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Extreme diversity of 12 cations 
in folding ALS‑linked hSOD1 
unveils novel hSOD1‑dependent 
mechanisms for Fe2+/Cu2+‑induced 
cytotoxicity
Liangzhong Lim 1,2, Jian Kang 1,2 & Jianxing Song 1*

153-Residue copper-zinc superoxide dismutase 1 (hSOD1) is the first gene whose mutation was linked 
to FALS. To date, > 180 ALS-causing mutations have been identified within hSOD1, yet the underlying 
mechanism still remains mysterious. Mature hSOD1 is exceptionally stable constrained by a disulfide 
bridge to adopt a Greek-key β-barrel fold that accommodates copper/zinc cofactors. Conversely, 
nascent hSOD1 is unfolded and susceptible to aggregation and amyloid formation, requiring Zn2+ to 
initiate folding to a coexistence of folded and unfolded states. Recent studies demonstrate mutations 
that disrupt Zn2+-binding correlate with their ability to form toxic aggregates. Therefore, to decode 
the role of cations in hSOD1 folding provides not only mechanistic insights, but may bear therapeutic 
implications for hSOD1-linked ALS. Here by NMR, we visualized the effect of 12 cations: 8 essential 
for humans (Na+, K+, Ca2+, Zn2+, Mg2+, Mn2+, Cu2+, Fe2+), 3 mimicking zinc (Ni2+, Cd2+, Co2+), and 
environmentally abundant Al3+. Surprisingly, most cations, including Zn2+-mimics, showed negligible 
binding or induction for folding of nascent hSOD1. Cu2+ exhibited extensive binding to the unfolded 
state but led to severe aggregation. Unexpectedly, for the first time Fe2+ was deciphered to have 
Zn2+-like folding-inducing capacity. Zn2+ was unable to induce folding of H80S/D83S-hSOD1, while Fe2+ 
could. In contrast, Zn2+ could trigger folding of G93A-hSOD1, but Fe2+ failed. Notably, pre-existing Fe2+ 
disrupted the Zn2+-induced folding of G93A-hSOD1. Comparing with the ATP-induced folded state, 
our findings delineate that hSOD1 maturation requires: (1) intrinsic folding capacity encoded by the 
sequence; (2) specific Zn2+-coordination; (3) disulfide formation and Cu-load catalyzed by hCCS. This 
study unveils a previously-unknown interplay of cations in governing the initial folding of hSOD1, 
emphasizing the pivotal role of Zn2+ in hSOD1-related ALS and implying new hSOD1-dependent 
mechanisms for Cu2+/Fe2+-induced cytotoxicity, likely relevant to aging and other diseases.

Amyotrophic lateral sclerosis (ALS) is the most prominent adult motor-neuron disease, clinically characteristic of 
progressive motor-neuron loss in the spinal cord, brainstem, and motor cortex, which leads to paralysis and death 
within a few years of onset. ALS was first described in 1869, which affects approximately 1–2 per 100,000 people 
worldwide1–4. Most ALS cases are sporadic (90%) (SALS) whereas 10% are familial ALS (FALS). In 1993, CuZn-
superoxide dismutase (SOD1) was identified to be the first gene associated with FALS4, and its mutations cause 
the most prevalent form of FALS, accounting for ~ 20% of total FALS cases4–10. SOD1 is ubiquitously expressed 
in all tissues and is the most abundant protein in neurons comprising ∼1% of total protein. Currently, > 180 
mutations have been identified within the 153-residue human (hSOD1) that cause ALS by gain of toxicity (http://​
alsod.​iop.​kcl.​ac.​uk/)11. Interestingly, aggregation of wild-type (WT) hSOD1, without any mutations, has been also 
observed in SALS patients12–14. For example, misfolded wild-type SOD1 has been detected in the cerebrospinal 
fluid (CSF) of SALS cases. In particular, CSF samples containing misfolded SOD1 showed significant toxicity to 
motor neuron-like NSC-34 cells12. Consequently, the misfolding of wild-type SOD1 in CSF might be a common 
pathological process in ALS cases. Nevertheless, it still remains controversial whether WT-SOD1 can cause SALS 
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because the existing data could not completely exclude the possibility that misfolded SOD1 might represent a 
general consequence of aging and disease13, 15. So far, the molecular mechanisms underlying hSOD1-associated 
ALS still remain a mystery.

hSOD1 represents one of the most studied proteins not only for its physiological and pathological roles, but 
also for the fundamental principles of the enzymatic catalysis, protein folding and aggregation as well as the 
modulation by metalation4–9. The mature hSOD1 is a homodimeric enzyme of remarkably high stability and 
solubility, with each subunit folding into an eight-stranded Greek-key β-barrel stabilized by an intramolecular 
disulfide bridge Cys57-Cys146. Each subunit holds one copper and one zinc ions in close proximity. While 
zinc ion is coordinated by His63, His71, His80, and Asp83, copper ion is ligated by His46, His48, and His1204–9 
(Fig. 1A). Previous studies have established that nascent hSOD1 without metal cofactors and the disulfide bridge 
folds into the mature form through a very complex multi-step maturation process, whose detailed mechanism 
still remains to be completely elucidated. Nevertheless, it has been well recognized that the critical first step of the 
maturation is the initial folding of nascent hSOD1 specifically induced by Zn2+, which is followed by the forma-
tion of the disulfide bridge and incorporation of copper, both of which need the catalysis by copper chaperone 
for hSOD1 (CCS)16–19. In contrast to mature hSOD1 of very high solubility, the early folding species particularly 
nascent hSOD1 are disordered and have very high tendency of aggregation both in vivo and in vitro4–9, 17–21. 
Consequently, various super-stable hSOD1 mutants with four Cys residues differentially mutated to Ala or/and 
Ser have been extensively used for biophysical and NMR structural studies5–8, 22, 23, including the pseudo-WT 
C6A/C111S mutant whose NMR structure was determined at pH 5.022.

Previously, we have obtained atomic-resolution NMR evidence that L126Z-hSOD1, which has the C-terminal 
28 residues truncated and considerably elevated toxicity compared to those with site substitution, was highly 
disordered without any stable secondary and tertiary structures, as well as lacking of restricted ps-ns backbone 
motions24. We further found that nascent hSOD1 was also similarly disordered as L126Z-hSOD125, thus provid-
ing a biophysical rationale for the observation that WT-hSOD1 might be associated with SALS12–14. Furthermore, 
we found that while nascent WT-hSOD1 could bind Zn2+ to undergo the initial folding into the co-existence 
between the folded and unfolded states at 1:2025, L126Z-hSOD1 completely lost the ability to interact with Zn2+ 
to fold24. In the absence of Zn2+, nascent hSOD1 is also able to interact with membrane mimics including micelle 
and bicelle. Nevertheless, upon availability of Zn2+, nascent hSOD1 becomes co-existing between two states and 
no longer able to interact with membrane mimics, while L126Z-hSOD1 remains disordered and still interacting 
with membrane mimics24, 25. Remarkably, in vivo studies revealed that the ALS-causing mutants of hSOD1 did 

