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Superoxide dismutase-1 (SOD1) mutants, including those with unaltered enzymatic activity,
are known to cause amyotrophic lateral sclerosis (ALS). Several destabilizing factors contribute to pathogenicity including a reduced ability to complete the normal maturation process which comprises folding, metal cofactor acquisition, intra-subunit disulphide bond
formation and dimerization. Immature SOD1 forms toxic oligomers and characteristic large
insoluble aggregates within motor system cells. Here we report that the cysteine-reactive
molecule ebselen efﬁciently confers the SOD1 intra-subunit disulphide and directs correct
SOD1 folding, depopulating the globally unfolded precursor associated with aggregation and
toxicity. Assisted formation of the unusual SOD1 cytosolic disulphide bond could have
potential therapeutic applications. In less reducing environments, ebselen forms a selenylsulphide with Cys111 and restores the monomer–dimer equilibrium of A4V SOD1 to wildtype. Ebselen is therefore a potent bifunctional pharmacological chaperone for SOD1 that
combines properties of the SOD1 chaperone hCCS and the recently licenced antioxidant drug,
edaravone.
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A

myotrophic lateral sclerosis (ALS) is a fatal motor system
neurodegenerative disease. A subset of ALS is caused by
mutations to the gene encoding superoxide dismutase-1
(SOD1)1. Histopathology on tissues from humans and transgenic
mutant SOD1 animal models has shown how SOD1 protein
accumulates in Lewy-like bodies within the cytoplasm and
mitochondria of motor neurons and support cells. These insoluble inclusions are replete with misfolded SOD1 which appears
unmanageable by protein degradation pathways2,3.
Pioneering work on the catalytic activity of SOD1 and subsequent exploration of its structure proved that a range of posttranslational modiﬁcations (PTMs) are necessary not only for its
function, but more importantly with respect to ALS, for its stability4. While zinc binding and an intra-subunit disulphide are
not directly involved in catalysis, they stabilize the molecule’s
tertiary and quaternary structure5–7. ALS-related mutations
reduce the ability of SOD1 to fold, bind necessary metal cofactors
and predispose it to disulphide reduction, which in turn prevents
its normal dimerization. As a result, a portion of cellular SOD1 is
forced to reside in a destabilized or persistently misfolded state8,9.
Exposure of normally internalized hydrophobic motifs leads to
aberrant oligomerization, which manifests as disulphide-reduced,
metal-free, insoluble SOD1 inclusions10,11. SOD1 is also observed
to be disulphide reduced in people living with asthma. While this
does not lead to aggregation, it does have harmful effects on the
ability of SOD1 to perform its function12,13 and suggests that
addressing the SOD1 disulphide reduction problem could be
useful for the treatment of both diseases.
The propensity of SOD1 to unfold and aggregate has been
shown to correlate with life expectancy after ALS symptom onset
in humans and transgenic mouse models8,14–16. Thus, exogenous
promotion of normal SOD1 maturation processes could divert
nascent SOD1 away from the toxic pathway. Non-covalent ligand
interactions have been demonstrated on the SOD1 β-barrel surface, but each failed to change the mutant thermal stability or
inhibit aggregation in vitro possibly due to low binding afﬁnity17.
Conversely, platination of the solvent exposed and reactive
Cys111 residues or covalently cross-linking them across the dimer
interface groove can modulate disease-related characteristics.
Both bismaleimidoethane (BMOE) and cisplatin increase SOD1
thermal stability, while the latter also inhibits in vitro and in-cell
