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Destabilization of the metal site as a hub for the
pathogenic mechanism of five ALS-linked mutants of
copper, zinc superoxide dismutase†

Raúl Mera-Adasme,∗a,b Hannes Erdmann,a Tomasz Bereźniaka, and Christian
Ochsenfeld∗a

Amyotrophic lateral sclerosis (ALS) is a lethal neurodegenerative disease, with no effective phar-
macological treatment. Its pathogenesis is unknown, although a subset of the cases are linked
to genetic mutations. A significant fraction of the mutations occur in one protein, the copper, zinc
superoxide dismutase (SOD1). The toxic function of mutant SOD1 has not been elucidated, but
a damage to the metal site of the protein is believed to play a major role. In this work, we study
the electrostatic loop of SOD1, which we had previously proposed to work as a “solvent seal”
isolating the metal site from water molecules. Out of the five contact points identified between the
electrostatic loop and its dock in the rest of the protein, three points were found to be affected by
ALS-linked mutations, with a total of five mutations identified. The effect of the five mutations was
studied with methods of computational chemistry. We found that four of the mutations destabilize
the proposed solvent seal, while the fifth mutation directly affects the metal-site stability. In the
two contact points unaffected by ALS-linked mutations, the side chains of the residues were not
found to play a stabilizing role. Our results show that the docking of the electrostatic loop to the
rest of SOD1 plays a role in ALS pathogenesis, in support of that structure acting as a solvent
barrier for the metal site. The results provide a unified pathogenic mechanism for five different
ALS-linked mutations of SOD1.

1 Introduction

ALS (Amyotrophic lateral sclerosis) is a neurodegenerative dis-
ease affecting motor neurons. The syndrome consists of a pro-
gressive paralysis that kills most patient within 2-4 years after
diagnosis1, although several forms of the disease with faster and
slower progression exist. As of now, there is no pharmacological
treatment for ALS that can prolong the life of the patient by more
than a few months2.

The lack of an effective treatment for ALS is linked to the lim-
ited knowledge available on the underlying causes of the dis-
ease1,3. Among what it is currently known is the existence of fa-
milial variants of ALS (fALS), with different survival times, char-
acteristic of each mutation4. The familial cases can often be
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traced to point mutations in specific proteins. In particular, an
important fraction of the familial cases are caused by mutations
in the enzyme copper, zinc superoxide dismutase (SOD1)5. A
large amount of the current research on ALS pathogenesis focuses
on SOD1, its mutants, and the familial variants of ALS linked to
them. The aim is to obtain insight that can be applied to the un-
derstanding of the more prevalent sporadic form of ALS (sALS).

SOD1 is a family of proteins with members present in all eu-
karyota, and related proteins expressed in prokaryota6,7. Its
physiological function is to catalyse the dismutation of the poten-
tially toxic superoxide ion into molecular oxygen and hydrogen
peroxide. Thus, SOD1 is part of the cellular defenses against ox-
idative stress. In mammals, the enzyme forms an homodimeric
structure with one catalytic site in each subunit. The catalytic site
consists of a binuclear complex of copper and zinc, where the cop-
per is the catalytic metal, and zinc contributes to the catalysis in
an indirect way, as well as to mantaining the structural integrity
of the protein6,8.

Along the protein’s catalytic cycle, the copper coordinated to it
fluctuates between its Cu(II) and its Cu(I) form. In the former
case, the protein is said to be in an oxidized state. The Cu(II)
ion is coordinated by four histidine residues and a weakly bound
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water molecule9,10. The zinc ion is coordinated by three histi-
dine and one aspartate residues. In the oxidized state, one of the
histidine residues (H63 in the human sequence) is coordinated to
both the copper and the zinc ion, in what is called an imidazolate
bridge between the metals. When the protein is in its reduced
state, the imidazolate bridge is lost, and H63 becomes exclusively
a Zn(II) ligand. The water molecule is also lost from the copper
center which assumes a distorted trigonal-planar coordination ge-
ometry. The distorted-tetrahedral coordination geometry of the
Zn(II) center is unchanged by the oxidation state of SOD18,9.

Apart from the mentioned imidazolate bridge, there is a second
connection between both metal centers in SOD1. An aspartate
residue, D124, is a second-sphere ligand to both metals. D124
forms a hydrogen bond to the H46 residue (a copper ligand) and
another to the H71 residue (a zinc ligand). The resulting sec-
ondary bridge is not altered by the redox status of the protein8,9

and has been shown to be critical for SOD1’s zinc binding11,12.
Computational results suggest that alterations in the secondary
bridge cause the binding of H71 to the zinc center to weaken,
potentially exposing the metal to the solvent13.

