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Solid-state NMR studies of metal-free SOD1 fibrillar structures
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Abstract Copper—zinc superoxide dismutase 1 (SODI1) is
present in the protein aggregates deposited in motor neu-
rons of amyotrophic lateral sclerosis (ALS) patients. ALS
is a neurodegenerative disease that can be either sporadic
(ca. 90 %) or familial (fALS). The most widely studied
forms of fALS are caused by mutations in the sequence of
SODI1. Ex mortuo SODI1 aggregates are usually found to be
amorphous. In vitro SODI, in its immature reduced and
apo state, forms fibrillar aggregates. Previous literature
data have suggested that a monomeric SODI1 construct,
lacking loops IV and VII, (apoSODAIV-VII), shares the
same fibrillization properties of apoSODI, both proteins
having the common structural feature of the central B-
barrel. In this work, we show that structural information
can be obtained at a site-specific level from solid-state
NMR. The residues that are sequentially assignable are
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found to be located at the putative nucleation site for
fibrillar species formation in apoSOD, as detected by other
experimental techniques.
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Introduction

Protein misfolding often leads to the formation, and sub-
sequent deposition, of insoluble protein aggregates.
Although in few cases such depositions may play a phys-
iological role [1], in the majority of cases they are asso-
ciated with neurodegenerative diseases [2, 3]. Among
these, amyotrophic lateral sclerosis (ALS) symptoms is a
fatal adult-onset neurodegenerative disease characterized
by the progressive dysfunction and loss of motor neurons.
More than 90 % of ALS incidences are of unknown cause
and are termed sporadic (SALS). The remaining ALS cases
show familial inheritance (fALS) and are caused by
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mutations in a number of genes in a dominant manner. The
most thoroughly studied forms of fALS are caused by
mutations in the gene encoding human copper-zinc
superoxide dismutase (SOD1), accounting for 10-15 % of
all fALS cases [4-6]. Intracellular proteinaceous deposi-
tions have been found in spinal cords from fALS-SODI1
patients and in model mice developing ALS [7-11]. Post-
mortem studies carried out on ALS patients’ motor neurons
showed the presence of amorphous Lewy body-like hyaline
inclusion bodies composed of 15- to 25-nm granule-coated
fibrils that are immunoreactive to SOD1 [12] while both
filamentous and amorphous aggregates constitute the
pathological inclusions in the transgenic mice.

It has been reported that even immature wild-type SOD1
(WT SODI1) aggregates [13, 14], though a number of
pathogenic mutations increases its propensity for insoluble
aggregation [15]. Insoluble aggregates are often associated
to mitochondria [16, 17].

SOD1 is a 32-kDa homodimeric enzyme which binds
one copper and one zinc ion per monomer and contains an
intrasubunit Cys57-Cys146 disulfide bond. These post-
translational modifications of SOD1 contribute greatly to
the stability of the enzyme. The fully mature, dimeric and
metallated protein (Cu,,Zn,-SOD1,55) is indeed one of the
most stable enzymes known, with a melting temperature of
around 90 °C [18-20] and no tendency to aggregate in
physiological conditions. Removal of the metal ions leads
to a dramatic loss of protein stability (the melting tem-
perature decreases to 52 °C and to the propensity to
aggregate [21-23].

Three possible mechanisms are usually considered when
analyzing apoSOD1 aggregation, namely

(a) oxidative cross-linking via inter-molecular cysteine
residues [24];

(b) assembly via the flexible loop bearing the zinc active
site [25, 26];

(c) reassembly of segments after rupturing of the central
B-barrel [27, 28].

The structural and dynamical characterization of the apo
state of SOD1 and some of its fALS mutants showed that in
solution apo SOD1 is highly disordered, sampling a large
range of conformations [29]. This explains why only the
disordered, locally unfolded, metal-free state is prone to
oligomerize under physiological conditions, whereas the
rigid structure of the metalated protein is unable to do it
[13]. The disulfide bond reduction of the demetallated
protein further destabilizes the protein and leads to the loss
of its quaternary structure [30-32] and the monomeric
species itself could constitute the seed for SOD1 aggre-
gation [23, 33]. Moreover, it has been shown that a small
amount of disulfide-reduced apo SODI1 is able to induce
the aggregation of more stable, disulfide-intact SODI1
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dimers [22]. Some of us previously investigated, using
solid-state NMR (SSNMR), the role of the flexible loops
bearing the metal-coordination site, finding evidence for an
increased beta-structure content of the loops IV and VII in
the “fibril ready state” of the apoprotein in solution with
respect to the apoprotein microcrystals [34].

