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Abstract: Demetalated superoxide dismutase (SOD1) is a transient species, fibrillogenic in nature and
of biomedical interest. It is a conformationally disordered protein difficult to characterize. We have
developed a strategy based on the NMR investigation of a crystalline species characterized by X-ray
crystallography and on the comparison of the solid-state-solution-state chemical shifts. The solid-
state assignment has been also helpful in assigning the solution spectra. The solution NMR spectra
presumably detect species that are the result of equilibria among multiple species. From the differences
in chemical shifts between the two forms, we learned that a �-sheet becomes conformationally labile
and two loops in the same sheet show propensity to take a � conformation. This strategy, which exploits
solution and solid-state NMR spectra in a synergistic way, thus provides information on the species
that are prone to oligomerize.

Introduction

Cu,Zn-superoxide dismutase (SOD1), a 32 kDa homodimeric
superoxide scavenger enzyme, is an indispensable member of
the cellular defense system against oxidative stress in the human
body. Each of its subunits in the mature form contains one zinc
ion, one copper ion, and a conserved intrasubunit disulfide bond
between Cys57 and Cys146. Human SOD1 contains also two
other cysteine residues (Cys6 and Cys111) per subunit, which
are apart from one another and are in the reduced state. The
copper ion is essential for the enzymatic dismutase activity,
while the zinc ion and the intrasubunit disulfide bond are crucial
for maintaining the structural stability of SOD1.1 SOD1 is a
nuclear encoded protein that mainly localizes in the cytoplasm,
but it is also present in the peroxisomes, in the mitochondrial
intermembrane space (about 10% of the total SOD1), and in
the nucleus of eukaryotic cells.2-4

SOD1 and in particular its demetalated form are believed to
be in some way linked to the familial form of amyotrophic
lateral sclerosis (fALS), a fatal motor neurodegenerative

disease.5-9 It gives rise to insoluble protein aggregates of
amyloid nature in ViVo under a number of conditions10-14 that
have not yet been fully elucidated, whereas in Vitro exposure
to air at physiological temperature and pH is enough for the
production of soluble oligomers with a molecular organization
of amyloid type.6,15 Therefore the characterization of the
demetalated SOD1 protein is relevant for understanding its mode
of aggregation.

NMR characterization and gel filtration experiments of the
apo state showed that the protein is monomeric when the
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intrasubunit disulfide bond is reduced.16-18 Moreover the
reduced apo monomeric form is in a molten globule state,8,19

and this property is considered necessary for SOD1 import in
the mitochondrial IMS.3 Oxidation of Cys57 and Cys146 leads
to dimer formation, in Vitro and possibly in the IMS.16 There
is a general belief that the apo form is the species that undergoes
protein oligomerization in Vitro.6,10,20-23 For this reason we
attempted its characterization by NMR in solution.19 The protein
was found to be highly mobile and disordered. Many NMR
signals are not detected due to conformational exchange
processes. The signal dispersion is poor, and no long-range
NOEs could be observed. Therefore only limited structural
information could be obtained. However, crystals of the apo
state of wild-type SOD1 (apo wtSOD1) were obtained at 288
K and showed a reasonably structured protein,19 similar to all
X-ray structures of various SOD1 forms.24-26 This was appar-
ently a consequence of the crystallization process that favors
one of the conformations among the many adopted by the apo
form in solution.19

Here we report a deeper characterization of the demetalated
species in solution through a strategy that combines solid-state
and solution NMR data. By assigning the solid-state NMR
spectra and analyzing the chemical shift differences with the
solution spectra (Figure 1), we were able to highlight the parts

of the sequence that are more prone tosand could therefore
initiatesfibril formation.

Materials and Methods

Protein Preparation. Uniformly [13C,15N]-labeled Cu,Zn wt-
SOD1 and Cu,Zn ASSOD1 were expressed and purified as
described before.19 In the latter construct two mutations were
introduced at free Cys6 and Cys111 (C6A and C111S). This is a
more thermostable form with respect to degradation, as previously
found in solution.27,28 The proteins were then demetalated following
published protocols.29 Samples of apo wtSOD1 in solution reached
around 0.6 mM protein concentration in 50 mM phosphate at
pH 7.