The over hundred different mutations in SOD1 that lead to
ALS are spread along the whole sequence of the protein5. How
such different mutations in distant and different parts of the en-
zyme cause similar clinical syndromes is poorly understood, but
it is known that the effect does not depend on the loss of en-
zymatic activity by SOD1. Rather, the ALS-linked mutants of
SOD1 would gain a new, pathological function responsible for
the disease14. Several hypotheses involving different structural
elements of SOD1 exist15. Even though many of the ALS-linked
mutations occur far from the metal site, one of the hypotheses
proposed is that loss of the structural copper and/or zinc ion is a
key-step towards the pathological gain of function. Demetallation
of SOD1 could be toxic by altering the fold of the protein, to which
is closely related16. The misfolded and metal difficient protein
which could then interact abnormally with cell structures such as
the endoplasmic reticle17. Lack of copper bound to G93A-SOD1
has recently been shown to be critical for the ALS-like syndrome
in mice that overexpress it18. The zinc-free protein could also
present an altered redox specificity19,20 or produce a dishome-
ostasis in the concentrations of zinc21. Abnormal zinc levels have
been observed in animal models carrying the ALS-linked G93A
mutant of SOD122. In addition, proteins involved in zinc home-
ostasis have been shown to play a role in animal models for the
disease, as well as in human patients23–27. The mechanism by
which the metal site of SOD1 could be damaged by ALS-linked
mutations has not been elucidated.

In a previous computational work28, we suggested that the
electrostatic loop, a structural element of SOD1 that contains
the D124 residue, was important to seal the solvent away from
the secondary bridge. The solvent seal would allow the low di-
electric needed for D124 to form strong hydrogen bonds to H46
and H71. The proposed model is consistent with experimetal re-
sults suggesting that perturbations in the electrostatic loop are
a common feature among ALS-linked SOD1 mutants. Molnar et
al. used H/D exchange followed by proteolysis in order to mea-
sure the mobility of different structural elements of SOD1 on 13

different ALS-linked mutants of the protein, and found the elec-
trostatic loop to be destabilized, as compared to the wild-type
structure, in all the mutants studied29. In the present work, we
investigate the existence of interactions keeping the putative sol-
vent seal in place, and the nature of such interactions, if any. For
this purpose, we study models for the WT protein and for several
fALS-linked mutants at the density functional and classical levels
of theory. We employ density functional theory-based methods
to obtain accurate interaction energies30 of isolated interaction
points, while classical methods, thanks to their low computational
requirements, are used for sampling the conformational space of
the aminoacidic sidechains involved in the interactions, and to
investigate dynamic effects that can not be studied with single-
point density-functional calculations. Classical methods are also
appropiate for studying the interaction sites in the context of the
whole protein. However, electronic effects are not explicitly ac-
counted for in classical methods.

2 Materials and Methods
2.1 Density functional theory calculations

The BLYP density functional31,32 was employed in all geome-
try optimizations and most density-functional theory (DFT) cal-
culations. For validation of the interaction energies, single-
points calculations were also performed using the TPSS33 and the
MPW1B9534 functionals. Grimme’s D3 dispersion correction35

was used in all DFT calculations. At the BLYP, BP86 and TPSS
levels, the resolution of the identity (RI) approximation36 was
used to speed up the computations. Calculations were performed
with the NWChem program package, version 6.337.

Calculations were performed using Karlsruhe basis sets38,39.
Geometry optimizations were performed using the split-valence
polarization basis sets (def2-SVP). For single point calculations
we employed the triple-ζ quality basis sets augmented with polar-
ization functions (def2-TZVPP). Basis-set convergence tests were
performed with a quadruple-ζ , polarized basis set (def2-QZVPP).

The Conductor-like screening model (COSMO)40 was used to
model solvent effects. As the interactions studied occur in the
outside of the protein, a dielectric constant of 80 was used. Tests
were performed with other values for the dielectric constant in
order to validate the methodology.

2.1.1 Protein models

The reduced protein models were built by considering the
residues involved in each interaction site. All the models were
constructed based on the crystallographic structure for the re-
duced form of the WT SOD1 protein resolved at 1.09 Å (PDB
code 2C9V)8. Hydrogen atoms were added with the Reduce pro-
gram41. The models were prepared using the Avogadro42 and
goChem43 software.