Some of us have also recently reported that constructs of
the apo protein lacking the disulfide bond, the flexible
loops IV and VII, or both, share highly similar fibrillation
properties, concluding that as the central B-barrel is the
only common structural motif of the three constructs it
should therefore contain the aggregation core [35]. Studies
based on limited proteolysis also suggested that the fibrils
of SOD1 consist of a fibrillar core that is coated with
disordered, solvent-accessible protein stretches [36]. In the
present work, we report an atomic-level characterization of
SOD1 fibrillar aggregates by SSNMR with the goal of
understanding the nucleation site of the aggregation. No
attempts on high-resolution characterization of SODI
fibrils have been reported so far [36] while SSNMR has
been successfully applied over the years to the structural
characterization of protein fibrils, oligomeric species and
aggregates [37-53], as well as to the study of complex
protein—biomineral systems [54-57].

To avoid the contribution of the solvent-accessible
protein stretches to the spectrum, we selected a simpler
construct lacking the disulfide bond and the flexible loops
IV and VII [58], which maintains some aggregation prop-
erties as of WT apoSOD1 [35]. In this construct (apo-
SODAIV-VII), residues 49-81 (loop IV, connecting the
strands 4 and 5) and 124-139 (loop VII, connecting the
strands 7 and 8) were replaced with short Gly-Ala-Gly
tripeptide linkers. As a result of loop IV removal, a sig-
nificant portion of the dimer interface, including Phe-50
and Gly-51 as well as Cys-57 involved in the disulfide
bond with Cys-146, is disrupted, thus producing a mono-
meric apo protein. Further, the remaining free cysteines
were also removed by the mutations C6A/C111S/C146S.
In this way we simplified a system otherwise very chal-
lenging to study in its physiological state, which gives rise
mainly to amorphous form. This is consistent with the
observation that aggregates ex mortuo are usually found to
be amorphous material containing SOD1 protein together
with other proteins [12]. This study on a simplified system
could therefore capture the essence of the initial steps of
the pathological aggregation mechanism and could play a
key role in our understanding of such mechanism.

In this communication, for the first time we reveal some
structural features of complex SODI fibrils by taking
advantage of high-field high-resolution magic-angle spin-
ning (MAS) SSNMR and by partially alleviating spectral
overlap through a functionally simplified protein (apo-
SODAIV-VII).
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Materials and methods
NMR samples preparation

Plasmid of SODAIV-VII construct and WT SOD1 were
transformed into Escherichia coli Origami pLysS strain by
heat shock. The cells were grown in M9 minimal medium
supplemented with 100 pg/mL  carbenicillin, 1 g/L
'5(NH,),S04, and 3 g/L '*C¢ glucose at 37 °C. When OD
reached 0.7, the cultures were induced using 0.5 mM IPTG
over night at 25 °C. The next day cells were harvested by
centrifugation at 7,400 rpm in a Beckman Avanti J-20
centrifuge, JLA 8.1000 rotor, followed by resuspension of
the cells in 50 mM Tris—HCI, pH 7.5. All purification steps
were performed at +4 °C. Cell were lysed by ultrasoni-
cation and centrifuged at 15,000 rpm. The supernatant was
subjected to 50 % (NH4),SO,4 precipitation. After centri-
fugation at 18,000 rpm and additional (NH,4),SO, precip-
itation at 90 %, saturation SODAIV-VII was recovered
from the pellet after centrifugation at 18,000 rpm by
resuspension in 50 mM Tris—HCI, pH 7.5. Residual
(NH,4),SO, was removed by dialysis against 10 mM Tris—
HCI, pH 7.5 over night. Next, the supernatant was loaded
to a Q-Sepharose anion-exchange column (Amersham
Bioscience). The protein was eluted by a linear 0-1 M
NaCl gradient in 50 mM Tris—HCI, pH 7.5, and purity
analyzed using 15 % SDS PAGE. The fractions were col-
lected and dialyzed against milliQ H,O and centrifuged at
18,000 rpm and stored at —20 °C.

Some kind of stimulus is required to prompt the
aggregation of proteins [35]. One of these stimuli is
mechanical agitation, as achieved by stirring or shaking of
the sample [39, 53, 59, 60]. As far from physiology as this
may seem, such experiments are crucial to elucidate the
key steps of pathological aggregation.