aggregation18,19. However, both interactions have been shown to
inhibit heterodimer formation with the copper chaperone for
SOD1 (hCCS), an important activator of SOD120.
Ebselen is an organoselenium compound with broad antioxidant properties21. It is also an anti-inﬂammatory and has been
tested as a treatment for a variety of conditions including
stroke22, bipolar disorder23 and aneurysmal subarachnoid haemorrhage24. Interestingly, it has also been shown to reduce the
cytotoxic burden of mutant SOD1 mitochondrial pathology25.
Ebselen has strong pharmacological and structural similarities
with the antioxidant edaravone, which very recently became only
the second drug licensed for the treatment of ALS in the United
States.
Here we demonstrate that ebselen and its analogue ebsulphur
bind to SOD1 at the Cys111 site in vitro. This interaction shifts
the SOD1 monomer–dimer equilibrium in favour of the dimer
and returns the afﬁnity of the A4V dimer formation to that of the
wild-type. This occurs without covalent tethering of monomer
subunits within the SOD1 dimer. Importantly the increased
dimer stability does not prevent heterodimer formation with
hCCS. This proof of principle is important as Cys111-targeted
drug compounds could bind the free sulphydryl of both mutant
or wild-type SOD1 and should not prevent structurally important
hCCS-catalyzed activation. Furthermore, we show by in-cell and
in vitro nuclear magnetic resonance (NMR) that ebselen reacts
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with disulphide-reduced SOD1 in the human cell cytosol causing
the formation of the intra-subunit disulphide bond. In doing so, it
promotes correct SOD1 folding and zinc binding. Directing the
nascent protein down the correct PTM pathway prevents accumulation of unfolded species, thought to be the precursor of
mutant SOD1 toxicity, premature degradation and aggregation8,9.
Thus, ebselen rescues the toxic characteristics of mutant SOD1
through two independent disulphide formation and dimer stabilization mechanisms, deployment of which is dependent on the
nature of the environment. While non-native disulphide bonding
is often used as a strategy to stabilize recombinant proteins, here
we describe a possible therapeutic application of stimulated disulphide bonding within human cells; an exciting possibility given
the rarity of cytosolic disulphides and the speciﬁcity that could
hardwire into the system. Ebselen’s on-target SOD1 pharmacological chaperone activity, in combination with its usage history
and positive secondary pharmacology reminiscent of edaravone,
indicates that it is a very promising lead not only in the search for
therapeutics, which can modulate pathogenic SOD1 behaviour in
ALS, but also asthma.
Results
Ebselen and ebsulphur form a covalent bond with SOD1 at
Cys111. Screening libraries of existing drugs, those that are no
longer used or drugs that were not successful in the ﬁnal stages of
clinical trials, is an increasingly popular approach for therapeutic
discovery. Drug repurposing offers a cheaper and faster route
through early clinical trials as ADMET information is available,
creating a major advantage for ‘orphan diseases’ such as ALS.
This approach has resulted in historic as well as recent successes
(see review26), including the licensing of edaravone in Japan and
the US to slow ALS progression27. Given the susceptibility of
Cys111 to oxidative modiﬁcations in SOD1-ALS and previous
work on cisplatin and BMOE, we undertook a crystallographic
screening of a small library of cysteine-reactive compounds
known to have favourable properties (Supplementary Fig. 1).
Ebselen and ebsulphur were found to form a covalent bond with
SOD1 Cys111 (Fig. 1a, b) while derivatives with a benzyl substitution on the benzoisoselenazole or benzoisothiazolone