Computational efficiency considerations were not a priority
when choosing the size of the reduced models. Rather, each
model was constructed with as many residues as necessary in or-
der to isolate each contact point. Because of the previous, the size
of the models for different contact points varies considerably.

Two different schemes where used to cap aminoacidic residues
included in the reduced models. The first scheme was used when
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atoms from the protein backbone were involved in the interac-
tion, or where contiguous residues had to be included, while the
second scheme was used for residues with only the side chain
involved in the interaction and not contiguous to other residues
included in the model.

In the first scheme used, the residues were included up to the
backbone carboxyl group of the residue preceding the N-terminal
residue of the fragment and up to the backbone nitrogen of the
residue after the C-terminal residue in the fragment. The α car-
bons bonded to these carbon and nitrogen atom were replaced
with hydrogens, and these carbon and nitrogen atoms were kept
fixed during geometry optimizations.

In the second scheme, only the side chains of the corresponding
residues were considered. For each residue, the bond between
the α and β carbons was cut, and the α carbons were replaced by
hydrogens. The positions of the β carbons were kept fixed during
the geometry optimization.

The carbonyl group in the backbone of the residue T39 was
added to the Point 2, in order to maintain the hydrogen bond be-
tween that residue and the H43 and R43 residues (the latter in
the mutant structure). The group was added as a methyl amide,
with its carbon and nitrogen atoms fixed during the optimiza-
tions. In interaction points that included metal ligands (H120 in
Point 2 and H71 in Point 5), the coordinating atom was kept fixed
during geometry optimizations in order to keep the metal-bound
orientation.

2.2 Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed using the
GROMACS package, version 4.644. The protein was described by
the AMBER99sb-ildn force field45,46. For the active site, we used
the force field parameters previously developed by us47, which
are consistent with AMBER force fields. A 2 fs integration step
and a 1 ps sampling step were used. Periodic boundary condi-
tions were applied in all directions with a box size that ensured
a distance of at least 2 nm between images. Long-range interac-
tions were calculated with the particle mesh Ewald (PME) algo-
rithm,48,49, while other nonbonded interactions were cut at 14 Å.
To account for the truncation, a dispersion correction was applied
to the energy and pressure.

Previous to the simulations, the proteins were solvated in sim-
ple point charge water50, and 4 Na+ ions were added to neutral-
ize the system. Further ions were added to a final concentration
of 0.1 M NaCl.

The whole box was subjected to an energy minimization using
the steepest descent algorithm. The resulting structure was equi-
librated for 0.1 ns in a NVT ensemble at 310 K and later NPT
ensemble at 310 K and 1 atm. The Berendsen thermostat and
barostat were used for equilibration51

The simulations were run for 27 ns. The Nosé–Hoover thermo-
stat52,53 and the Parrinello–Rahman barostat54,55 were used to
produce an NPT ensemble, at 310 K and 1 atm. The first 7 ns of
each simulation where left for equilibration and not considered
in the analyses.

3 Results and discussion
The contact points between the electrostatic loop and other struc-
tural elements of the SOD1 protein were identified by visual in-
spection of the high-resolution crystallographic structure for the
reduced protein8. 3 out of 5 of these sites were found to contain
residues which substitutions are linked to fALS5,56. The interac-
tion sites are shown in Figure 1. Detailed information about the
found sites is shown in Table 1. Contact points between differ-
ent parts of the electrostatic loop were also found. Some of these
sites are subject of ALS-linked mutations, and they appear to play
a role in the structural integrity of the loop. As the present study
focuses on the loop-protein interaction, the intra-loop interaction
sites, some of which have been studied previously28,57, were not
considered.

Fig. 1 The electrostatic loop of the crystallographic structure of SOD1
and its surrounding structural elements. The loop is shown in pale
yellow. Interaction sites between the electrostatic loop and the body of
the protein are depicted in colors.

3.1 Quantum chemistry study of the contact points and their
associated fALS-linked mutations

As the effect of each contact point needed to be isolated, the use
of reduced models seems appropriate for the present study. The
size of the models was determined by chemical, rather than com-
putational considerations. The chosen criteria was to isolate dis-
tinct interactions, avoiding the overlap of different ones. The re-
duced models were produced for each contact point as described
in Section 2, and interaction energies were calculated for each
contact point and its related mutants. Quantum-chemical inter-
action energies for all the ALS-linked SOD1 mutants studied in
this work are compiled in Table 2.