Microcrystals of apo wtSOD1 and apo ASSOD1 were obtained
by 3 weeks’ vapor diffusion at 288 K from 0.1 mM protein solutions
(0.1 M Mes, 30% PEG 3350, pH 6.0).

NMR Measurements and Analysis. All the solid-state NMR
spectra were recorded on a Bruker Avance 850 MHz wide-bore
instrument operating at 20.0 T (850 MHz 1H Larmor frequency,
214 MHz 13C Larmor frequency). Solution NMR 13C spectra were
acquired on a Bruker Avance 700 MHz spectrometer operating at
16.4 T (176.0 MHz 13C Larmor frequency) and equipped with a
1H and 13C cryoprobe. The effective sample temperature was
stabilized at 288 K for all solution and solid-state NMR experiments.
Standard sequences were used for the set of SSNMR spectra (2D
DARR, 2D NCA, 2D NCO, 3D NCACX, 3D NCOCX).30-32 The
details on the experiments and data processing are reported in the
Supporting Information (SI).

The TALOS+ program33 was used to predict the � or R
propensity of each residue using the CR, C�, C′, and N chemical
shift values of apo wtSOD1 both in solution and in microcrystals
and of the apo monomeric form of SOD (M2 ASSOD34) as input.

Results and Discussion

The solid-state NMR 13C-13C DARR (dipolar-assisted ro-
tational resonance) spectrum of apo wtSOD1 microcrystals
exhibits a large number of well-resolved cross-peaks (about
1500), although less than the number of peaks observed in the
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Figure 1. Schematic outline of the approach used in this work.
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analogous spectrum of the metalated form.35 The 13C assignment
of the signals of the solid-state spectrum of apo wtSOD1 was
carried out through recognition of spin systems and by directly
comparing the DARR spectral pattern with the available
aliphatic assignment on Cu,Zn ASSOD (AS stands for the more
thermostable double mutant C6A and C111S) microcrystals.35

Most cross-peaks in the DARR spectrum of apo wtSOD1 match
very well those of the Cu,Zn ASSOD spectrum, and this allowed
us to assign a large part of the cross-peaks present in the
aliphatic region. Furthermore, overlapping peaks in the DARR
spectrum, in particular the 13C′-aliphatic 13C signals, can be
resolved in 3D spectra, and therefore the DARR assignments
were refined, expanded, and sequentially validated by combining
NCA, NCO, NCACX, and NCOCX spectra. Moreover, the
higher spectral resolution of apo ASSOD microcrystals helped
us to further resolve several overlapped peaks in the spectra of
apo wtSOD1. The chemical shifts of the backbone 15N nuclei
were also obtained.

Through this analysis we were able to assign all the signals
present in the DARR spectrum. Around 83% of the backbone
nuclei (80% C′, 82% N, and 87% CR) and 82% of the non
aromatic side-chain 13C nuclei were assigned for apo wtSOD
in microcrystals (Table S1). The 15 residues that escaped
detection in the DARR spectrum are located in loops IV (63-64,
69-71, 79-80, 83), VI (111), and VII (129-131, 133, and 143)
and in strand �6 (120) (orange and blue regions in Figure 2). It
is to be noted that one dimer of the asymmetric unit of the X-ray
structure of the apo wtSOD1 shows clear breaks in the electron
density in the same loop regions.19 This can be due to static
disorder or residual conformational dynamics. Thus, even in
the crystal lattice environment, these portions of the protein
remain remarkably floppy at room temperature.

The spectral assignment in solution for apo wtSOD1, which
had already been largely available (72% for CR nuclei),19 was
here expanded by integrating the information from solid-state
13C-13C DARR and solution 13C-13C TOCSY spectra. Many