a

b
Cys111

Cys111

c

d

Fig. 1 The structure of ebselen and ebsulphur bound to SOD1. a Cartoon
representation of the SOD1 dimer with ebselen or ebsulphur molecules
shown as ball and stick and bound to Cys111 residues at the dimer interface.
b Electron density map (2Fo−Fc contoured at 1σ) showing the pose of two
SOD1-bound ebselen molecules and proximal crystallographic waters.
Electron density (maps mFo–DFc contoured at 3σ) of c ebsulphur and d
ebselen showing details of binding at Cys111
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nitrogen did not, possibly due to altered reactivity or steric hindrance in the dimer groove. Binding was conﬁrmed using denaturing mass spectrometry (MS) (Supplementary Fig. 2).
The 1.3 and 1.5 Å resolution structures of wild-type, zinc
metalated, disulphide intact SOD1 bound to ebsulphur and
ebselen, respectively, allowed for the unambiguous placement of
the compounds in the SOD1 dimer groove. They show the
formation of a selenylsulphide or mixed disulphide 2.0 Å covalent
bond, respectively, between ligand and Cys111 created by
nucleophilic attack of the free Cys111 sulphydryl at the
electrophilic Se–N and S–N centres contained within each
respective heterocycle. Electron density is evident for both ligands
except for a small part of one of the ebsulphur phenyl rings which
projects into the surrounding solvent. This indicates some
rotational freedom in this group (Fig. 1c and d). No ligand
conjugation was observed at Cys6 and the intramolecular
disulphide bond between Cys57 and Cys146 remains intact, as
does the conformation of loop VI (Supplementary Fig. 3a and b).
No large structural changes were seen between the amino acid
backbone or side chains of ligand-conjugated SOD1 compared to
unbound SOD1 crystallized under the same conditions (RMSD
0.24 Å, Supplementary Fig. 3c and d). Ebselen and ebsulphur
form tight interactions within the SOD1 dimer groove, and a
hydrogen bond is formed between the ligand carbonyl and a
highly coordinated water molecule situated, on average, 2.55 Å
away. Through this bond, the ligand is integrated into the water
network forming an indirect link to the Gly108 backbone amide
of one SOD1 monomer. This reﬂects the asymmetry of the ligand
binding to each monomer. Ebselen and ebsulphur appear to form
additional inter-dimer contacts through parallel stacking arrangement of their arylamine groups.
Ebselen and ebsulphur potentiate SOD1 dimer formation. The
propensity for mutant SOD1 to exist as a monomer is a key
contributory factor in the pathology of SOD1-ALS. Two of the
dimer interface mutants, A4V and I113T, including the most