3.1.1 Contact point 1

The interaction between N86 and D124, depicted in Figure 2 ap-
pears to be a critical point for the stability of the electrostatic loop,
as it attaches the loop to the beta-barrel of the protein. Further-
more, the interaction directly involves the D124 residue, which
is critical for the stability of the metal site12,13. In agreement
with the previous, there are 3 different ALS-linked mutations that
affect the Point 1.
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Table 1 Contact points between the electrostatic loop (e-loop) and other structural elements of SOD1 (body), with the color used to depict them in
Figure 1 and the associated ALS-linked aminoacidic substitutions. Mutations in residues belonging to the first or second coordination sphere of the
metals are not included, as they are likely not related to the attachment of the electrostatic loop to the protein.

Site Color Body residues E-loop residues Mutations

Point 1 Red N86 D124 N86D,N86S,N86I,N86K
Point 2 Green H43,G44 H120,E121,K122,A123 H43R
Point 3 Blue G73 L126 L126S
Point 4 Cyan L42 A123 None
Point 5 Magenta K70,H71 T135,K136 None

Fig. 2 The interaction between the side-chain of N86 and the backbone
of D124.

Table 2 Quantum-chemical interaction energies (BLYP-D3/def2-TZVPP)
for the contact points between the electrostatic loop of SOD1 and the
rest of the protein, and their associated ALS-linked mutations, for those
contact points that have them.

Contact point Mutations E (kcal/mol)

Point 1

WT -8.5
N86D -0.9
N86S -1.9
N86I 4.2
N86K -6.1

Point 2 WT -20.5
H43R -16.4

Point 3 WT -3.4
L126S -2.7

Point 4 WT -1.8

Point 5 WT -5.8

The BLYP-D3/def2-TZVPP interaction energy for the wild-type
(WT) Point 1 is of −8.5 kcal/mol. Since the D3 dispersion cor-
rection is a simple term added to the energy, it allows to easily
compute its contribution. In this case −5.6 kcal/mol out of the
total energy difference is given by dispersion forces. The interac-
tion energy is over five times times weaker than the interaction
energy between D124 and the metal site of the protein28, which
also keeps D124 in its position. The small value of the interaction
energy of the D124–N86 interaction in comparison to that of the
D124–metal-site interactions suggests that the latter is the main
responsible in keeping D124 fixed. We have previously shown
that the D124–metal-site interaction in SOD1 is highly dependent
on the dielectric constant of the environment28. The electrostatic
loop, of which D124 is part, was proposed to have the role of
blocking the access of solvent to the metal-site. The location of

the D124–N86 interaction in an electrostatic-loop–protein contact
point, as well as its strength, indicate that it plays a role in keep-
ing the solvent barrier which maintains the low dielectric needed
by the D124–metal-site interaction.

Although not very accurate for covalent bond energies, the
BLYP-D3 density functional has been found reliable for weak in-
teractions. Benchmark calculations report a mean absolute de-
viation (MAD) of 0.24 kcal/mol for the S22 set, which is highly
relevant for the present case30. The same work reports and an
average MAD of 1.1 kcal/mol for a meta-set including S22. For
the meta-set, and especially for the S22 set, BLYP-D3 performance
is comparable to MP2 methods and also to hybrid and double-
hybrid functionals30. To ensure that the calculated energies are
not an artifact of a particular functional, we performed single-
point energy calculations on Point 1 using two additional density
functionals, dielectric constants and basis sets. The results are
shown in Table 3. The table shows that the results are largely
independent of the chosen density functional. The energy ob-
tained using a quadruple-ζ basis set indicates that basis set con-
vergence is mostly reached at the triple-ζ level. Regarding struc-
tures, the interaction energy using def2-TZVPP-optimized struc-
tures shows no significant difference to that obtained with the
double-ζ -optimized. The table also indicates that this particular
interaction, unlike the one between D124 and the metal site of
SOD1, is not highly sensitive to the dielectric of the environment.
The BLYP-D3/def2-TZVPP with COSMOε=80 is considered an ap-
propriate method for the calculation of interaction energies for
the present work, while the use of the def2-SVP basis set is con-
sidered sufficient for geometry optimizations.

Table 3 Interaction energies for the N86–D124 pair calculated with
different density functionals, basis sets, and dielectric constants (ε) for
the environment. All values are based on the BLYP/def2-SVP optimized
geometry, except for the BLYP/def2-TZVPP(opt) which uses the same
basis set for optimization and single-point.