Figure 1.   ITC and NMR characterization of the Zn2+-induced folding of nascent hSOD1. (A) Schematic 
representation of the folding of nascent hSOD1 into the folded subunit. The folded hSOD1 is represented by the 
monomer of the dimeric crystal structure of hSOD1 (1PU0). Residues for binding zinc and copper are labeled. 
(B) (Upper) ITC profiles of the interactions of the unfolded hSOD1 state with Zn2+, and (Lower) integrated 
values for reaction heats with subtraction of the corresponding blank results normalized against the amount of 
ligand injected versus the molar ratio of hSOD1: Zn2+. (C) {1H}–15N heteronuclear steady-state NOE (hNOE) of 
nascent hSOD1 (blue) and Zn2+-induced folded state (purple).
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initiate ALS pathogenesis by becoming associated with the ER and mitochondria membranes26. Very recently, 
a biophysical study showed that the disruption of the ability of hSOD1 by ALS-causing mutations to bind Zn2+ 
is correlated to the acquired ability to become associated with mitochondria membrane to further form toxic 
aggregates27. These results together highlight the extreme criticality of the initial folding of nascent hSOD1 
induced by Zn2+, implying that the failure to achieve the initial folding may render WT-hSOD1 to become as 
toxic as the ALS-causing mutants, thus representing a convergent mechanism for the mutant hSOD1 to cause 
FALS and WT-hSOD1 to trigger SALS. On the other hand, accumulation of iron and copper within CNS has 
been extensively identified in ALS cases28–31. In particular, it has been revealed that in the SOD1-G93A mice, the 
breakdown of blood–spinal cord barrier (BSCB) in the early ALS disease phase led to accumulation of blood-
derived iron in the spinal cord, which initiates ALS by triggering early motor-neuron degeneration through 
iron-induced oxidant stress31. In this context, two questions of both fundamental and therapeutic importance 
arise: (1) in addition to Zn2+, are other cations also able to induce the initial folding of nascent hSOD1? (2) is 
hSOD1 involved in the manifestation of Fe2+-/Cu2+-induced cytotoxicity?

In this study, we aimed to address the two questions by NMR. Briefly we have selected and evaluated the 
effects of 12 inorganic cations (Fig. S1), which include 8 (Na+, K+, Ca2+, Zn2+, Mg2+, Mn2+, Cu2+, and Fe2+) essen-
tial for humans32, 3 (Ni2+, Cd2+ and Co2+) widely thought to have physicochemical properties very similar to 
Zn2+ and thus extensively used to mimic Zn2+ in structure determination5–8, as well as environmentally abundant 
Al3+. Surprisingly, most cations show no detectable ability to bind or to induce folding of nascent hSOD1 even 
up to a molar ratio of 1:40 (hSOD1:cation) beyond which the sample started to precipitate. Intriguingly, Cu2+, 
the catalytic cofactor of hSOD1, shows extensive binding to the unfolded state but triggers severe aggrega-
tion. Unexpectedly for the first time, Fe2+ has been identified to have the Zn2+-like capacity to induce folding. 
Subsequently, we further characterized the effect of Fe2+ on the Zn2+-binding-defective H80S/D83S-hSOD1 as 
well as ALS-causing G93A-hSOD1 mutants. Very surprisingly, H80S/D83S-hSOD1 no longer undergoes the 
Zn2+-induced folding as expected but can still be induced to fold by Fe2+. Conversely, Zn2+ retains its ability to 
initiate folding of G93A-hSOD1, whereas Fe2+ loses this capacity. Notably, the pre-existence of Fe2+ significantly 
disrupts the capacity of Zn2+ to induce the initial folding of G93A-hSOD1. These results together indicate that 
although the Zn2+- and Fe2+-binding pockets might be only overlapped, either binding is sufficient to induce 
folding of nascent hSOD1.

Recently, we discovered that ATP and triphosphate could induce the initial folding of nascent hSOD1, while 
ADP, Adenosine, pyrophosphate and phosphate, as well as TMAO had no detectable inducing activity33. By 
comparing with the ATP-induced folded state of hSOD1, the present results decipher that hSOD1 maturation 
at least requires: (1) intrinsic folding capacity encoded by the sequence; (2) additional information specifically 
provided by the Zn2+-coordination and; (3) disulfide formation and copper-load catalyzed by hCCS. Therefore, 
the study not only unveils the biophysical basis for the irreplaceable roles of Zn2+ in inducing the initial folding 
of nascent hSOD1 and thus in preventing ALS pathogenesis, but also uncovers new hSOD1-dependent mecha-
nisms for Cu2+-/Fe2+-induced cytotoxicity.

Results
NMR characterization of the effect of Zn2+ on nascent hSOD1 and its H80S/D83S mutant
Previously it has been shown that even in cells, four cysteines of WT hSOD1 could form intermolecular disulfide-
scrambled aggregates which might be associated with ALS34–36. Furthermore, even the pseudo-WT C6A/C111S 
mutant formed intermolecular disulfide-scrambled aggregates at pH above 5.0, and consequently its NMR struc-
ture was determined at pH 5.022. As such, in the current study, all biophysical experiments on WT hSOD1, 
which possesses all four cysteines, were carried out in a 1 mM acetate buffer at pH 4.5 in order to both minimize 
intermolecular disulfide-scrambled aggregation observed during the experiments and maximally manifest the 
effects of 12 titrated cations on the binding and folding of nascent hSOD1.

As shown in Fig. S2A, nascent hSOD1 with the wild-type sequence is highly unfolded, which has an HSQC 
spectrum with very narrow 1H and 15N spectral dispersions typical of a highly disordered protein. This observa-
tion aligns with the previous findings for WT-hSOD in cell18, 19, but is different from the results obtained in vitro 
with various super-stable hSOD1 mutants. In these mutants, four Cys residues (Cys 6, Cys 57, Cys 111, and Cys 
146) were differentially replaced to enhance stability and inhibit aggregation. For instance, the pseudo-WT 
mutant C6A/C111S was found to be partially folded even in the absence of Zn2+ ions and the disulfide bridge5–8, 

22, 23.
As monitored by isothermal titration calorimetry (ITC), the heat release was observed upon adding Zn2+ 

(Fig. 1B), indicating that Zn2+ could indeed interact with nascent hSOD1. However, as the heat changes are 
expected to result from at least two processes: namely binding of Zn2+ to hSOD1 and binding-induced folding, 
data fitting is not possible to obtain the thermodynamic parameters for the binding event. Consistent with ITC 
results, upon adding Zn2+, a folded population was formed as unambiguously indicated by the manifestation 
of a new set of well dispersed HSQC peaks (Fig. S2B). The formation of the folded state is largely saturated at 
a ratio of 1:20 (hSOD1: Zn2+) and even with further addition of Zn2+ up to 1:40 (hSOD1: Zn2+), the unfolded 
and folded states still coexist25, suggesting that Zn2+ alone is insufficient to completely convert the unfolded 
population into the folded state, consistent with the in-cell results that the complete formation of the mature 
WT-hSOD1 structure needs further disulfide formation and copper-load that is catalyzed by human copper 
chaperone for hSOD1 (hCCS)17–19. Remarkably, upon adding EDTA at an equal molar concentration of Zn2+, 
the well-dispersed peaks of the folded state became completely disappeared, confirming that the formation of 
the folded state is the Zn2+-induced effect25.

As shown in Fig. S2C, all residues of nascent hSOD1 have very small absolute values of (ΔCα–ΔCβ) chemical 
shifts, indicating the absence of any stable secondary structures37. By contrast, many residues of the Zn2+-induced 
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folded state have large and negative (ΔCα–ΔCβ) (Fig. S2C), which are highly similar to those of the Zn2+-induced 
state of the pseudo-WT hSOD1 C6A/C111S except for several residues close to the mutation sites (Fig. S2D). The 
results together suggest that in the presence of Zn2+, both nascent WT and pseudo-WT hSOD1 adopt the highly 
similar β-barrel structures (Fig. S2E). Nevertheless, upon induction by Zn2+, all population of the pseudo-WT 
hSOD1 became folded with a well-defined three-dimensional structure (Fig. S2E) as determined by NMR22, 
which is very similar to the crystal structure of the mature hSOD138. By contrast, WT-hSOD1 still has a co-
existence of the unfolded and folded populations in the presence of an excess amount of Zn2+.