common and severe mutant, A4V, have been shown to exhibit
signiﬁcant dimer destabilization28. Indeed, preventing dimer
dissociation has been shown to increase SOD1 thermal stability
and inhibit aggregation in vitro18,29. Native MS preserves noncovalent interactions and allows quantiﬁcation of tight homooligomer dissociation constants without reverting to chaotropic
unfolding as well as the ability to resolve differentially modiﬁed
protein species16,30. Native MS of the ligand-bound
SOD1 showed the typical native MS proﬁle of SOD1 where
monomer arises as +7 and +8 multiply charged ions, and the
dimer as +9 to +12 ions with the major component of dimer
signal being 10+ and 11+ charged ions (Supplementary Figure 4). We observed no change in the charge state distribution
with covalent attachment of ligands. After conﬁrming similar MS
proﬁles between unbound and ligand-bound SOD1, we determined the effect of ebselen and ebsulphur on the SOD1
monomer–dimer equilibrium by comparing the signal belonging
to dimer and monomer across a range of concentrations (Supplementary Fig. 5).
Wild-type zinc metalated, disulphide-intact SOD1 was found
to have a dimer dissociation constant (Kd) of 24±4 nM and the
strength of dimerization is increased slightly by the addition of
ebselen and ebsulphur (Fig. 2a). A4V SOD1, which leads to a
highly aggressive form of ALS, has a much-weakened dimer
interaction resulting in partial monomerization at low micromolar concentrations29. This is reﬂected in an increased dimer
Kd, 957±30 nM. However, ebselen and ebsulphur completely
restore dimer formation afﬁnity to a wild-type level, Kd 16±3 and
23±4 nM, respectively (Fig. 2a). A strengthening of the dimer
interaction is also observed for ALS mutants G93A and I149T
(Fig. 2a). The H46R/H48Q SOD1 artiﬁcial copper site mutant
displays caricature disease-related characteristics including a very
strong propensity to exist in the disulphide-reduced state and
weakened afﬁnity for zinc31 that leads to complete monomerization at micromolar concentrations (Supplementary Fig. 6). Even
in this extreme case, ebselen increases the strength of the dimer,
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Fig. 2 Conjugation of ebselen and ebsulphur to SOD1 variants increases the binding afﬁnity of the dimer. a SOD1 variants (wild-type, A4V, H46R/H48Q,
G93A and I149T) with ebselen (red), ebsulphur (blue) and without treatment (black) were buffer exchanged into 200 mM NH4OAc and subjected to
nanoESI mass spectrometry at different protein concentrations under gentle conditions optimized to maintain non-covalent interactions. Curves show the
percentage of monomer signal as a function of protein concentration with determined dimer Kd values inset for each SOD1 variant. Error bars represent the
standard deviation of three replicates. b The fold-increase in binding afﬁnity of each SOD1 variant when ebselen or ebsulphur is conjugated at Cys111 where
error bars represent the upper and lower Kd values calculated in a
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Ebselen promotes formation of the SOD1 disulphide bond. To
determine whether ebselen exerts a protective role against SOD1
in the cytosol, its effect on intracellular SOD1 maturation was
investigated in live human cells by in-cell NMR32,33. The pathway
leading to SOD1 maturation has been recently recapitulated
through in-cell NMR studies34,35. Beginning with monomeric,
disulphide-reduced apo-SOD1, zinc binding occurs spontaneously leading to the formation of reduced E,Zn-SOD1. Copper
binding and disulphide bond formation occur subsequently, upon
interaction with hCCS35,36. Disulphide-reduced E,Zn-SOD1
becomes a stable intermediate species in the cytosol if hCCS is not
present in sufﬁcient amount37. Ebselen does not change the
abundance of wild-type SOD1 and can be applied in the external
media to HEK293T cell culture at up to 200 μM without effecting
the cell viability (Supplementary Fig. 7). In human cells treated
with ebselen, intracellular E,Zn-SOD1 was fully oxidized, showing
that ebselen efﬁciently promotes the formation of the SOD1
intramolecular disulphide bond (between Cys57 and Cys146). In
contrast, >95% of the total E,Zn-SOD1 is found in the disulphidereduced state in untreated cells (Fig. 4a). This effect could be
reproduced in vitro by treating reduced E,Zn-SOD1 with one
equivalent per monomer of ebselen in an anaerobic environment
(Fig. 4b), indicating that a redox reaction occurs directly between
ebselen and the reduced Cys57 and Cys146 of SOD1. This
mechanism is consistent with the known thiol oxidase activity of
ebselen38 and would function through the formation of a transient selenylsulphide bond which is then rearranged by selenylthiol exchange to yield the SOD1 disulphide and free ebselen
selenol (2-hydroseleno-N-phenylbenzamide). Interestingly, the
ebselen selenol is a potent reducer of hydrogen peroxide and the
ultimate product of this reaction is ebselen39. Increased oxidative
stress could, therefore, promote ebselen recycling.
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Kd, 5.3±0.4 µM to 220±27 nM, with ebsulphur having a similar
but less pronounced effect (Fig. 2a). Overall, all SOD1 mutants
showed increased dimer formation afﬁnity, i.e. stabilization, as
monomerization is not favoured, when bound to ebselen than
ebsulphur, and A4V SOD1 beneﬁtted most with a 60-fold
increase in dimer afﬁnity (Fig. 2b).
The copper chaperone for SOD1, hCCS, is an important part of
the cellular machinery that prepares SOD1 for its role in oxidant
defence. Modiﬁcations to Cys111 that promote SOD1 thermal
stability have previously been shown to prevent heterodimer
formation between hCCS and SOD1, thus preventing hCCScatalyzed SOD1 copper acquisition and disulphide formation20.
In contrast to BMOE and cisplatin, and despite increasing the
dimer afﬁnity of SOD1, ebselen does not hinder complex
formation between SOD1 and hCCS; the heterodimer readily
forms under normal conditions (Fig. 3).