Functional Basis set ε E (kcal/mol)

BLYP-D3 def2-TZVPP 80 −8.5
BLYP-D3 def2-TZVPP(opt) 80 −8.8
TPSS-D3 def2-TZVPP 80 −8.4
MPW1B95-D3 def2-TZVPP 80 −7.0
BLYP-D3 def2-QZVPP 80 −7.8
BLYP-D3 def2-TZVPP 20 −8.9
BLYP-D3 def2-TZVPP 4 −10.7

An interesting ALS-linked mutant involving Point 1 is the N86D
mutant. The mutation is expected to strengthen the hydrogen
bond between the residue 86 and the backbone nitrogen of D124.
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The second hydrogen bond present in the N86–D124, between
the amide nitrogen in N86 and the backbone carboxylate of D124
is not only eliminated, but replaced by a repulsive interaction.
The calculated interaction energy for the mutant pair D86–D124
is −0.9 kcal/mol, i.e. within the expected error for the methodol-
ogy30. The attractive and repulsive interactions cancel each other
and the interaction with D124 dissapears. A different mutation,
N86S, completely eliminates one of the hydrogen bonds, while
the other is damaged due to the smaller size of the residue of
serine in the mutant compared to the asparagine residue found
in the WT variant. As expected, the interaction energy is also
strongly reduced for the S86–D124 pair, to −1.9 kcal/mol.

The mutation N86I has the obvious effect of eliminating both
hydrogen bonds, and replacing glutamine with the more bulky
and non-polar residue isoleucine. An unfavorable interaction
dominated by steric tension is expected for this mutant. Indeed,
calculations give an interaction energy of 4.2 kcal/mol.

The mutation N86K differs from the other mutants in Point 1
in that it has little effect in the DFT-calculated interaction energy
of the contact point, with an energy of −6.1 kcal/mol. Because
of the larger size of the lysine residue in comparison to the as-
paragine present in the WT structure, we explored the possibility
of steric clashes between K86 and residues that cannot be consid-
ered part of the contact point. Interaction energies were calcu-
lated for larger models of 111 and 124 atoms (compared to the
original 35-atoms model for the mutant contact point). The effect
of the larger models on the interaction energies was minor (see
the Supplementary Information), indicating that the interaction
energy of Point 1 is not significantly altered by the N86K muta-
tion, and that no important steric effects arise from the mutation.

For all but one of the mutations analyzed, the interaction in
Point 1 is severely affected, being completely eliminated by the
N86D and N86I mutations, and greatly reduced by the N86S mu-
tation. On the other hand, assuming a favorable conformation
for the interaction, the mutation N86K has a negligible effect in
the interaction energy of Point 1. The mutants N86D, N86K, and
N86S have been reported by Byström et al. to produce alterations
in the structure of the apo-SOD158. Such alterations would be ex-
pected if the side chain of N86 was critical in keeping the electro-
static loop docked to the rest of the protein. While our results are
consistent with Byström et al.’s findings for the N86D and N86S
mutants, the quantum chemical interaction energies are unable
to explain the role effect of the N86K mutation in the structure
of SOD1. It is possible that the effect of the N86K mutation are
related to solvent or other effects not considered in the statical
view provided by single-point QM calculations. Hence, the muta-
tion was studied with classical molecular dynamics simulations,
as discussed in section 3.2.1.

3.1.2 Contact point 2.

The Point 2 contact is the largest of the analyzed contact points
with six residues involved. The interaction, shown in Figure
3, is dominated by backbone-backbone interactions. The only
sidechain clearly involved in the interaction is that of the residue
H43, which forms a hydrogen bond with the carbonyl group in the
backbone of H120, a copper ligand. H43 is also the only residue

in Point 2 affected by an ALS-linked mutation, being substituted
by an arginine in the mutant. The fact that the only residue with
a side-chain participating in the interaction is also the only one
affected by an ALS-linked mutation suggests that the pathogenic
effect of the mutant is to damage the interaction in the contact
point.