We further obtained {1H}–15N heteronuclear steady-state NOE (hNOE) of the folded and unfolded states of 
hSOD1 in the presence of Zn2+ at 1:20 (hSOD1: Zn2+) (Fig. 1C), which reflects the backbone motion on ps-ns 
time scale33, 39–41. The residues of the unfolded state have small or even negative hNOE values with an average 
of − 0.11, indicating that the unfolded state undergoes largely unrestricted backbone motions on ps-ns time scale. 
By contrast, most residues of the folded state have positive hNOE values with an average of 0.61, while some 
are even higher than 0.8, implying that the folded state has highly restricted backbone motions on ps-ns time 
scale. However, the average hNOE value of the folded state is much smaller than that of a well-folded protein 
such as EphA4 receptor40, but similar to that of C71G-hPFN133 and the N-terminal domain of the ALS-causing 
TDP-4341, which also have co-existing unfolded and folded conformations. Here, we further collected 15N-edited 
HSQC-NOESY spectrum on the sample with the coexistence of the unfolded and folded states of hSOD1 but 
unlike the C71G-hPFN133 and N-terminal domain of TDP-4341, we found no NOE cross-peaks resulting from 
the exchange between two states, indicating that the time scale for the conformational exchange is slower than 
that for the C71G-hPFN1 (~ 12 Hz) and TDP-43 N-Domain (~ 14 Hz)33, 40–42.

We also generated the H80S/D83S-hSOD1 mutant, which was previously shown to have severely-abolished 
capacity in Zn2+-binding43. As shown in Fig. 2A, this mutant is also highly-disordered in the nascent form like the 
wild-type hSOD1, as evident by its poorly-dispersed HSQC spectrum with most peaks superimposable to those 
of the wild-type except for those of mutated residues and several residues close to the mutation sites in sequence. 

Figure 2.   NMR characterization of the interaction of the H80S/D83S-hSOD1 with Zn2+. (A) Superimposition 
of HSQC spectra of the WT nascent hSOD1 (red) and H80S/D83S mutant (blue). Residues with large 
differences for their HSQC peaks are labeled. (B) Up-field 1D NMR peaks characteristic of the folded form 
of H80S/D83S (0.0–0.6 ppm) induced by the presence of Zn2+ at different molar ratios. (C) Superimposition 
of HSQC spectra of H80S/D83S in the absence (blue) and in the presence of Zn2+ at a molar ratio of 1:40 
(red). Some well-dispersed peaks characteristic of the partially-folded form are indicated by blue arrows. (D) 
Superimposition of HSQC spectra of the WT hSOD1 in the presence of Zn2+ at a molar ratio of 1:20 (blue), and 
H80S/D83S in the presence of Zn2+ at a molar ratio of 1:40 (red).
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Indeed, upon addition of Zn2+ at a ratio of 1:10 (H80S/D83S:Zn2+), only very minor change was observed for 
the up-field 1D peaks (Fig. 2B) and the changes were mostly saturated at 1:30. However, even at a ratio of 1:40, 
the majority of well-dispersed HSQC peaks characteristic of the well-folded hSOD1 is not detected (Fig. 2C). 
Nevertheless, several relatively-dispersed HSQC peaks of the mutant in the presence of Zn2+ manifested and are 
mostly superimposable to those of the Zn2+-bound WT hSOD1 (Fig. 2D). The results together indicate that the 
mutations significantly reduce the zinc-binding capacity as previously shown43. Consequently, for this double 
mutant, even the excess supplement of Zn2+ could only trigger the formation of the partially-folded form, thus 
implying that the Zn2+-induced folding is not just due to non-specific electrostatic/salt effects, but results from 
highly specific interactions between Zn2+ and hSOD1 residues.

Copper extensively binds but triggers severe aggregation
We subsequently assessed whether copper, the catalytic cofactor of hSOD1, can bind and induce folding of nas-
cent hSOD1. Intriguingly, on the one hand, as shown in Fig. 3A, Cu2+ induced extensive shift and broadening 
of HSQC peaks of the unfolded state. On the other hand, however, unlike Zn2+ which was capable of inducing 
the manifestation of a complete set of well-dispersed HSQC peaks from the folded state, Cu2+ only induced the 
formation of a partially-folded state as indicated by the observations that only several well-dispersed HSQC 
peaks (Fig. 3A) and very up-field 1D peaks (Fig. 3B) manifest such as that of Trp32 side chain which are from the 
folded state. The fact that most well-dispersed HSQC peaks characteristic of the Zn2+-induced folded state were 
undetectable implies that a large region of the Cu2+-induced state is not well-folded, or/and undergoes μs-ms 
conformational exchanges. Interestingly, the Cu2+-induced effect was mostly saturated at 1:6 (hSOD1:Cu2+) as 
evidenced by the very up-field 1D spectra. The current NMR results are generally consistent with the very recent 
report that unlike Zn2+, Cu2+ has no ability to prevent nascent hSOD1 from interacting with membrane to form 
toxic aggregates23, implying that Cu2+ has no strong capacity to induce the initial folding of nascent hSOD1, 
which is required for abolishing the membrane-interacting ability.

We also observed that even upon immediate addition of Cu2+, hSOD1 appeared to undergo μs-ms conforma-
tional exchanges or/and dynamic aggregation as evidenced by very broad 1D and HSQC peaks as compared with 
those in the presence of Zn2+ (Fig. 3A,B). Particularly after one hour, the NMR sample in the presence of Cu2+ 
started to form visible aggregates and consequently all NMR signals became disappeared. Consistent with this 
observation, addition of EDTA to the hSOD1 sample with freshly-added Cu2+ could result in the disappearance 
of very up-field 1D peaks and well-dispersed HSQC peaks, as well as the shifts of HSQC peaks, indicating that 
the observed effects are specifically induced by Cu2+. However, addition of EDTA to the Cu2+-added hSOD1 
sample which already had visible aggregates failed to solubilize the aggregates as well as to restore the disappeared 
HSQC peaks, implying that the aggregation is highly irreversible.

We managed to conduct ITC titrations of Cu2+ into nascent hSOD1 sample at a low protein concentration 
(5 μM) and the result indicated that Cu2+ indeed showed the binding (Fig. 3C). Intriguingly, we also added Cu2+ 
to the hSOD1 sample in the pre-existence of Zn2+ at 1:20, but unfortunately the sample got precipitated imme-
diately. In this context, the extensive binding of Cu2+ to the unfolded state, inability to induce the well-folded 
form, and strong induction of aggregation by Cu2+ may partly account for its high in vivo toxicity and also 
rationalize why the delivery and load of copper needs to be specifically implemented by hCCS to the pre-folded 
hSOD1 population16–19.