8.6
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Fig. 4 Ebselen efﬁciently oxidizes SOD1 in living cells. a Overlay of 1H-15N NMR spectra acquired on human cells expressing [U-15N] labelled wild-type E,
Zn-SOD1 in the absence (red) and in the presence (black) of ebselen in the external medium. b Overlay of 1H-15N NMR spectra acquired on puriﬁed,
disulphide-reduced [U-15N] labelled wild-type E,Zn-SOD1 before (blue) and after (magenta) treatment with 1 equivalent of ebselen. The positions of the
enlarged areas (bottom panels) in the whole spectra (top panels) are indicated as dotted lines. Signals affected by the formation of the C57–C146
disulphide bond are labelled in the bottom panels
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Fig. 5 Ebselen stabilizes ALS mutant SOD1 in living cells. a Overlay of 1H-15N NMR spectra acquired on human cells expressing [U-15N] labelled SOD1 ALS
mutants G93A (a) and A4V (b) in the absence (green/orange) and in the presence (black) of ebselen in the external medium. NMR signals clustered in
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samples treated with ebselen relative to the corresponding untreated samples; error bars represent s.d. (n = 3); * indicates signiﬁcant differences (ratio ttest, p < 0.05)

Ebselen was not found to stably bind Cys111 of either
disulphide-oxidized or -reduced SOD1 within the cytosol
(Supplementary Figs. 8a and b) likely due to the reduction of
the selenylsulphide bond by glutathione, free cysteine or other
cellular thiols. This was veriﬁed in vitro; treatment of
ebselen–SOD1 with thiols at low concentrations (1 mM glutathione or dithiothreitol) at neutral pH resulted in the complete
loss of conjugation (Supplementary Fig. 8c).
Ebselen stabilizes mutant SOD1 in living cells. Several ALSlinked SOD1 mutants fail to bind zinc in the human cytosol, and
accumulate as unstructured species that may act as precursors in
the pathogenic aggregation of SOD18,9. Given that the intramolecular disulphide bond is known to increase the structural stability of wild-type and mutant SOD1, we reasoned that the
oxidizing effect of ebselen could stabilize intracellular SOD1
mutants. Indeed, treatment with ebselen caused the oxidation of
ALS-linked SOD1 mutants G93A and A4V in human living cells,
and efﬁciently stabilized both proteins. This striking effect is
evident when comparing the NMR spectra of treated and
untreated cells (Fig. 5a, b). In cells treated with ebselen, disulphide intact E,Zn-SOD1 is detected at levels comparable to
those of wild-type SOD1, whereas in untreated cells the SOD1
mutants are either largely accumulated as unfolded species
(G93A, see Fig. 5a) or barely detected (A4V, possibly due to
degradation, see Fig. 5b). This stabilizing effect was further conﬁrmed by western blot analysis of cell lysates, where the expression level of SOD1 mutants was markedly increased upon
treatment with ebselen (Fig. 5c). The effect of ebselen treatment
on SOD1 aggregates could not be investigated, as the formation of
SOD1 aggregates is negligible under the experimental conditions
used in this study (Supplementary Fig. 9). Overall, these data
indicate that the action of ebselen in stabilizing intracellular
SOD1 occurs through a selenol–thiol exchange mechanism
similar to that deployed by hCCS. The two modes of action
targeting disulphide-intact and disulphide-reduced SOD1 (Fig. 6)
are, however, not mutually exclusive and both could be exploited
in future drug developments against ALS.
Discussion
ALS-related SOD1 mutations are distributed throughout the
molecule’s structure with two exceptions: the disulphide sub-loop
and the β-strand 3. The stability of the dimeric structure is a key
NATURE COMMUNICATIONS | (2018)9:1693

factor that determines the pathogenicity of the ALS SOD1
mutants with the interface mutants A4V and I113T causing some
of the most aggressive forms of the disease. Dimerization, disulphide bond formation and metal ion acquisition are the canonical SOD1 PTM steps en route to forming a stable and active
enzyme5–7. Each PTM contributes to both stability and activity.
This appears to extend to the bronchial inﬂammation disease
asthma, where the wild-type SOD1 disulphide is reduced as a
result of an imbalanced oxidized/reduced glutathione ratio.
Ultimately, disulphide-reduced, metal-free SOD1 accumulates in
amorphous and ﬁbrillar aggregates in the cytoplasm and mitochondria of neurons and astroglia of ALS patients and mutant
SOD1 transgenic mice10,11,40. The afﬁnity of mutant SOD1 for
metals is inherently difﬁcult to directly inﬂuence. Folding, disulphide bonding and dimerization are, however, open to therapeutic manipulation. Here we have shown that ebselen has
astonishing capacities for correcting several aspects of aberrant
mutant SOD1 maturation with implications for the treatment of
ALS and asthma.
We have quantiﬁed the dimer dissociation constants of wildtype SOD1, and several disease-related mutants, in nondenaturing conditions using native MS. While A4V and the
artiﬁcial copper site mutant H46R/H48Q have a 40-fold and 220fold reduction in their ability to form a dimer, respectively, G93A
and I149T have wild-type-like dimer interactions. This highlights
the likelihood that SOD1 monomerization acts in concert with
reduced copper or zinc afﬁnity, thermal instability, disulphide
reduction and local or global unfolding as the toxic cue. Using a
combination of protein crystallography and native MS, we have
determined both the binding site and pose of two novel ligands,
directly quantifying their effect on SOD1 dimerization and predicting their mode of action. We conclude that ebselen binding to
Cys111 restores the dimer formation afﬁnity of A4V SOD1 to
that of the wild-type. The effect is mediated by π–π stacking
between ebselen or ebsulphur aromatic rings and increases the
dimer binding energy by exclusion of water. SOD1 dimer formation afﬁnity is increased by both ebselen and ebsulphur
binding irrespective of the SOD1 variant involved; π–π stacking is
often used as a mechanism by which to structurally stabilize and
dictate the structure of proteins, nucleic acids and their complexes. However, we are not aware of a system in which ligand
binding extends an interface surface, thereby increasing the
strength of oligomerization. Aromatic stacking is observed in the
consecutive nitrogenous bases of DNA. This effect provides
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folding, zinc binding and dimerization. 4. Further modiﬁcation of Cys111 by ebselen prevents monomerization by ALS mutations, thus maintaining stable,
active, fully metalated, homodimeric SOD1