The total interaction energy calculated for Point 2 is of −20.5
kcal/mol. The interaction is, as for the other cases, dominated by
dispersion forces, as the removal of the D3 correction yields an
unfavorable interaction of 10.8 kcal/mol. For the H43R mutant,
the interaction between the two fragments is weakened to −16.4
kcal/mol. Relative to the wild-type energy, a variation of the in-
teraction by about 4 kcal/mol seems a rather mild effect for the
ALS-linked mutation. In absolute terms, however, the weaken-
ing of the interaction is comparable with the effect of the already
studied N86S mutation. Considering the previous, we modelled a
system with the H43G mutation, which eliminates any side chain
contribution from the residue 43 to the interaction. The interac-
tion energy obtained for the H43G mutant is −12 kcal/mol. The
results indicate two things: First, the H43–H120 interaction is
likely the main interaction in the Point 2, accounting for almost
half of the total interaction energy for the contact point. Sec-
ond, the ALS-linked H43R mutation greatly damages that inter-
action, reducing its interaction energy by almost half. Experimen-
tal works by Kitamura et al.59 and Fujimaki et al.60 on the H43R
mutant of SOD1 report conformations with altered metal binding.
These conformations become pro-oxidant in presence of copper,
which appears to occupy the zinc binding site. Previous compu-
tational work at the classical level describes augmented mobility
of the zinc-site and electrostatic loop61. Danielsson et al. studied
the engineered SOD1 mutant H43F and found that the H43–H120
interaction is important for metal binding and for the dynamics
of the protein62. Our results are in line with the findings from
previous works, which point to alterations in the solvent seal and
a loss of affinity for metals. Because the H120 residue is a copper
ligand, and on the very corner of the electrostatic loop (normally
not considered part of it6), it is not clear to which extend the
breakage of the solvent seal is relevant in the H43R case, and to
which extend the pathogenic effect on this mutant is linked to
the destabilization of the H120 backbone, which would directly
damage the metal site.

3.1.3 Contact points 3 and 4.

The Point 3 contact is shown in Figure 4 and the Point 4 is shown
in Figure 5. Both contact points are similar: They represent an
interaction between a small residue (glycine for Point 3 and ala-
nine for Point 4) whith a leucine. Nevertheless, Point 3 contains a
residue affected by an ALS-linked mutation (L126S) while Point 4
does not.

The calculations indicate small interaction energies for both
points: −3.4 kcal/mol for Point 3 and −1.8 kcal/mol for Point 4.
While the interaction is stronger for the point affected by an ALS-
mutation, the difference is very small.

For both contact points, only dispersive interactions are ex-
pected. In agreement with that, the interactions are unfavorable
when the D3 dispersion correction is not considered (3.8 and 3.2
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Fig. 3 The interaction between the six aminoacidic residues involved in
Point 2.

kcal/mol for points 3 and 4, respectively).
For Point 3, the ALS-linked mutation has practically no effect in

the interaction energy, with a total of −2.7 kcal/mol for the mu-
tant structure. In Point 4, the leucine can be replaced by a glycine,
thus producing the in silico mutation L42G, without an effect in
the interaction energy for that point. The mutated Point 4 has an
interaction energy of -1.3 kcal/mol.

The results suggest that the effect of the L126S mutation in
SOD1 is unrelated to the interaction between the electrostatic
loop and the rest of the protein. The main difference between
both contact points is their spacial location in the protein. The
effect of the location of each interaction point cannot be treated
with reduced models, so we analyze the effect of these mutants
by employing classical methods in section 3.2.2

Fig. 4 The interaction between the residues G73 and L126

3.1.4 Contact point 5.

The interaction in Point 5 does not contain any residue affected
by ALS-linked mutations. As shown in Figure 6, the contact
point contains a polar backbone–backbone interaction between
the residues H71 and T136, and a set of non polar interactions. In
agreement with the observed geometry, the interaction energy is
rather low for a point of four interacting residues: −5.8 kcal/mol.
Also as expected, the interaction is driven by dispersion forces,
as the removal of Grimme’s D3 correction yields an unfavorable
interaction energy of 13.4 kcal/mol. In Figure 6 it can be seen

Fig. 5 The interaction between the residues L42 and A123

that there is an interaction involving almost the full side chains
of the residues K70 and T136. A calculation with the residue K70
mutated to glycine, shows a slighty increased interaction energy
compared to the wild-type Point 5, to −7.0 kcal/mol. The result
indicates that the lysine side chain in the K70 residue does not
contribute to the interaction energy of Point 5.