Figure 3.   Cu2+ extensively binds the unfolded hSOD1 ensemble. (A) Superimposition of HSQC spectra of 
hSOD1 in the absence (blue) and in the presence of Cu2+ at a molar ratio of 1:10 (red). The blue arrow is used for 
indicating the HSQC peak of Trp32 ring proton characteristic of the unfolded ensemble and red ones for some 
HSQC peaks characteristic of the partially-folded form. (B) The up-field 1D NMR peaks characteristic of the 
partially-folded hSOD1 (− 0.5 to 0.62 ppm) in the absence and in the presence of Cu2+ at different molar ratios. 
(C) (Upper) ITC profiles of the interactions of the unfolded hSOD1 state with Cu2+, and (Lower) integrated 
values for reaction heats with subtraction of the corresponding blank results normalized against the amount of 
ligand injected versus the molar ratio of hSOD1: Cu2+.
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Most cations show no capacity in binding and inducing folding
So, a question of fundamental and biological interest is whether metal cations other than Zn2+ and Cu2+ can also 
bind and induce folding of nascent hSOD1. Previously, other metal cations have been extensively demonstrated 
to be capable of substituting either zinc or/and copper ions in mature hSOD15–7 but it remains completely 
unknown whether they have the Zn2+-like capacity in triggering the folding of nascent hSOD1. To address this, 
we have further selected 10 other cations from the periodic table (Fig. S1), which include Na+, K+, Ca2+, Mg2+, 
Mn2+, Fe2+, Ni2+, Cd2+, Co2+ and Al3+ and subsequently conducted titrations into nascent hSOD1 with ratios of 
cation:hSOD1 reaching up to 1:40 (hSOD1: cation) under the exactly same protein concentration and solution 
conditions used for Zn2+ as monitored by NMR HSQC spectroscopy, which can detect the binding events at 
residue-specific resolution with affinities ranging from very high to very low events even with Kd of mM31, 44, 45.

Very unexpectedly, except for Fe2+, all cations triggered no considerable shift of HSQC peaks and no mani-
festation of very up-field 1D and well-dispersed HSQC peaks for nascent hSOD1, as exemplified by the results 
with Co2+, Ni2+, Cd2+, and Mn2+ which induce no large shift of HSQC peaks of nascent hSOD1 even with the 
ratio reaching up to 1:40 (hSOD1: cation) (Fig. 4), thus suggesting that these cations have no capacity to bind 
as well as to induce folding of nascent hSOD1. This is remarkably surprising because previously in various 
biophysical investigations and structure determinations, Ni2+, Cd2+ and Co2+ have been widely thought to have 
physicochemical properties very similar to Zn2+ and thus used to substitute Zn2+ in the mature hSOD15–7. The 
present results indicate that not all cations capable of binding to the mature hSOD1 can bind or induce fold-
ing of nascent hSOD1, thus strongly highlighting the irreplaceable role of Zn2+ in initiating the first step of the 
maturation: folding of nascent hSOD1. Indeed, previous folding studies have deciphered that zinc appears to 
uniquely modulate the entire folding free energy surface of hSOD146.

So, an intriguing question arises: why does the WT hSOD1 still retain equilibrium between the folded and 
unfolded forms even in the excess presence of Zn2+? Previous studies revealed a surprising fact that on the one 
hand, to achieve copper-load and disulfide formation catalyzed by hCCS, the hSOD1 needs to populate the 
folded form bound to Zn2+ to some degree. Otherwise, the efficacy of maturation was low, as exemplified by 
the mutants5–7, 46–48. On the other hand, the interaction between hCCS and folded hSOD1 cannot be too stable 
but has to be dynamic/transient. If the SOD1-hCCS complex is too stable, the efficiency of the hCCS-catalyzed 

Figure 4.   HSQC characterization of interactions of nascent hSOD1 with four cations. Superimposition of 
HSQC spectra of nascent hSOD1 (blue) and in the presence of Co2+, Ni2+, Cd2+, and Mn2+ respectively at a 
molar ratio of 1:40 (red).
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maturation will also be reduced or even abolished48. So, the request for dynamic/transient interactions between 
hSOD1 and hCCS appears to be elegantly fulfilled by the dynamic nature of the immature SOD1, which at least 
partly results from the co-existence of the unfolded and folded population in the presence of Zn2+.

Fe2+ induces folding of nascent hSOD1
Here by a systematic assessment, for the first time we found that most unexpectedly, Fe2+ owns the capacity in 
triggering folding of nascent hSOD1 into an equilibrium between the unfolded and Fe2+-induced folded states. 
So, we subsequently conducted a detailed NMR characterization to elucidate its conformational features. As seen 
in Fig. 5A, addition of Fe2+ triggered the manifestation of very up-field 1D and well-dispersed HSQC peaks char-
acteristic of the folded form and the increase in the folded population is mostly saturated at a molar ratio of 1:20 
(hSOD1: Fe2+). Figure 5B presents the superimposition of the HSQC spectra of the Fe2+- and Zn2+-bound hSOD1 
forms. Unfortunately, a detailed comparison of the intensities and chemical shifts of NMR peaks induced by Fe2+ 
and Zn2+ is impossible because Fe2+ has strong paramagnetic effects including effects of relaxation enhancement 
and pseudo-contact shift49, which also made the sequential assignment of the Fe2+-bound state impossible by 
NMR. However, ITC measurement also revealed that Fe2+ could indeed bind hSOD1 (Fig. 5C).

Nevertheless, based on the assignments of the Zn2+-bound form, many peaks from the Fe2+-bound hSOD1 
are highly superimposable to those of the Zn2+-induced state; while some have large differences. Interestingly, 
as shown in Fig. 5D, the peaks with significant differences are from the residues surrounding the Cu/Zn binding 
pocket, while the peaks without significant differences are from those located relatively far away from the Cu/
Zn binding pocket such as over the β-barrel. This observation strongly implies that: (1) the structures of hSOD1 
induced by Fe2+ and Zn2+ may be highly similar, especially in the β-barrel regions, and (2) the Fe2+ binding pocket 
significantly overlaps with the classic Cu/Zn binding pocket. Consequently, the residues close to Fe2+ showed large 
differences for their HSQC peaks due to the pseudo-contact shift effect49, or/and slightly-different conforma-
tions in the Fe2+-induced state. Moreover, the up-field and well-dispersed HSQC peaks also became completely 
disappeared upon adding EDTA, confirming that the formation of the folded hSOD1 is also Fe2+-induced effect.

We further conducted a competitive experiment between Zn2+ and Fe2+ by monitoring the changes of both 
up-field (Fig. 6A) and HSQC (Fig. 6B,C) peaks upon stepwise addition of Zn2+ into the hSOD1 sample in the 
pre-existence of 20 × Fe2+. As seen in Fig. 6A, with addition of 10× zinc, the zinc-specific peak in the 1D spec-
trum manifested. On the other hand, however, as shown in HSQC spectra (Fig. 6B), in the presence of 10× zinc, 
many HSQC peaks still remain highly similar to those of the Fe2+- induced state. Upon addition of 20× Zn2+, 
although many peaks become superimposable to those of Zn2+-bound form, there are still some peaks more 
superimposable to those of the Fe2+-induced state (Fig. 6C). This implies that Fe2+ and Zn2+ binding-sites might 
be only partly overlapped. Unfortunately, further addition of Zn2+ induced severe broadening of the NMR peaks 
and then visible aggregates of the sample, thus blocking further characterization. Nevertheless, the results of 
the competitive experiment strongly imply that the presence of Fe2+ at high concentrations can interfere in the 
Zn2+-induced formation of the well-folded hSOD1, which may reduce the efficiency of the maturation of WT 
hSOD1. Intriguingly, we also attempted to add Cu2+ into the hSOD sample in the pre-existence of 20× Fe2+. 
Unfortunately, even the addition of Cu2+ at 1:5 (hSOD1:Cu2+) induced severe aggregation of the sample and 
NMR signal became undetectable.

