the conformational structure
of apo SOD1 in water, urea and holo SOD1 in urea were
observed, as any change in the conformations of SOD1 from its
native structure causes protein unfolding and aggregation, thus
enhancing the pathogenicity of the disease.

Water and osmolyte properties around loops IV & VII

So far, we have studied apo and holo SOD1 conformation
changes in water, urea and urea–TMAO solutions during MD
simulations. It was found that apo SOD1 underwent partial
unfolding in water as compared to holo SOD1; in urea, partial
unfolding was larger in holo than apo SOD1. The extent of
unfolding is reduced in ternary solution in both forms of SOD1.
Since loops IV & VII are considered biologically functional loops
ectors PC1 and PC2 of apo SOD1 in (A and A0) water, (B and B0) urea, (C
and (F and F0) urea–TMAO solutions (energy in kJ mol�1).
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Fig. 13 Radial distribution function of the oxygens of urea (OU) around
loops IV & VII of apo and holo SOD1 in urea (A &C) and in urea–TMAO
(B & D) solutions.
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of SOD1, any unfolding in these loops may disturb the biolog-
ical function of the whole protein. Because of the different
unfolding patterns of apo and holo SOD1 under different
conditions, it could inuence the water and osmolyte properties
at the interface. In this section, we explored the effects of apo
and holo SOD1 on water and osmolyte properties around loops
Fig. 14 Spatial distribution function (SDF) of the oxygens of urea (OU) m
SOD1 (B and D) in urea. The SDF of OU around L4 and L7 of apo SOD1 (E
the VDW method (C, O and N are in khaki, red and blue, respectively),
surfaces of SDF's are drawn in purple in the first solvation shell correspo

27610 | RSC Adv., 2020, 10, 27598–27614
IV & VII under different conditions. The structural arrange-
ments of water, urea and TMAOmolecules around loops IV & VII
of apo and holo SOD1 were studied through the radial distri-
bution function (RDF) ‘g(r)’ of the oxygens of water (OW),
oxygens of urea (OU) and nitrogens of TMAO (NT) molecules
around loops IV & VII. No major changes in the RDF of OW
around loops IV & VII of apo and holo SOD1 were observed
(Fig. S6†). However, a slight decrease in the RDF of OW around
loops IV & VII of apo and holo SOD1 was observed in the pres-
ence of urea and urea–TMAO solutions in comparison to apo
and holo SOD1 in water (Fig. S6A and D†). In the presence of
urea, the distribution of OU around loops IV & VII of holo SOD1
was higher in the rst and second solvation shells than apo
SOD1, whereas in ternary solution, the distribution of OU
around loops IV & VII of holo SOD1 decreased in comparison to
apo SOD1 (Fig. 13). These results suggest that holo SOD1 was
more solvent-exposed in the presence of urea than apo SOD1,
which is in agreement with the SASA results (Fig. 6). In ternary
solution, the RDF of NT around loops IV & VII of both forms of
SOD1 in the rst solvation shell was found to be smaller than
urea, which indicated fewer interactions of TMAO molecules in
comparison to urea (Fig. 13B, D and S7†). Similar TMAO
behaviour was also observed,75,76 where the exclusion of TMAO
from the rst solvation shell took place, which showed the
“osmophobic effect” of TMAO in protecting the protein from
denaturation in the urea–TMAO solution. We also calculated
the RDF of OW, OU and NT around the full apo and holo SOD1
in water and in osmolytes. A similar pattern was observed to the
case of loops IV & VII (Fig. S8†), which indicated that small
olecules around loops IV (L4) & VII (L7) of apo SOD1 (A and C) and holo
and G) and holo SOD1 (F and H) in ternary solution (loops are shown in
the distribution of OU is shown in the meshed surface (purple)). Iso-
nding to RDF.

This journal is © The Royal Society of Chemistry 2020
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Table 3 The average number of hydrogen bonds formedwith loops IV
& VII of apo and holo SOD1 with water, urea and TMAO

SOD1 system Loop IV Loop VII

Apo_water 73.5 65.2
Apo_U 4 M Water 37.0 32.0

Urea 57.7 53.0
Apo_UT Water 35.2 22.5

Urea 52.0 37.6
TMAO 2.8 2.7

Holo_water 69.8 57.3
Holo_U 4 M Water 34.5 27.9

Urea 61.3 49.0
Holo_UT Water 29.5 29.5

Urea 51.6 28.7
TMAO 5.7 3.1
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disturbances in loops IV & VII of SOD1 will affect the whole
protein.
Spatial distribution function (SDF)