The quantum chemistry studies performed indicate that the
ALS-linked mutations in the contact points between the electro-
static loop and the rest of the SOD1 structure have the effect of
significantly diminishing the interaction energy of those contact
points. We have found that all residues with a side-chain that
contributes to the interaction are subject of ALS-linked mutations.
The previous indicates that the electrostatic loop’s detachment to
the rest of SOD1 does participate in the pathological function of
ALS-linked SOD mutants.

For both the N86K and the L126S mutants, the pathological
role of the aminoacidic substitution could not be explained with
the quantum-chemistry calculations performed. In the latter case,
the interaction of the contact point is weak, and the contribution
of the side chain of L126 to it is negligible.

Fig. 6 The interaction between the four residues involved in Point 5
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3.2 Molecular dynamics simulations
In order to elucidate the effect of the ALS-linked mutations N86K
in Point 1, and L126S in Point 3, the mutations were studied us-
ing force-field molecular dynamics. For the wild-type and the
two mutant structures, three MD simulations of 27 ns were per-
formed, with 20 ns of production trajectories obtained from each
of them. Thus, the total simulation time amounts to 60 ns for
each structure.

The RMSD values for the backbones shown in Figure 7 and
in the supporting information indicate that the folding of both
the mutant and the wild-type protein are very stable along the
trajectories, including the initial 7 ns which were left for equi-
libration. The RMSD values also indicate that the time scales
used in this work do not allow for the sampling of considerable
backbone transitions, but only fast motions involving aminoacidic
sidechains, such as those studied in this work.

Fig. 7 RMSD for the backbone of one of the three trajectories for the
L126S mutant protein against the starting structure, after least-squares
fit of the backbones. The RMSD for the other trajectories are given as
supporting information.

3.2.1 N86K mutant

Visual inspection of the N86K and WT trajectories show that the
interaction between K86 and D124 is less stable than that be-
tween N86 and D124. The observation is reasonable even if both
interactions have the same strength as measured with QM cal-
culations (see section 3.1.1). Lysine is a larger residue than as-
paragine, and composed by one long carbon chain, which gives
it more degrees of freedom than the latter residue. The plots
of the corresponding interactions distances for the mutant and
WT structures, shown in Figure 8 confirm the previous idea. The
WT interactions are very stable along the simulation, with the
Oδ 1–N interaction distance somewhat shorter than the Nδ 2–O
one. In contrasts, the mutant interaction between the lysine 86
sidechain nitrogen and the D124 backbone oxygen varies greatly
along the simulation. Although for short periods of time, the in-
teraction does reach distances consistent with hydrogen bonding,
indicating that such conformations are accessible to the structure,
but unstable. The equivalent plots for the other trajectories and
monomers lead to similar conclusions and are shown in the Sup-
plementary information.

The hydration of the relevant atoms of the 86 residue (the Nζ

for K86 and the Oδ 1 and Nδ 2 for N86), shown for all trajecto-

ries in the supplementary information, reveals a similar picture:
The nitrogen in the K86 residue interacts more closely with the
solvent than the heteroatoms in the sidechain of N86 do. Both
analyses reveal the effect of the N86K mutation, which leads to
an impaired interaction in the contact point 1. Our results, which
agree with the experimental findings of Byström et al.58, clarify
that the impaired interaction caused by the N86K mutant is given
by a more favorable interaction of K86 with the solvent, and/or
by the increased degrees of freedom of the lysine residue, com-
pared to the original asparagine. Additional studies are suggested
in order to establish the exact contribution of both factors.

3.2.2 L126S mutant

Visual inspection of the mutant trajectories (see the supplemen-
tary information) show that the mutant residue S126 is able to
form a hydrogen bond with D124, displacing the H46 residue
and thus breaking the secondary bridge. The S126–D124 interac-
tion involves the alcohol group in the lateral chain of the serine
residue, therefore it cannot occur in the wild-type structure.

We analyzed the trajectories for events of breaking of the
D124–H46 interaction in the wild-type and mutant trajectories,
defining dissociation as a D124–H46 bond length of over 2.5 Å.
In Table 4 it can be seen that there is a large difference in the
number of dissociation events for the wild-type trajectories and
that for the L126S trajectories. The mutant trajectory with the
least events still has over twice the amount of them as compared
to the wild-type trajectory with the most events.