Characterization of the Zn2+‑ and Fe2+‑binding pockets with hSOD1 mutants
We further titrated the H80S/D83S-hSOD1 mutant with Fe2+ by monitoring the changes of up-field 1D (Fig. 7A) 
and HSQC (Fig. 7B) spectra. Very unexpectedly, although for this mutant, Zn2+ was unable to trigger the forma-
tion of the well-folded structure (Fig. 2), Fe2+ was still able to induce folding as evident from the manifestation 
of up-field peaks mostly saturated at a ratio of 1:20 (hSOD1:Fe2+) (Fig. 7A), as well as well-dispersed HSQC 
peaks (Fig. 7B), which are mostly superimposable to those of WT-hSOD1 (Fig. 7C). These results suggest that 
the Fe2+-induced structures are highly similar for both H80S/D83S mutant and wild-type hSOD1. Crucially, the 
results also reveal that the residues for binding Zn2+ and Fe2+ are not identical. Very strikingly, however, either 
Zn2+- or Fe2+-binding is sufficient to trigger folding of nascent hSOD1.

Fe2+ radically disrupts the Zn2+‑induced folding of G93A‑hSOD1
So far, > 180 ALS-causing mutations have been identified on the 153-residue hSOD1 but it still remains highly 
elusive for the mechanism by which these mutations cause ALS. To explore this, we generated the ALS-causing 
G93A-hSOD1 protein, which was also highly disordered like WT as judged by its poorly-dispersed HSQC 
spectrum (Fig. 8A). Interestingly, however, in addition to the residues such as Asp92, Val94 and Ala95 which 
are next to the mutation residue Gly93 in sequence, many residues such as Gln22, Glu24, Asp101 and Asp103 
far away from Gly93, also showed significant shifts for their HSQC peaks (Fig. 8A). This is very different from 
what observed on the double mutant H80S/D83S (Fig. 2a), implying that even in the unfolded ensemble, the 
ALS-causing mutation of G93A is able to trigger long-range perturbations on other residues.

Amazingly, although the G93A mutation is not located within the Zn2+/Cu2+ binding pocket, G93A-hSOD1 
lost the ability to undergo folding upon induction by Fe2+. Even in the presence of 80× Fe2+, no peaks charac-
terized by the folded form manifested over up-field region (Fig. 8B), and in its HSQC spectrum (Fig. 8C). On 
the other hand, the presence of Fe2+ led to significant shifts of some HSQC peaks of the unfolded state, most of 
which are from the residues close to the Cu/Zn binding pocket except for Ala4, Leu6, Ile113 and the mutation 
residue Ala93 (Fig. 8C,D), indicating that Fe2+ might bind these residues of the unfolded state but initiated no 
further folding. However, again due to the paramagnetic nature of Fe2+, it is impossible to correlated these shifts 
to the solvent exposure, or/and direct binding, or/and binding-induced conformational/dynamic changes of 
these residues in the unfolded ensemble of G93A-hSOD1.
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On the other hand, addition of Zn2+ was still able to trigger the formation of the folded state of G93A-hSOD1, 
as evident from the manifestation of up-field 1D (Fig. 9A) and well-dispersed HSQC peaks (Fig. 9B). However, 
as compared to the titration results of WT hSOD1 by Zn2+, two significant differences were observed (Fig. 9A). 
First, at the same ratio, the intensity of up-field peaks of G93A is much lower than that of WT SOD1. Second, the 
Zn2+-induced formation of the G93A folded state would not become saturated even up to 1:60. However, attempts 
to further add Zn2+ triggered severe aggregation of G93A-hSOD1, thus preventing from further characterization 
at higher ratios of Zn2+. Nevertheless, both differences imply that the G93A-hSOD1 has a considerably reduced 
capacity in forming the folded form even induced by Zn2+.

Figure 5.   Fe2+ has the Zn2+-like capacity in triggering the folding of nascent hSOD1. (A) Up-field 1D NMR 
peaks characteristic of the folded hSOD1 (− 0.5 to 0.62 ppm) in the absence and in the presence of Fe2+ at 
different molar ratios. (B) Superimposition of HSQC spectra of hSOD1 in the presence of Zn2+ (blue), and Fe2+ 
(red). The labels of the sequential assignments for some well-resolved HSQC peaks are in green if the peaks are 
largely superimposable but in pink if the peaks are largely shifted in both forms. (C) (Upper) ITC profiles of 
the interactions of the unfolded hSOD1 ensemble with Fe2+, and (Lower) integrated values for reaction heats 
with subtraction of the corresponding blank results normalized against the amount of ligand injected versus the 
molar ratio of hSOD1: Fe2+. (D) The monomer structure of hSOD1 (1PU0) with the residues displayed in pink 
spheres if their HSQC peaks showed large differences in the Zn2+- and Fe2+-forms, and colored in green if their 
HSQC peaks were superimposable.
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Human hSOD1 accounts for ~ 1% of the total proteins in neurons. If assuming that the cellular protein con-
centration is ~ 200 mg/ml, the hSOD1 concentration is ~ 2 mg/ml, or ~ 125 µM. It is well-established that under 
the physiological conditions, the cellular concentrations of free Fe2+ are extremely low as iron is bound to metal-
loproteins. However, it has been found that in the SOD1G93A mice, the breakdown of blood–spinal cord barrier 
(BSCB) could result in the availability of free Fe2+ in neurons up to 800 ng/mg protein, which is ~ 2.86 mM31. 
That means that free Fe2+ concentration is ~ 23 time higher than the SOD1 concentration in neurons. Therefore, 
here to mimic the in vivo situation, we evaluated the efficiency of Zn2+ in triggering the folding of G93A in the 
pre-existence of Fe2+ at ratios (G93A: Fe2+) of 1:10 and 1:25 respectively (Fig. 9C). Interestingly, even in the 
presence of only 10× Fe2+, the intensity of up-field peaks induced by adding 40× Zn2+ is much lower than that 
without Fe2+ (Fig. 9C). Most strikingly, in the pre-existence of 25× Fe2+, addition of 10× zinc is no longer able to 
induce up-field 1D (Fig. 9C), as well as well-dispersed HSQC peaks (Fig. 9D). Only upon addition of 40× zinc, 
the up-field peaks manifested to some degree, but however, those peaks are very weak and broad (Fig. 9C). 
Furthermore, visible aggregates were observed shortly in NMR tube and consequently, no high-quality HSQC 
spectrum could be acquired on this sample. Although the exact Zn2+ concentration in neurons remains to be 
defined, it was estimated that the Zn2+ concentration is only in the 10–30 μM range50, which is not even reaching 

Figure 6.   Fe2+ and Zn2+ have partly overlapped binding sites. (A) Up-field 1D NMR peaks (− 0.5 to 0.62 ppm) 
of hSOD1 in the presence of 20× Zn2+ (green), 20× Fe2+ (blue), addition of 10× Zn2+ into the sample in the 
pre-existence of 20× Fe2+ (black); and addition of 20 × Zn2+ into the sample in the pre-existence of 20× Fe2+ 
(red). (B) Superimposition of HSQC spectra of hSOD1 in the presence of 20× Zn2+ (blue), in the presence of 
20× Fe2+ (green), and in the presence of both 20× Fe2+ and 10× Zn2+ (red). (C) Superimposition of HSQC spectra 
of hSOD1 in the presence of 20× Zn2+ (blue), in the presence of 20× Fe2+ (green), and in the presence of both 
20× Fe2+ and 20× Zn2+ (red). Red arrows are used for indicating Fe2+-specific HSQC peaks while blue arrows for 
Zn2+-specific peaks.

Figure 7.   NMR characterization of the interaction of the H80S/D83S hSOD1 with Fe2+. (A) Up-field 1D NMR 
peaks characteristic of H80S/D83S hSOD1 (0.0–0.6 ppm) in the absence and in the presence of Fe2+ at different 
molar ratios. (B) Superimposition of HSQC spectra of H80S/D83S-hSOD1 in the absence (blue) and in the 
presence of Fe2+ at a molar ratio of 1:20 (red). (C) Superimposition of HSQC spectra of the WT hSOD1 (blue) 
and H80S/D83S-hSOD1 (red) in the presence of Fe2+ at a molar ratio of 1:20.
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a ratio of 1 to 1 with hSOD1. As such, upon the breakdown of the blood–spinal cord barrier, because of the 
binding of Fe2+ to the unfolded G93A-hSOD1 ensemble, the maturation of the G93A-hSOD1 is expected to be 
significantly retarded in the neurons, consistent with the in vivo observations5–8, 47.