SODAIV-VII fibrils were prepared as described by [35]
diluting freshly prepared '*C-'>N° SODAIV-VII at
200-230 pM concentration in 10 mM Bis-Tris, pH 6.2 up
to the final volume of 10 mL. The obtained solution was
incubated at 37 °C for 4 days with shaking at 1,200 rpm to
get well-matured fibrils.

WT SODI fibrils were obtained from freshly prepared
3C-'>N apo SODI at the concentration of 50 uM in
20 mM sodium phosphate, pH 7.4, 100 mM NaCl with the
addition of 1 M GdmHCI and 1 mM EDTA was incubated
at a final volume of 1 mL in 2-mL glass vials containing 3
Teflon balls and agitated at 950 rpm for 3—4 weeks. All
solutions were filtered through a 0.22-pum syringe filter
prior to use.

The fibrils were collected by ultracentrifugation at
60,000 rpm in 70Ti Beckman coulter rotor for 48 h at
4 °C. The pellet was washed with fresh, cold ultrapure
water (Millipore) 3 times (1 mL each time), and then

approximately 10 mg of wet material was packed into a
Bruker 3.2-mm zirconia rotor. The fibril samples were kept
fully hydrated during all steps.

All the SSNMR spectra were recorded on Bruker
Avance 850 and 700 MHz wide-bore instruments operating
at 20.0 and at 16.4 T, respectively. The effective sample
temperature was stabilized at 288 K for all solution and at
265 K at stator outlet for solid-state NMR experiments.
The MAS frequency was set to 14 kHz and a "H SWTPPM
decoupling of 75 kHz was applied in all the evolution
delays. Standard pulse sequences were used for the set of
SSNMR spectra (2D DARR [61], 2D NCA/NCO [62, 63],
3D NCACX/NCOCX [64]). The DARR spectra were
recorded with 2,048 direct point (spectral window
53.6 kHz/304 ppm) and 512 indirect points (spectral win-
dow 46.0 kHz/261 ppm). The mixing time and interscan
delay were 50 ms and 3.0 s. The heteronuclear NCA cor-
relation spectra were recorded with 176 scans, 1,536 points
in the direct dimension (spectral window 64.1 kHz/
300 ppm), 112 points in the indirect dimension (spectra
window 7.9 kHz/92.1 ppm) and 3.2 s recycling delay. The
3D NCACX spectrum was recorded with 48 scans, 1.5 k
points in the direct dimension (spectral window 64.1 kHz/
300 ppm), and 80 and 60 points for 13C and 15 N indirect
dimensions (13Co spectral window 14.0 kHz/65.5 ppm,
15 N spectra window 7.9 kHz/92.1 ppm). The 3D NCOCX
spectrum was recorded with 48 scans, 1,536 points in the
direct dimension (spectral window 64.1 kHz/300 ppm),
and 56 and 60 points for '>C and '°N indirect dimensions
(13Ca spectral window 7.0 kHz/32.7 ppm, "N spectra
window 7.9 kHz/92.1 ppm). The mixing time and inter-
scan delay were 40 ms and 2.7 s for both NCACX and
NCOCX experiments. The '>C and "N chemical shifts
were referenced as in previous works [39, 65]

The 2D 'H-'3C INEPT-HETCOR was recorded with a
refocused INEPT sequence with 224 scans, 2,048 points in
the direct dimension (spectral window 53.6 kHz/304 ppm)
and 112 points in the indirect dimension (7.9 kHz/
11.3 ppm). WALZ decouplig at 2.5 kHz was applied dur-
ing the 'C detection.

All spectra were processed with zero-filling of the direct
dimension to 4 k points and with a cosine apodization with
sine bell shift of 2. Along the indirect dimensions, the 2D
DARR spectra were zero-filled to 1 k points, the 2D NC
correlation spectra to 512 points and the 3D NCC spectra to
128 points.

Results
The first remarkable feature of the sample, from the

SSNMR-spectroscopic point of view, is that it contains
both a rigid and a mobile part: the signals of the '*C nuclei
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Fig. 1 Comparison of the 1D 'H-'3C CP spectrum (128 scans, blue)
and the 'H-'>C INEPT spectrum (1,024 scans, black) of the
SODAIV-VII fibrils sample, recorded at 700 MHz. The MAS
frequency was set to 14 kHz. For the CP spectrum a 'H SWTPPM
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Fig. 2 'H-'3C INEPT-HETCOR spectrum recorded on the SOD-
AIV-VII fibrils sample. NMR signals in the spectrum suggest the
presence of a mobile component in SODAIV-VII fibrils. The MAS
frequency was set to 14 kHz; 'H WALZ decoupling at 2.5 kHz was
applied

in the sample can be enhanced by cross-polarization (CP,
[66]) as expected for being located in a solid but, at the
same time, a different subset of signals can be observed in
the INEPT spectrum (Figs. 1, 2) [67].