Although the number of dissociation events is clearly higher in
the mutant trajectories, it is important to also study for how long
the D124–H46 stays dissociated after each event, i.e. how long
the events last. For all the trajectories, most of the dissociation
events have a duration of 1 ps (one frame) or less. When we
remove these extremely short dissociation events, a comparison
of the durations is possible. A summary of the data is shown in
Table 5, while detailed numbers are given in the supporting infor-
mation. In the Table 5 it can be seen that the wild-type trajectories
do not have dissociation events longer than 1 ps, except for one
event in the trajectory WT-1, with a 2 ps duration. The picture
is very different for the mutant trajectories, where the trajectory
with the least dissociation events contains 19 of them, and all of
the trajectories contain events of at least 49 ps. As the dissociation
events duration do not follow a normal distribution (particularly
for the WT trajectories), a statistical analysis of these quantities
was not performed.

The analysis of the MD trajectories clearly shows that the mu-
tation L126S has the effect of placing a serine residue in a place
where it can compete with the D124–H46 interaction. Hence,
unlike the other ALS-linked mutations studied in this work, the
effect of the L126S mutation is to directly impair the secondary
bridge, rather than indirectly damaging it by allowing the solvent
to enter the metal site.

4 Conclusions
The pathogenic mechanism of the ALS-linked mutants of SOD1
has been for long considered an important step towards under-
standing the pathogenesis of both fALS and sALS14. In this
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(a) (b)

Fig. 8 (a) Distances for the interaction between the ζ -nitrogen of K86 and the backbone oxygen of D124 along one of the trajectories for the N86K
mutant structure. The distances are shown in blue and red for each monomer of the protein. (b) Distances for the interaction between the δ1 oxygen
and δ2 nitrogen of N86 and the backbone nitrogen and oxygen of D124, in blue and red, respectively, along one of the trajectories for the WT
structure. Only one of the monomers is shown. For both graphics, atoms are labeled following the PDB convention

Table 4 Dissociation events for the 20 ns trajectories for the wild-type
(WT) and mutant (L126S) proteins.

Trajectory Dissociation events

WT-1 23
WT-2 10
WT-3 16
L126S-1 52
L126S-2 79
L126S-3 74

Table 5 Number of dissociation events, longest dissociation event and
average event duration (ps (ps)) for the 20 ns trajectories for the
wild-type (WT) and mutant (L126S) proteins, after dissociation events of
1 ps or less are removed.

Trajectory Events Longest event Average duration

WT-1 1 2 2
WT-2 0 N/A N/A
WT-3 0 N/A N/A
L126S-1 21 113 20.8
L126S-2 19 49 11.8
L126S-3 35 87 23.2

work, we provide a unified pathogenic mechanism for several
ALS-linked SOD1 mutations. Our results show that contact-points
between the electrostatic loop of SOD1 and the rest of the protein
are affected by ALS-linked mutations, except for those contact
points with no or minimal side-chain involvement in the interac-
tion. The mutations were found to damage the loop-protein in-
teraction. The one mutation in a residue with minimal side-chain
involvement (L126S) was found to directly damage the secondary
bridge by forming a hydrogen bond between S126 and D124.

Every site where a mutation could affect the interaction be-
tween the electrostatic loop and the rest of SOD1 is indeed af-
fected by an ALS-causing mutation, and those mutations are

shown to have that effect. Hence, our results indicate that the in-
teraction between the electrostatic loop and the rest of the SOD1
protein is important for the pathogenesis of SOD1-linked ALS in
general. The conclusion is in agreement with our previously-
proposed role of the electrostatic loop as a seal preventing sol-
vent form accessing the metal site of SOD1. The solvent seal
would prevent water from reaching the metal site and breaking
the hydrogen bonds in the secondary bridge28. A general role of
the electrostatic loop in SOD1-linked ALS is in agreement with a
destabilization of the loop being a common feature of ALS-linked
SOD1 mutants, measured as an increased H/D exchange in the
electrostatic loop in 13 different ALS-linked mutants29.

Our results provide not only a pathogenic mechanism for five
ALS-linked SOD1 mutants, but also a connection between a gen-
eral structural feature of ALS-linked SOD1 mutants29 with the
loss of affinity of the protein for metals, particularly zinc. A di-
minished affinity of SOD1 for metals is expected to affect the gen-
eral stability of SOD1. Mulligan et al. report that, in denaturating
conditions, zinc release and dimer dissociation occur simultane-
ously16. In line with the latter results, the mutants N86S, N86D
and N86K have been experimentally found to weaken the dimer
interface58. Zinc dishomeostasis, another probable consequence
of loss of affinity of SOD1 for the metal, has also been connected
to familial and sporadic ALS pathogenesis19–23.
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