Amyloid formation of hSOD1 under different conditions
Previously, WT hSOD1 has been shown to form amyloid fibrils51. Therefore, here, we assessed the amyloid 
formation of WT hSOD1 in the absence and in the presence of several cations at a 1:20 ratio (hSOD1:cation). 
We utilized the same methods previously used to characterize the TDP-43 prion-like domain52 and FUS RRM 
domain53 by monitoring ThT-binding induced fluorescence and conducting EM imaging during the 7-day incu-
bation (Fig. S3). Remarkably, the hSOD1 sample in the presence of Zn2+ remained transparent throughout 
the incubation and exhibited no detectable aggregation (II of Fig. S3A) or ThT-binding induced fluorescence 
(Fig. S3B). On the other hand, hSOD1 samples without any additional cation or with Mg2+ incapable of binding 
nascent hSOD1 aggregated as shown by EM imaging (I and III of Fig. S3A) as well as formed some amyloid-like 
fibrils, as evidenced by the increase of ThT-binding induced fluorescence (Fig. S3B). Notably, the hSOD1 sample 
with Cu2+ showed a large increase in ThT-binding induced fluorescence on day 3 (Fig. S3B) and amyloid fibrils 
were clearly visible by EM (IV of Fig. S3A). The hSOD1 sample with Fe2+ exhibited a substantial rise in ThT-
binding induced fluorescence only on day 5 (Fig. S3B) and also displayed amyloid fibrils under EM imaging, 
albeit not as distinctly as with Cu2+ (V of Fig. S3A). Taken together, the in vitro results here confirm that upon 
being highly unfolded, WT hSOD1 could indeed form amyloid fibrils50. Our results also further suggest that 
the amyloid formation of hSOD1 appears to be critically influenced by the presence of cations: Zn2+ inhibited 
it, while Cu2+ and Fe2+ enhanced it.

Figure 8.   G93A-hSOD1 loses the folding capacity upon induction by Fe2+. (A) Superimposition of HSQC 
spectra of WT (blue) and G96A-hSOD1 (red). Residues with large shifts for their HSQC peaks are labeled. (B) 
Up-field NMR peaks (− 0.5 to 0.64 ppm) of G93A-SOD in the absence (black) and in the presence of Fe2+ at 
a molar ratio of 1:80 (red). (C) Superimposition of HSQC spectra of G93A-hSOD1 in the absence (blue) and 
in the presence of Fe2+ at a molar ratio of 1:80 (red). Residues with significant shifts for their HSQC peaks are 
labeled. (D) The monomer structure of hSOD1 (1PU0) with the G93A-hSOD1 residues significantly perturbed 
by Fe2+ displayed in green spheres.
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Discussion
In the present study, by a systematic assessment of the effects of 12 cations, we have uncovered several previously-
unknown findings. Surprisingly, most of them lack the Zn2+-like ability to both bind and induce folding of nascent 
hSOD1. In particular, Ni2+, Cd2+ and Co2+, which have been widely believed to have physicochemical properties 
very similar to Zn2+ and thus utilized to substitute Zn2+ in mature hSOD1 for various biophysical and structural 
studies5–7, have no detectable ability to bind as well as to induce the initial folding of nascent hSOD1. Intrigu-
ingly, although Cu2+, the catalytic cofactor of hSOD1, shows extensive binding to the unfolded state of hSOD1, it 
only has weak capacity in inducing folding but owns a strong ability to trigger severe aggregation. Functionally, 
Zn2+ is not essential for the catalytic reaction but appears to critically stabilize the active conformation of the 
mature hSOD15–9. Here, our current results revealed a new role of Zn2+: to induce the initial folding of nascent 
hSOD1, which thus provides a potential mechanism for its capacity to switch the toxic nascent hSOD1 into the 
non-toxic folded state in cells54. Indeed, increasing evidence implies that abnormal zinc homeostasis is related 

Figure 9.   Fe2+ reduces the efficiency of the Zn2 + -induced folding of G93A-hSOD1. (A) Up-field 1D NMR 
peaks characteristic of the folded WT or G93A-hSOD1 (− 0.5 to 0.62 ppm) in the presence of Zn2+ at different 
molar ratios. (B) Superimposition of HSQC spectra of the WT hSOD1 in the presence of Zn2+ at a molar ration 
of 1:20 (blue), and G93A-hSOD1 in the presence of Zn2+ at a molar ration of 1:60 (red). Some residues with large 
shifts of their HSQC peaks are labeled (C) Up-field 1D NMR peaks characteristic of the folded G93A-hSOD1 
(− 0.5 to 0.62 ppm) with a pre-existence of 10× or 25× Fe2+, followed by addition of Zn2+ at different molar ratios. 
(D) Superimposition of HSQC spectra of G93A-hSOD1 in the presence of 10× Zn2+ without (blue) and with the 
pre-existence of 25× Fe2+ (red).
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to ALS pathogenesis and to increase the effective cellular concentration of Zn2+ such as by the dietary intake 
might offer an important therapy for ALS patients caused by hSOD155, 56.

Recently, we found that in addition to the positively-charged Zn2+, the negative-charged ATP and triphosphate 
could also induce folding of nascent hSOD1 at 1:8 (hSOD1:ATP). By contrast, ADP, Adenosine, pyrophosphate 
and phosphate, as well as trimethylamine N-oxide (TMAO), the best-known inducer generally for protein folding, 
showed no detectable inducing capacity at concentrations where aggregation occurred for hSOD133. Neverthe-
less, unlike the Zn2+-induced folded state, in the ATP-induced folded state, the loop regions around the Cu/
Zn-binding pockets remain largely unformed33. Therefore, Zn2+ appears to be selected by nature to serve as the 
cofactor of hSOD1 not just because it is a positively charged cation, but it specifically owns a unique integration 
of at least three abilities: (1) to coordinate the formation of the Zn2+-binding pocket and; (2) to induce folding 
of nascent hSOD1 as well as; (3) to occupy the pocket of mature hSOD1 to stabilize the conformation of key 
residues essential for enzymatic catalysis. In this context, while Ni2+, Cd2+ and Co2+ have the ability to bind the 
Zn2+-binding pocket in mature hSOD1, they lack the Zn2+-like capacity to induce folding of nascent hSOD1 
and to specifically coordinate the formation of the Zn2+-binding pocket. On the other hand, although Cu2+ can 
bind the pocket in mature hSOD1 to serve as a catalytic cofactor as well as extensively bind the unfolded state of 
nascent hSOD1, it has very weak capacity in inducing folding but exerts a strong adverse effect to trigger severe 
aggregation. These findings thus may rationalize the observation that the free Cu2+ ion is be highly toxic in cells 
and as such the human copper chaperone for hSOD1 (hCCS) is absolutely needed to carry and then load Cu2+ 
to hSOD116–19, 30.