roughly 1 kcal/mol of free energy per base and encourages
adoption of a helical structure but allows strand separation and
unwinding during replication and transcription. We believe a
similar, relatively small contribution is exerted by ebselen and
ebsulphur at the SOD1 dimer interface, thereby promoting
homodimerization but also allowing heterodimerization when
presented with hCCS.
As is the case for cisplatin and bis-maleimide derivatives,
ebselen and ebsulphur are promiscuous thiol oxidases and form
conjugates with a variety of proteins. However, the reaction with
the target cysteine is reversible and likely to be stripped by cellular
reductants such as glutathione. Indeed, our in-cell and in vitro
NMR observations show that ebselen is not stably bound to
Cys111 in the reducing environment of the cytosol. Nevertheless,
such reversible conjugation constitutes a novel means to modulate the behaviour of SOD1 associated with ALS, and may
become useful if the target is in less thiol-reducing environments
at the point of intervention, such as the mitochondrial intermembrane space or the extracellular matrix. In the former, ﬁnetuning of glutaredoxin activity41 allows for a high frequency of
disulphide bonding to occur and several instances of selenylsulphide bonding42. In the latter, the lower glutathione concentration (micromolar rather than millimolar) and oxidizing redox
potential43 makes disulphide bonding more favourable and would
encourage the formation of the Cys111–ebselen or ebsulphur
conjugate. SOD1 mitochondrial pathology25 and extracellular
transmission of misfolded SOD144 are important aspects of ALS
pathogenesis and spread of the disease throughout the motor
system. Inhibiting these effects by stabilization of SOD1 is
therefore a good candidate for slowing the disease course and has
been shown effective for ebselen and other small molecules25,45.
Moreover, ebselen and ebsulphur are more amenable scaffolds
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from which to grow into the SOD1 dimer groove and engineer
speciﬁcity than cisplatin or BMOE, whose mode of action is
unclear or require covalent dimer tethering respectively.
In recent years, the toxicity of large, insoluble SOD1 aggregates
has been questioned. Monomers which are unable to bind zinc,
fold and dimerize or small oligomers with non-native interface
regions are now thought to be the origin of SOD1 toxicity. In
most cases, these inherently unstable species are cleared by the
cellular degradation machinery leading to a reduction in the
abundance and activity of mutant SOD1. Reduction in the
amount of erythrocyte SOD1 is in fact strongly associated with
ALS mutations46–48. However, a fraction of the mutant SOD1
does not undergo controlled degradation. Instead, it sequesters
and inhibits the proteasome and chaperone-mediated folding
pathways. Ultimately these species go on to form large insoluble
aggregates but the damage has already been done and cell death
ensues. While ebselen does not appear to form a stable covalent
bond with SOD1 Cys111 in the reducing environment of the
cytosol, it does very efﬁciently redirect the fate of these small toxic
species. We have shown, based on in-cell NMR characterization,
that ebselen restores the mutant SOD1 PTM pathway by promoting the formation of the intra-subunit disulphide bond. The
mode of action of ebselen in cells has three possibilities: (1) An
indirect effect on intracellular redox which promotes disulphide
formation. (2) Increased activity of the SOD1 disulphide conferring chaperone protein hCCS. (3) Direct redox reaction
between ebselen and SOD1 cysteines involved in the intrasubunit disulphide bond. While the ﬁrst two hypotheses cannot
be ruled out, we have shown the latter to occur spontaneously
in vitro, in the absence of additional thiol-containing molecules.
Therefore, ebselen likely reacts with one of the free Cys57 or
Cys146 sulphydryls on SOD1, forming a transient selenyl| DOI: 10.1038/s41467-018-04114-x | www.nature.com/naturecommunications
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sulphide which is then easily rearranged by selenyl-thiol exchange
to form the intra-subunit disulphide bond with the release of
ebselen selenol. Disulphide bond formation greatly enhances the