parts of these two spectra are indeed superimposable (Figure
3). By plotting the more extensive solid-state assignment onto
the 13C-13C TOCSY spectrum, the solution assignment was
expanded in the �-strands 5 and 7 and in the loop between
�-strands 6 and 7 (loop VI, residues 104-106). All the resolved
signals present in the solution spectra of apo wtSOD1 were
assigned. The assignment of CR nuclei in the apo wtSOD1 in
solution now reaches 77% (seven additional CR assigned). The
residues whose resonances are missing in solution are in loop
IV and in the second �-sheet, formed by strands �4, �5, �7,
and �8 (Figure 2). Many of the corresponding signals that are
observed in the solid state are in well-resolved regions of the
spectrum (Figure 3 insets), and therefore their undetectability
in solution indicates that they are either broadened or moved
into the crowded spectral region typical of unstructured residues.
The whole second �-sheet is well formed in the solid, but part
of it appears to be very conformationally disordered in solution.
The same structural features in solution, including a less
organized second �-sheet, have been observed also for the
monomeric apoSOD1 species obtained through mutations at the
subunit interface (M2 ASSOD1),34 which has solution NMR
spectra essentially superimposable to those of dimeric apo SOD1
except at the dimer interface and around the two point mutations
C6A and C111S. However, the sharper signals arising from the
halved molecular weight and the higher solubility produce higher
quality spectra than those of dimeric apo wtSOD1, permitting
the signals corresponding to the 62-83 (loop IV) stretch to be
visible and assigned in this species.34 All of them are in the
crowded region typical of unstructured residues,34 accounting
for their undetectability in the dimeric form.

When all available spectra of apo and metalated wtSOD1
are compared with one another,35-38 it appears that the apo
SOD1 forms in solution differ significantly from any other form
or state, including the apo wtSOD1 in microcrystals. In
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Figure 2. X-ray structure of apo wtSOD1 (PDB code 3ECU). The missing
residues of apo wtSOD1 are shown: green, only missing in solution spectra
(residues 44-46, 62, 65-68, 72-78, 81-82, 85-86, 118-119, 121-122);
blue, only missing in solid-state spectra (residues 111, 128-131,143);
orange, residues missing in both solution and solid-state spectra (residues
63-64, 69-71, 79-80, 83 and 120). Residues in apo wtSOD1 showing
chemical shift differences between solution and microcrystals are shown
as red spheres. The regions of the zinc and copper binding sites are
highlighted by blue and gold spheres, respectively. The labeling has been
reported only on one subunit of the SOD1 dimer for simplicity.

Figure 3. Overlay of the solid-state DARR spectrum (blue, 288 K) with
the solution 13C-13C TOCSY spectrum (red, 288 K) of apo wtSOD1. In
the inset two selected regions with residues visible only in the DARR
spectrum but not in the 13C-13C TOCSY spectrum are shown.
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particular, the spectra of the latter are much closer to those of
the metalated Cu,Zn SOD1 form (both in solution and in the
solid state) than to those of the solution apo forms.

The residues that experience the most significant changes in
chemical shift between the solution and the solid state of the
apo forms are located in loops IV (as seen from M2-ASSOD1)
and VII (as seen from both M2 ASSOD1 and wtSOD1) (Figure
2). In particular, the largest chemical shift differences are
observed for Asn65, Val81, and Gly82 and for residues
135-140 (red spheres in Figure 2). Val81 and Gly82 (loop IV)
are in between two of the zinc binding residues (His80 and
Asp83), while the stretch 135-140 (loop VII) is located in a
region close to the zinc binding site. Residue Asn 65 is spatially
close to Val81 and Gly82 (Figure 2).

The comparison between the chemical shifts of the flexible
species in solution and those of the microcrystalline state
highlights interesting features of the solution state. Indeed,
chemical shift differences, although they are qualitative in
nature, are sensitive reporters of local structural changes, which
can thus be revealed also for a state, such as the solution state,
characterized by conformational disorder. Thanks to the avail-
ability of the crystal state of both the 3D structure and the
chemical shifts, the latter can be compared with the solution
chemical shifts, thus obtaining information on which residues
may undergo changes in conformation on passing from the
crystal to the solution. It should be stressed that not the chemical
shifts, as such, but their differences for forms of the same protein
in different states are taken as indicators of conformational
changes.

The NMR behavior of apo SOD1 indicates that the lack of
metal ions together with the free environment of the solution
state relax the structure of the apo form, which may thus take
a conformation more prone to oligomerize. From the pattern of
chemical shift changes, the primary structural rearrangement
of the SOD1 �-barrel in the absence of metal ions toward an
aggregation-prone form points to an initial disrupting of loops
IV and VII.