We also decode that out of 10 other cations, only Fe2+ has the Zn2+-like capacity to induce folding of nascent 
hSOD1. In particular, the results with WT, H80S/D83S and G93A mutants of hSOD1 reveal that although the 
Zn2+- and Fe2+-binding pockets are not identical, either binding by Zn2+ or Fe2+ is sufficient to induce folding 
of nascent hSOD1. This finding immediately raises an interesting question whether the Fe2+-bound hSOD1 
exists or/and functions in any organisms. At present, there is an iron superoxide dismutase (FeSOD), which was 
first discovered in E. coli in 197355, 56, shortly after the discovery of CuZnSOD in 196957 and MnSOD in 197058. 
FeSOD has now been found in some bacteria, protists, mitochondria and chloroplasts but not in human. In fact, 
FeSOD is believed to be the first SOD to evolve due to the abundance of iron and low levels of oxygen in Earth’s 
primitive atmosphere. However, structurally FeSOD and MnSOD are almost identical, but fundamentally dif-
ferent from CuZnSOD59. As shown in Fig. S4, FeSOD60 and MnSOD61 have an identical two-domain structure 
rich in helices with Fe or Mn atom in the active site, while CuZn-SOD1 has a structure with a beta-barrel and a 
copper-zinc cluster in the active site.

To the best of our knowledge, so far, there has been no report on detecting any FeSOD with the CuZn-hSOD1 
structural fold in any organisms. This raises a question of evolutionary interest: why does nature engineer CuZn-
SOD1 which needs two cofactors and multiple steps to reach mature hSOD1 for functionality? In fact, to use 
Fe2+ as the SOD1 cofactor could potentially fulfill both requirements: to initiate folding of nascent hSOD1 and 
catalyze redox reactions in the mature enzyme. Remarkably, this question might be linked to the Great Oxida-
tion Event62–64, which occurred approximately 2.4 billion years ago. In this event, cyanobacteria radically altered 
Earth’s atmosphere through the production of molecular oxygen (O2) as a result of their photosynthetic activity. 
Previously, it has been suggested that, from an evolutionary perspective, the changes in the metal ions in different 
SOD enzymes are closely associated with the availability of metal ions on Earth9, 65, 66. More specifically, during the 
Great Oxidation Event, environmental changes caused by the gradual accumulation of O2 transformed abundant 
and soluble Fe2+ in the oceans into bio-unavailable iron ore. Simultaneously, it led to the release of soluble Cu2+ 
from copper sulfide ore65, 66. Consequently, organisms are believed to have adapted to combat superoxide by 
selecting specific metal ions available in their surroundings9. In this context, here we propose that the absence of 
Fe-SOD with the CuZn-SOD1 fold in organisms might also be due to the unavailability of Fe2+ in the environ-
ment after the Great Oxidation Event.

Oxidative stress, resulting from an imbalance between the production of free oxidative radicals and the abil-
ity of the cell to remove them, has been increasingly identified to cause various human diseases, particularly 
neurodegenerative diseases28–31. In this context, hSOD1 represents a central antioxidative enzyme while iron 
acts as a notorious accelerator. Iron is a double-edged sword: it is the most abundant “trace element” absolutely 
required for humans’ survival, but high levels of iron quickly lead to cell death. Under the normal conditions, iron 
is bound with metalloproteins and therefore the cellular concentration of free iron is very low. However, under 
the pathological conditions such as the breakdown of the blood-central nerve system characteristic of neurode-
generative diseases and aging, the concentration of the blood-derived iron can reach very high28–31, 67–76. Indeed, 
iron is accumulated in various neurodegenerative as well as other diseases but the underlying mechanisms for its 
toxicity still remain to be fully elucidated. Currently, iron is known to trigger oxidative stress mainly through its 
reactivity with peroxide, thus generating the highly reactive hydroxyl radical by Fenton chemistry67–73. Neverthe-
less, so far, there is no report to imply that iron might manifest its cellular toxicity by specifically targeting SOD1.

Here, the competition experiments of Fe2+ and Zn2+ reveal that the presence of Fe2+ at high concentrations 
radically reduces the efficiency of the Zn2+-induced folding of both WT and in particular ALS-causing G93A 
hSOD1. Previously, the failure or even reduced efficiency of the folding has been proposed as a common mecha-
nism for trapping the ALS-causing hSOD1 mutants in the highly-toxic species before the formation of the correct 
disulfide bridge, which are also prone to aggregation. Consequently, our finding implies a novel SOD1-dependent 
mechanism for the iron-induced production of oxidative stress by targeting the highly toxic mutants such as 
G93A, and even WT hSOD1 to disable its anti-oxidative functions. In light of numerous previous results, we pro-
pose here a mechanism by which Fe2+ targets hSOD1 to provoke oxidative stress as well as to create toxic hSOD1 
forms (Fig. 10). More specifically, nascent hSOD1 exists as the unfolded state (Fig. 10A). Only upon supplement 
of Zn2+, a conformational equilibrium is established in which the folded population is formed (Fig. 10B), thus 
ready for further interacting with hCCS (Fig. 10C) to reach the mature and active hSOD1 (Fig. 10D) with copper 
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loaded and the disulfide bridge formed capable of catalyzing the dismutation reaction (Fig. 10E). However, if in 
the presence of Fe2+ at high concentrations, even WT-hSOD1 may become the Fe2+-bound, which has an overall 
architecture similar to the Zn2+-bound (Fig. 10F,G), but unsuitable for further formation of the disulfide bridge 
and load of copper catalyzed by hCCS. As a consequence, the Fe2+-bound hSOD1 form without the disulfide 
bridge would ultimately acquire high toxicity as found with other ALS-causing mutants including G93A47 and 
H46R/H48Q48, by becoming aggregated to form the iron-containing hSOD1 inclusion (Fig. 10H) which has 
been extensively observed in ALS patients.

Specifically, for G93A-hSOD1 causing FALS (Fig. 10I), even without the excess presence of Fe2+, the efficiency 
of the Zn2+-induced maturation has been demonstrated to be significantly reduced as previously reported47 as 
well as observed here by NMR, likely owing to the reduced folding capacity induced by Zn2+ (Fig. 9A). This 
reduction is expected to provoke oxidative stress which may subsequently trigger the breakdown of blood–cen-
tral nerve system barrier as previously demonstrated on the SOD1G93A mice31, 72, 75. Upon the breakdown, the 
concentration of the blood-derived Fe2+ could become as high as ~ 25 times of the hSOD1 concentration. In 
this context, although Fe2+ is no longer able to trigger the folding of G93A-SOD1, it can still bind to a set of 
residues of the unfolded G93A-hSOD1 ensemble (Fig. 10J) to dramatically disrupt the Zn2+-induced folding, 
thus blocking the initial folding critical for the G93A-hSOD1 maturation (Fig. 10J). As such, in the presence 
of Fe2+ at high concentration, the immature and disordered G93A-hSOD1 becomes accumulated for forming 
the iron-containing inclusion as observed in vivo (Fig. 10H). The iron-induced failure of the G93A maturation 
is expected to aggravate oxidative stress, which might further prompt the breakdown of blood–central nerve 
system barrier as a positive feedback loop. This mechanism might resolves a long-standing paradox that on the 
one hand, many mature ALS-causing mutants such as G93A-hSOD1 have their mature structures and activity 
almost identical to those of the mature WT hSOD147, but on the other hand, in vivo they have been found to be 
highly toxic and aggregation-prone31, 68, 72.