folding stability of mutant SOD1, an effect also observed for
prokaryotic Cu/ZnSOD49, and improves zinc binding afﬁnity.
Thus, the level of soluble mutant protein, which is constituted by
SOD1 not swiftly degraded or aggregated, is increased.
In summary, by strongly promoting SOD1 disulphide formation, ebselen facilitates correct folding and zinc acquisition of
mutant SOD1 in the cytosol, while in less reducing environments
it greatly enhances the SOD1 dimer afﬁnity (Fig. 6). Ebselen can,
therefore, be considered a true pharmacological chaperone for
SOD1. These positive effects are important milestones in SOD1ALS drug development. In addition, Ebselen is known to inhibit
inducible nitric oxide synthase, detoxify peroxynitrite and combat
glutamate-induced excitotoxicity50–52. This antioxidant behaviour, together with the pharmacological similarities with edaravone, indicate ebselen is likely to have positive secondary
pharmacology as well as the primary pharmacological chaperone
role investigated here. In addition, ebselen is well tolerated in
humans and can be formulated for oral administration. Several
other drug-like molecules have been shown to negatively affect
the interaction of SOD1 with hCCS20. For SOD1 to perform its
function it must be copper metalated and disulphide oxidized; a
function largely performed by hCCS which takes E,Zn-SOD1S−H
as a substrate and yields active and highly stable SOD1. While
cisplatin and BMOE inhibit or completely prevent the interaction
with hCCS, respectively, ebselen-bound SOD1 is free to heterodimerize with its protein chaperone in vitro despite the increased
dimer afﬁnity engendered by ebselen binding. If the reversibility
of ebselen binding can be ﬁne-tuned through rational structurally
informed design, the implication is that SOD1’s toxic characteristics could be modulated in vivo over long time-courses for the
treatment of ALS and asthma without damaging our response to
oxidative stress.
Methods
Expression and puriﬁcation of SOD1. Mutant SOD1-pET303C expression plasmids were generated by site-directed mutagenesis (SDM) using oligonucleotides
with sequences found in Supplementary Table 1. Recombinant wild-type and
mutant SOD1 were expressed in BL21 (DE3) Escherichia coli in LB media for 16 h
at 25 and 18 °C, respectively, followed by puriﬁcation on diethylaminoethyl cellulose17. Ebselen-bound SOD1 was produced by adding the compound from a
DMSO stock. Excess compound was removed by dialysis. H46R/H48Q SOD1 was
analyzed by size exclusion chromotography (SEC) as described previously20.
Disulphide-reduced E,Zn-SOD1 was obtained by adding 50 mM DTT to apoSOD1 in phosphate-buffered saline (PBS) and incubating for 40 min at 37 °C. DTT
was subsequently removed under anaerobic conditions and 1 equivalent of zinc was
added.
Crystallization and structure solution. Crystals of as-isolated Zn-bound SOD1
were produced using previously identiﬁed conditions with the protein preconjugated with the ligand. Crystals were frozen in 3.2 M (NH4)2SO4 as a cryoprotectant and data were collected on I02 at Diamond Light Source and Proxima1
at SOLEIL for ebsulphur and ebselen-bound SOD1, respectively. Diffraction images
were indexed and integrated using iMosﬂm53 and data were scaled using Aimless
in the CCP4 suite54. Rigid body reﬁnement was performed using unmodiﬁed wildtype SOD1 from the same crystal unit cell (PDB: 2V0A). Models were manually
reﬁned using Coot55 followed by cycles of restrained reﬁnement in Refmac556.
Restraints for both ebselen and ebsulphur were produced using JLigand57. Maps
were produced with Phenix using simulated annealing58. Crystallographic statistics
are shown in Table 1. The structures of ebselen- and ebsulphur-bound SOD1 are
deposited in the PDB with accession numbers 5O40 (10.2210/pdb5O40/pdb) and
5O3Y (10.2210/pdb5O3Y/pdb).
Native MS. Puriﬁed SOD1 samples with pre-conjugated ligand were buffer
exchanged to remove free ligand and diluted to 5 µM in 100 mM NH4OAc, 50%
acetonitrile and 2.5% formic acid. Samples were incubated for 30 min at room
temperature before being nano-electrosprayed. Spectra were externally calibrated
using a solution of caesium iodide (10 mg/mL) in 50% n-propanol and masses were
determined using Masslynx 4.1 software (Waters, UK).
NATURE COMMUNICATIONS | (2018)9:1693