Over 100 mutations in SOD1 have been linked to familial
amyotrophic lateral sclerosis (http://alsod.iop.kcl.ac.uk/index.

aspx). These mutations are predominantly single amino acid
substitutions, although deletions, insertions, and C-terminal
truncations also occur.7 Despite the extensive studies on ALS-
related mutants, a common link between them and SOD1
aggregation is not clear yet. Indeed, these mutations are spread
throughout the whole SOD1 sequence (with the exception of
strand �3) and have various types (e.g., protein stability, metal
affinity, net charge, and susceptibility to disulfide reduction)
and levels (more or less marked) of influence on the structure
and properties of SOD1.23,39-41 This makes it very difficult to
correlate the nature of the mutation with their potential effects
on the regions (loops IV and VII) that we have identified as
relevant for initiating SOD1 fibrillation. Moreover, the latter
regions do not carry a higher density of ALS-related mutations
than other protein regions.

A closer inspection of the chemical shift differences between
the solid-state and solution NMR spectra of apo SOD1 shows
that for several residues, most of which are in loops IV and
VII, the changes are so marked as to cause a change in the
Ramachandran region of the residue itself (Table 1), as predicted
by the TALOS+ program33 (while fewer residues change
Ramachandran region on passing from the metalated state to
the apo form in the solid state; see Table S2). Remarkably, in
the majority of such cases, the change from the solid state to
the solution state of the apo form involves a transition from the
A (or L) region to the B region. [The A,B notation rather than
R,� is used here because isolated residues in A or B regions do
not necessarily belong to R-helix or �-strand elements of
secondary structure.] This behavior indicates an increase in
�-propensity for several residues in the second half of loop IV
and at the beginning and at the end of loop VII on passing from
solid state to solution, which is also consistent with the
observation of an increase in the total amount of �-structures
as judged from CD spectra in solution compared to the �-content
of the X-ray structure of the apo form.6 Furthermore, residue
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Table 1. TALOS+ Predictions of the Ramachandran Regions Based on Chemical Shifts of CR, C′, and N Nuclei of apo wtSOD1 in
Microcrystals (ApoWTSOD1 SS), apo wtSOD1 in Solution (ApoWTSOD1 Sol), and apo M2 ASSOD in Solution (ApoM2ASSOD1 Sol)a

a Plus (+) indicates a change from A (or L) to B region on passing from apo wtSOD1 in microcrystals (bold) to apo wtSOD1 or apo M2 ASSOD in
solution, while minus (-) indicates a change from B to A (or L) region.
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145, which is in the middle of �-strand 8 but is anomalously in
the A region in the solid-state apo form, reverts to the B region
in solution. In a few cases the opposite change is observed;
that is, a few residues in the beginning of loop IV and in the
middle of loop VII show an increased R-propensity. The changes
are graphically summarized in Figure 4. The emerging picture
is that the loops connecting the �-strands 4-5 (loop IV) and
7-8 (loop VII), having a large tendency to be unstructured in
the apo state in solution, could be responsible for transiently
forming additional stretches of �-strands that may drive the fibril
formation process.

The availability of the chemical shift values of the apo form
in the solid state has been crucial for shedding light on the
possible initial steps of SOD1 fibrillation. In fact, the sizable
differences in chemical shifts between the metalated and apo
forms in solution, together with the absence of signals from
several residues in the apo state, could have suggested that the
apo state has an intrinsically different structure with a relatively

high disorder. However, the apo form in the solid state is very
similar to the metalated one, even in the absence of the
intramolecular disulfide bridge, which causes only local differ-
ences.17 Since crystallization of the apo form “traps” a structure
that is likely to be present in solution at a non-negligible amount,
we can conclude that the “metalated-like” structure of apo SOD1
exists in solution. Therefore, the observed NMR parameters for
the apo form in solution represent a dynamic average of this
form with another form (or forms) that is even more distant
from the “metalated-like” conformation than can be guessed
from the solution data. It would be reasonable to speculate that
the stretches of residues whose signals are missing in solution
are actually undergoing an equilibrium between the well-folded,
dimeric, “metalated-like” species and a species where a few
nascent �-strands may even begin to form the intermolecular
interactions that start the oligomerization process. Table 1
indicates that possible candidates are residues 62-83 and
121-141.

This information has a strategic relevance for understanding
the interactions and the mechanisms leading to SOD1 fibril
formation.
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Figure 4. Mapping of the residues showing propensity to change from
the A (or L) region of the Ramachandran plot to the B region (magenta)
and from the B region to the A (or L) region (blue) on passing from apo
solid state to apo solution state.
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