The observation of INEPT signals from a solid sample is
possible only if there are free monomers in solution or if
some regions of the protein experience a substantial
mobility in the ns timescale. The number of peaks in the
INEPT spectrum (and also in the 2D 'H-'*C INEPT-
HETCOR) is however rather small, suggesting that they
originate from some residual mobility in an otherwise fully
formed fibril rather than from a mixture of fully immobi-
lized fibrils and free monomers. To prove that the signals
present in the INEPT spectrum result from the mobile
regions of fibrils rather than from free monomers, the same
INEPT spectrum has been acquired on the monomeric
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decoupling of 75 kHz was applied. For the INEPT spectrum, 'H
WALZ decoupling at 2.5 kHz was applied. NMR signals in the
INEPT spectrum suggest the presence of a mobile component in
SODAIV-VII fibrils

apoSODAIV-VII in solution. The latter displays a signifi-
cantly larger number of peaks as expected for a protein of
110 residues (Figure S1). This behavior indicates that,
despite the elimination of the loops, some regions of the
fibrils are quite flexible.

The characterization of the CP-responsive, solid-part
type was carried out with the usual toolbox of SSNMR.
There are several aspects of the SSNMR spectra that are
worth mentioning:

(a) the spectra show several more resonances than what
it could be expected for a protein of 110 residues, in
particular when some parts of the protein are mobile
and absent from CP-based spectra;

(b) many spectral regions are even more crowded and
less spread than those found in WT apoSOD1 protein
in microcrystals (Fig. 3); collectively, points a and b
indicate that the system is largely heterogeneous,
suggesting a polymorphic arrangement of the fibrils,
as it can be inferred also from previously reported
results [28]; it should be noticed that even so the
spectra obtained here are still of significantly better
quality than those recorded on the oligomers or
fibrils formed by full-length SODI1 protein.

(¢) We found that CNC-type 3D experiments, requiring
two double-CP steps, yield no signals. This may be
due to the fact that the effective sample is partially
compromised by the presence of multiple forms or
possibly indicates that the sample suffers from
dehydration.

(d) Some of the peaks are sequentially assignable or, at
least, residue-specifically assignable (Table S1 and
Figure SZ).l This indicates that, along with the

' The '3C and >N resonance assignments (code 19767) have been
deposited to the Biological Magnetic Resonance Data Bank (http://
www.bmrb.wisc.edu/).
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Fig. 3 Enlargement of the Alanine Ca—Cb region showing the lower
spreading of the signals in the fibrillar aggregates of apoSODAIV-VII
(red) with respect to the crystalline WT apo protein (blue)

heterogeneous component, a highly homogenous
component is also present and could represent the
fibrillar core. This resembles the recent report on a
large prion fibrillar assemblies on which chemical
shift assignment of the fibril core region can be
achieved while the overall 2D spectra resolution is
rather low [68]

We could identify and assign residue-specific spin sys-
tems for as many as 54 amino acids: out of these, we have
site-specifically assigned 30 residues (Figure S1), for
which it was possible to follow a sequential connectivity.
The other 24 residue-specifically assigned spin systems
were 9 Gly, 4 Thr/Ser, 4 Ala and 7 Asp/Asn.

The site-specifically assigned residues are located in 2
(residues 19-21 in the WT SOD1 numbering), B3 (33-36),
B4 (45) and B5 (88-89) strands, and in the loops connecting
B2-B3 (28-29), B3-P4 (37-40), B4—B5 (50-52), B5-P6
(92-95), B6-P7 (107-113). Of these, only the loop between
6 and PB7 sits in the intersubunit region of the dimeric wild-
type hSOD1 (Fig. 4). Chemical shifts of assigned residues
can be correlated to backbone dihedral angles, which, in turn,
are related to secondary structure elements (Fig. 5). The
latter are predicted to be mainly beta strands, with the
exception of scattered values for some residues located in the
loop between PS5 and B6 (LB5/6), which contains the first
Gly-Ala-Gly tripeptide linker, and some residues at the
C-terminus of LP6/7. The structural prediction reported in
Fig. 5 shows that some of the residues with beta properties
are found in loops LP2/3 and LB3/4. This occurs also in the
monomeric WT apo protein as well as in microcrystalline
samples of oxidized dimeric apo WT protein [34], in line