Our study also raises some interesting issues to be explored in the future. For example, it remains to investigate 
whether the Fe2+-bound hSOD1, which is chemically similar to Cu+-bound SOD1, also acquires the activity to 
catalyze endogenous production of nitric oxide to induce apoptosis, as previously detected on the zinc-deficient 

Figure 10.   Speculative hSOD1-dependent mechanism by which Fe2+ provokes oxidative stress and traps both 
WT and ALS-causing mutant hSOD1 in the aggregation-prone and toxic forms.
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hSOD147, 48. Nevertheless, the residue-specific NMR results here unequivocally decipher that in addition to 
Fenton reaction (Fig. 10K), Fe2+ might be also able to manifest its toxicity through a novel SOD1-dependent 
mechanism, by which Fe2+ traps the mutant or even WT hSOD1 into highly toxic forms to provoke significant 
oxidative stress (Fig. 10L). Both are expected to contribute to pathogenesis of neurodegenerative diseases includ-
ing ALS as well as aging. This may partly rationalize the observation that under certain pathological conditions, 
WT hSOD1 is also able to acquire cellular toxicity to initiate ALS. Furthermore, as hSOD1 exists in all human 
tissues, the SOD1-dependent mechanism found here is expected to play general roles in triggering other diseases 
upon the bio-availability of free Fe2+ at high concentrations in cells. Our study also provides mechanistic sup-
ports to the therapeutic approaches to treat neurodegenerative diseases or to slow down aging by repairing the 
breakdown of the blood-central nerve system barrier76, or/and intaking iron-chelators by design from EDTA-like 
compounds or directly from antioxidant natural products such as flavonoids extensively existing in fruits and 
green tea, which can chelate and clean up Cu2+ and Fe2+77, 78.

Materials and methods
Chemicals and preparation of the recombinant hSOD1 proteins.
Chloride salts of 12 cations were all purchased from Sigma-Aldrich. The gene encoding the wild-type hSOD1 of 
the native sequence was purchased from Genscript with E. coli preferred codons24, 25. To remove the inference 
of extra residues, the gene was subsequently cloned into a modified vector pET28a without any tag25. H80S/
D83S and G93A mutants were generated by the use of QuikChange Site-Directed Mutagenesis Kit (Stratagene, 
La Jolla, CA, USA)33. Subsequently the expression vector was transformed into and overexpressed in Escherichia 
coli BL21 (DE3) cells (Novagen).

The recombinant WT and mutant hSOD1 proteins were all found in inclusion body. As a result, the pellets 
were first washed with buffers several times and then dissolved in a phosphate buffer (pH 8.5) containing 8 M 
urea and 100 mM dithiothreitol (DTT) to ensure complete conversion to Cys-SH. After 1 h, the solution was 
acidified by adding 10% acetic acid and subsequently purified by reverse-phase (RP) HPLC on a C4 column 
eluted by water-acetonitrile solvent system22, 23. The HPLC elution containing pure recombinant hSOD1 was 
lyophilized and stored at − 80 degree.

The generation of isotope-labeled proteins for NMR studies followed a similar procedure except that the 
bacteria were grown in M9 medium with the addition of (15NH4)2SO4 for 15N labeling22, 23, 31. The purity of the 
recombinant proteins was checked by SDS–PAGE gels and verified by a Voyager STR matrix-assisted laser desorp-
tion ionization time-of-flight-mass spectrometer (Applied Biosystems), as well as NMR assignments. The con-
centration of protein samples was determined by the UV spectroscopic method in the presence of 8M urea22, 23, 79.

By exhaustively screening solution conditions including pH, types and concentrations of salts, we have suc-
cessfully identified the optimized buffer to minimize the aggregation of nascent hSOD1 for high-resolution NMR 
studies: in 1 mM sodium acetate buffer at pH 4.5. This condition allowed the preparation of soluble and stable 
hSOD1 samples with a concentration up to 500 µM, which is required to collect high-quality triple-resonance 
NMR spectra. As hSOD1 of the native sequence contains four cysteine residues, previously we found that they 
started to form intermolecular disulfide bridges even in the presence of 10 mM DTT once the solution pH was 
above 5.0, and consequently resulted in immediate precipitation24, 25. Indeed, even for the C6A/C111S mutant 
with a significant reduction of the potential to form intermolecular disulfide bridges, its NMR sample still needed 
to be prepared at pH 5.022. Here the low buffer-salt concentration (1 mM) was selected also to minimize the 
potential interference from the buffer cation (Na+) during titrations of 12 cations. Chloride salts of 12 cations 
were also dissolved in the same buffer with the final pH value adjusted to 4.5 by very diluted NaOH or HCl.

ITC experiments
Isothermal titration calorimetry (ITC) experiments were performed using a Microcal VP isothermal titration 
calorimetry machine as described previously38. The hSOD1 at a concentration of 5 µM was placed in a 1.8-ml 
sample cell, and each salt at a concentration of 6 mM were loaded into a 300-µl syringe. The samples were first 
degassed for 15 min to remove bubbles before the titrations were initiated. Control experiments with the same 
parameter settings were also performed for each inorganic salt without hSOD1, to subtract the effects because 
of sample dilution.

NMR experiments
All NMR experiments were acquired at 25 °C on an 800 MHz Bruker Avance spectrometer equipped with pulse 
field gradient units as described previously24, 25. To achieve sequential assignments, triple resonance NMR spec-
tra HN(CO)CACB and CBCA(CO)NH were collected on the 15N-/13C- double labeled hSOD1 samples while 
{1H}–15N heteronuclear steady-state NOE (hNOE) and HSQC-NOESY spectra were collected on the 15N-labeled 
samples. NMR 1H chemical shifts were referenced to external DSS at 0.0 ppm15, 16. NMR spectra were processed 
with NMR Pipe80 and analyzed with NMR View81.

For NMR titrations of 12 cations, 15N-labelled hSOD1 samples at a protein concentration of 50 μM in 1 mM 
sodium acetate-d3 buffer at pH 4.5 were used with stepwise additions of each cation at molar ratios of 1:0.5, 
1:1, 1:2, 1:4, 1:6, 1:8, 1:10, 1:12, 1:16, 1:20, 1:24, 1:30 and 1:40 as well as higher ratios for mutant hSOD1 or Fe2+.

Electron microscopy imaging and ThT‑binding induced fluorescence measurements
Incubation samples of the hSOD1 samples at 25 °C at a protein concentration of 20 μM in 1 mM acetate buffer at 
pH 4.5 were imaged at 3 and 7 days of the incubation in the absence and in the presence of different cations at 1:20 
by a TEM microscope (Jeol Jem 2010f. Hrtem, Japan) operating at an accelerating voltage of 200 kV52, 53. Briefly, 
for EM imaging, a 5 μl aliquot of the incubation or aggregate solutions was placed onto the Cu grids (coated 



15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:19868  | https://doi.org/10.1038/s41598-023-47338-8

www.nature.com/scientificreports/

with carbon film; 150 mesh; 3 mm in diameter) and negatively stained with 5 μl of 2% neutral, phosphotungstic 
acid (PTA). This aliquot was allowed to settle on Cu grid for 30 s before the excess fluid was drained away. The 
Cu grid was later air-dried for another 15 min before being imaged.

ThT-binding induced fluorescence was measured at 25 °C with a RF-5301 PC spectrophotometer (Shimadzu, 
Japan) as previously described52, 53 at different time points of the incubations at 25 °C. For Thioflavin-T (ThT) 
binding assay, a 2 mM ThT stock solution was prepared by dissolving ThT in milli-Q water and filtered through 
a 0.22 μm Millipore filter. The fresh working solution was prepared by diluting the stock solution into 1 mM 
acetate buffer (pH 4.5) to reach a final ThT concentration of 50 μM. A 10 μL aliquot of each incubation solution, 
or 10 μL aliquot of the incubation buffer (1 mM acetate buffer at pH 4.5) as the control, was mixed with 130 μL 
of the ThT working solution in the dark for 10 min. The fluorescence emission spectra were acquired for three 
repeats with the excitation wavelength at 442 nm and slit widths: excitation at 5 nm and emission at 10 nm53.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary 
information.
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