Table 1 Crystallographic statistics for SOD1-bound ebselen
and ebsulphur structures

Data collection
Space group
Cell dimensions
a, b, c (Å)
α, β, γ (°)
Resolution (Å)
Rmerge
I/ σI
CC1/2 (%)
Completeness (%)
Redundancy
Reﬁnement
No. reﬂections
Rwork/Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.M.S. deviations
Bond lengths (Å)
Bond angles (°)
PDB code
aValues

wtSOD1-ebselen

wtSOD1-ebsulphur

P 21

P 21

38.10, 67.84, 51.04
90.00, 106.35, 90.00
49.01–1.50 (1.52–1.50)a
11.7 (59.4)
5.9 (1.5)
0.991 (0.494)
99.9 (99.5)
3.1 (3.1)

38.05, 67.96, 51.18
90.00, 106.73, 90.00
67.84–1.30 (1.33–1.30)a
6.4 (56.6)
7.1 (1.4)
0.991 (0.429)
98.8 (97.7)
3 (2.8)

39,891
16.05/21.24

60,537
14.53/18.10

2241
46
309

2274
46
311

12.35
10.32
29.27

15.45
15.47
35.38

0.013
1.607
5O40

0.015
1.683
5O3Y

in parentheses are for the highest-resolution shell

Native MS analysis was performed using a SYNAPT G1 HDMS (Waters, UK)
with parameters set according to previous work30. Brieﬂy, puriﬁed recombinant
SOD1 protein was buffer exchanged into 200 mM NH4OAc (pH 6.8) using
centrifugal concentrators with a 10-kDa molecular weight cut-off. Buffer
exchanged SOD1 was diluted to working concentrations in NH4OAc, loaded into
gold-coated borosilicate capillaries (made in-house), and subjected to nanoelectrospray ionization (n = 1 electrosprays for 3 separate dilutions). All spectra
were externally calibrated using 1 mg/mL caesium-iodide in 50% n-propanol
(Supplementary Fig. 10), and were processed using Masslynx 4.1 software.
Dissociation constant determination. Dissociation constants were determined
according to Rose et al59. All spectra were smoothed and processed using the same
parameters. Dimer dissociation can be simply deﬁned as a dimer (M2) dissociating
into monomers (M) with conservation of mass, meaning that a single dimer dissociates into two monomers:
M2 $ 2M:
Despite MS not being quantitative, the detected intensity of each species comprising a complex in equilibrium is dependent upon their relative concentrations in
solution. Therefore, by measuring the intensity of monomers and dimers across a
range of known protein concentrations, it is possible to determine the proportion
of monomers and dimers present in solution at a given concentration.
Brieﬂy, the intensity, as determined by the area under the peak, of all peaks
relating to SOD1 monomers (IM) and dimers (ID) were summed to give total signal
intensity (IT):
IM þ ID ¼ IT :

ð1Þ

The proportion of monomer signal (PM) was determined by dividing the intensity
of the monomeric species (IM) by the total signal intensity (IT):
IM
¼ PM :
IT

ð2Þ

The concentration of monomer at equilibrium ([M]eq) was determined by
multiplying the proportion of monomer signal (PM) by the total protein
concentration in micromolar ([P0]):
PM ´ ½P0  ¼ ½Meq :

ð3Þ
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The concentration of dimer at equilibrium ([D]eq) is deﬁned as


½P0   ½M eq
¼ ½Deq :
2

ð4Þ

Kd values were derived from the slope of a linear regression ﬁt of the plot of [D]eq
against [M]2eq (ﬁtting performed with Prism 5.0, GraphPad Software, Inc.)
(Supplementary Fig. 5). Data were only accepted if the line of best ﬁt gave leastsquares regression, R2 < 0.85.
Size-exclusion chromatography. We used the artiﬁcial disulphide knockout
SOD1 mutant C57A/C146A to assay heterodimer formation with hCCS. This
allowed us to bind ebselen to Cys111 only while maintaining the conditions
necessary for complexation; 25 μM SOD1 was incubated with 100 μM ebselen
dissolved in 100% DMSO for 3 h at 20 oC. hCCS was desalted into ligand-free,
nitrogen-purged buffer. The complex was formed with 250 pmol of both SOD1 and
hCCS and was observed as described previously20. Ebselen-free SOD1 was also
treated with DMSO.

Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 100 mM NaCl, 0.5% Nonidet P-40, and
centrifuged at 16,000×g for 30 min. The supernatant was collected as detergentsoluble fraction.
Data availability. Crystal structures are deposited in the Protein Data Bank under
accession numbers 5O40 and 5O3Y. Other relevant data are available from the
corresponding authors upon reasonable request.
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