Fig. 4 a Mapping of the assigned residues onto the apoSODAIV-VII
X-ray structure (PDBID 4BCZ). b Solution structure of the wild-type
apo SOD1 (PDBID:3ECU)
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Fig. 5 Predicted backbone dihedral angles from PREDITOR [71] for
the assigned residues. The secondary structure elements of the
assigned residues as found in the apoSODAIV-VII X-ray structure
are shown at the rop

with the presence of a low-populated state with increased
order in these regions of loops as described in [69]. The
structural prediction for fibrils in loops LB3/4 and LB6/7
differs from the secondary structure propensity reported for
apoSODAIV-VII in solution [58] as the latter shows a
decreased beta tendency in both loop regions.

The structure of the mutant variant H43F, which lacks
the dynamic motions of the B4/B5 sheet, characteristic for
the WT protein could provide a clue to the structure of the
excited state: the structure of H43F shows more continuous
hydrogen bonding of the sheet than the distorted WT
apoSOD1 [70].
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Fig. 6 Comparison between the NCA spectra of the fibrils obtained
from the monomeric truncated mutant apoSODAIV-VII (red) and
those of the fibrils obtained from the WT apoSODI1 (blue)

Discussion and conclusions

SSNMR 2D spectra of apoSODAIV-VII fibrils are over-
crowded, with respect to the number of peaks expected for
a protein of 110 residues. This is not surprising, even in this
truncated variant of the protein, given that SOD1 fibrils are
known to be polymorphic [28]. The construct we are
characterizing contains two out of the three regions that are
found to be not accessible to limited proteolysis [28], as
well as the regions that were proposed to be the most
important for fibrillization [36]. The NCA SSNMR spec-
trum of the present fibril sample obtained from the trun-
cated apoSODAIV-VII is comparable to a subset of the
spectrum of the fibrils of the WT protein, although
obtained in different experimental conditions. The spec-
trum of the WT protein is however more complex and more
crowded (Fig. 6). We might therefore conclude that this
truncated monomeric construct is a reasonable proxy for
the final fibrillar species of the WT protein.

Despite the significant spectral crowding, we were able
to track the sequential connectivity through 30 residues and
have further identified 24 spin systems. It has been pro-
posed based on proteolysis and mass spectrometry data that
the fibrillation core in WT SOD1 and its mutants involves
residues 1-63 [36]. Even if it cannot be excluded that each
sequential connectivity may belong to different fibrillar
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states, as in the case of some AP polymorphs [39, 53, 72],
most of the residues assigned by SSNMR and therefore
present in an ordered conformation are present in the 1-63
stretch, thus confirming the observations reported in [36]
that these residues are comprised in the fibrillar core.

The differences between the secondary structure ele-
ments predicted in the present fibrillar and those observed in
the crystal structure of apoSODAIV-VII, and in solution for
the monomeric apoSODAIV-VII, indicate that B3, which is
located in the fibrillar nucleation site, is lengthened. Ana-
lysis of the urea dependence of the SODI fibrillation
kinetics [35] led to the suggestion that a globally unfolded
state might be the starting point for the fibrillation process,
rather than the low-populated excited state. As globally
unfolded SOD1 exposes several aggregation competent
segments, each of which compete with one another in the
fibril nucleation process, this precursor is expected to give
rise to heterogeneous fibrillar morphology, consistent with
the observations in this and previous studies. Such hetero-
geneity is further expected to be modulated by fluctuations
in secondary structure propensity and diffuse long-range
interactions in the denatured ensemble [70]. Coupled to the
variation of sequence segments recruited into the fibrillar
spine, there is also heterogeneity in the more flexible
sequence regions looping out from the fibrillar surface: the
results show clearly that only a fraction of the SODI1
backbone is fixed in the fibrillar structure whereas parts
seem to remain disordered (Fig. 2). Interestingly, this could
open up alternative therapeutic strategies—intervention
need not only be limited to targeting of the precursors or the
ordered fibrillar spine, but could also be achieved by tar-
geting of the more amenable, disordered sequence regions
decorating the fibrillar surface.
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