To further determine the spatial three-dimensional arrange-
ment of the oxygens of urea (OU) molecules around particular
loops, i.e., loops IV & VII (L4 & L7) of apo and holo SOD1 in urea
and in urea–TMAO solutions, the spatial distribution function
was calculated using the gmx spatial command of the Gromacs
utilities. Since it was difficult to view the variation of SDF (i.e.
three-dimensional data in general) over the entire local space,
we were le with two basic approaches. One was to view the
variation in terms of two-dimensional “slices” by using the full
three-dimensional data set or to see the variation in terms of
iso-surfaces (or contours) at particular threshold values. Herein,
we have represented the SDF in terms of “iso-surfaces” (Fig. 14)
as it gives a better sense of the three-dimensional structure
present and the slice form shows the actual variation in the
data, which indicates the specicity of the structural
features.77,78 SDF of OU is shown in purple in the rst solvation
shell corresponding to the RDF plot (Fig. 13). The SDF of OU
around L4 and L7 was found to be higher in holo SOD1 than in
apo-SOD1 in urea, whereas in the case of the ternary solution,
the SDF of OU around both loops in both apo and holo-SOD1
decreased but the decrease was higher in holo than in apo-
SOD1 (Fig. 14), which is in agreement with the RDF results
(Fig. 13). We also calculated the SDF of the oxygens of water
(OW) molecules around L4 and L7 of apo and holo SOD1 in
water, urea and urea–TMAO solutions (Fig. S9†). A slight
decrease in the SDF of OW around L4 and L7 of the apo and
holo SOD1 was observed in urea in comparison to apo and holo
SOD1 in water. However, in ternary solution, a very slight
change in SDF of OW around L4 and L7 of apo and holo SOD1
was observed with respect to apo and holo SOD1 in water. No
major differences in the SDF of the nitrogens of TMAO (NT)
around L4 and L7 of apo and holo SOD1 were observed in
ternary solution (Fig. S10†). Similar results were obtained from
the RDF plot (Fig. 13).
This journal is © The Royal Society of Chemistry 2020
The average numbers of hydrogen bonds formed between
water and osmolytes with loops IV & VII of apo and holo SOD1
were also calculated and are listed in Table 3. In water, the
number of hydrogen bonds formed with loops IV & VII of apo
SOD1 with water is larger than that of holo SOD1 as more
unfolding was observed in apo SOD1 in water. In the presence of
the water–urea binary solution, the number of hydrogen bonds
formed between urea and loop IV of holo SOD1 was larger than
that in apo SOD1, whereas this number is larger with loop VII of
apo SOD1.

The greater the number of hydrogen bonds formed between
urea and loops of SOD1, the greater will be the unfolding. Since
the number of hydrogen bonds formed between urea and loops
of holo SOD1 was larger as compared to apo SOD1, it caused the
greater unfolding of holo SOD1 in the presence of urea, which is
also in agreement with the earlier explained DSSP results. In
ternary solution, the number of hydrogen bonds formed with
urea and loops IV & VII of SOD1 decreased in both forms but
this decrease was higher in holo SOD1 than in apo, i.e., the
extent of unfolding decreased in both forms of SOD1 in ternary
solution. This showed the stabilizing nature of TMAO as it
counteracted the effect of urea by removing the urea molecules
from the protein surface, as the number of hydrogen bonds
formed between urea and loops decreased in ternary solution as
compared to the binary solution (Table 3). Similar behaviour
was shown by TMAO in ternary solution (urea–TMAO–water),
where the stabilisation of SNase protein took place in ternary
solution as TMAO counteracted the effects of urea.75

Conclusion

We performed multi-scale molecular dynamics simulations of
apo and holo SOD1 in the presence of water, urea/water and
urea/TMAO/water solutions to study the conformational
dynamics of SOD1, which causes aggregation. Our simulation
results suggested that apo SOD1 is more prone to aggregation
than holo SOD1 in water, which was also reported experimen-
tally, but no simulation of SOD1 had been reported in urea and
urea/TMAO solutions. The overall results suggest that urea
induces large conformational dynamics in holo SOD1 as
compared to apo SOD1, and results in different local unfolding
of b-strands, which then undergo an overall unfolding and may
cause aggregation. The results provided by our simulation
indicate that along with the distortion of the hydrophobic cores
of SOD1 protein, the b-strands that underwent more destruc-
tion include b2, b3, b5 and b6, which might be responsible for
the formation of aggregates. This was also reported experi-
mentally since they were more solvent-exposed as explained by
the SASA and Delphi surface potential results. Less unfolding
was observed in holo SOD1 in the presence of water and water/
urea/TMAO solutions. Apo SOD1 underwent less unfolding in
the presence of 4 M urea solution as compared to holo SOD1 in
urea and was stabilized in the presence of urea–TMAO solution.
Apo SOD1 was more prone to aggregation than holo SOD1 in
water.

The results indicate that by changing the nature of the
solvents, the conformational dynamics of SOD1 proteins can be
RSC Adv., 2020, 10, 27598–27614 | 27611
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naturally modied, which consequently helps in controlling the
pathological misfolding and aggregation of proteins.
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