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Aberrant zinc binding to immature conformers of metal-free copper-
zinc superoxide dismutase triggers amorphous aggregation
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Superoxide dismutase 1 (SOD1) is a Cu/Zn metalloenzyme that aggregates in amyotrophic lateral sclerosis (ALS), a fatal
neurodegenerative disorder. Correct metal insertion during SOD1 biosynthesis is critical to prevent misfolding; however zZn?
can bind to the copper-site leading to an aberrantly metallated protein. These effects of Zn?* misligation on SOD1 aggregation
remain to be explored, even though Zn?* levels are upregulated in ALS motor neurons. Here we use complementary biophysical
methods to investigate Zn*" binding and its effects on the aggregation of three immature metal-free SOD1 conformers that
represent biogenesis intermediates: dimeric, monomeric and reduced monomeric SOD1. Using isothermal titration calorimetry
we determined that Zn®* binds to all conformers both at the zinc- as well as to the copper-site; however Zn* binding mechanisms
to the zinc-site have distinct characteristics across immature conformers. We show that this ‘zinc overload’ of immature SOD1
promotes intermolecular interactions, as evidenced by dynamic light scattering and ThT fluorescence kinetic studies. Analysis of
aged zinc-induced aggregates by energy-dispersive X-ray and electron energy-loss spectroscopy shows that aggregates integrate
some Zn*. In addition, electron diffraction analysis identifies nano-scaled crystalline materials and amyloid fibril-like
reflections. Transmission electron microscopy reveals that Zn®* diverts the SOD1 aggregation pathway from fibrils to amorphous
aggregate, and electrophoretic analysis evidences an increase in insoluble materials. Overall, we provide evidence that aberrant
zinc coordination to immature conformers broadens the population of SOD1 misfolded species at early aggregation stages and
provide evidence for a high structural polymorphism and heterogeneity of SOD1 aggregates.

Introduction central role in the regulation of SOD1 propensity to aggregate’.
Intracellular SOD1 maturation is suggested to proceed with the
initial coordination of Zn®" to the reduced monomer which
organizes the SOD1 connecting loops and allows the insertion of

s0 Cu?* via the CCS machinery and disulfide bond formation with
concomitant dimerization® 8 However, it was shown that
exposure of apo SOD1 immature conformers to labile Zn®*, in
vitro at physiological pH, generates a SOD1 conformer where
Zn*" is bound to the native zinc site but is also aberrantly bound

ssto the Cu site, forming a di-zinc protein (Zn,Zn-SOD1)%. In
contrast, an in cell NMR study showed that within the cytoplasm
environment, immature SOD1 selectivity coordinates zinc
exclusively to the zinc site’. In spite of this accurate insertion of
zinc, no metallo-chaperone protein that loads zinc into apo SOD1
s0 has yet been found. It is thus possible that neurologic or traumatic
injury conditions resulting in Zn?* upregulation ** compromise
the selectivity of SOD1 metallation. In fact, zinc dyshomeostasis
has emerged as an important player of pathological processes in
disease’®, including ALS®® and other neurodegenerative

e diseases™. Labile zinc levels are significantly elevated in the
brain and spinal cord of SOD1 transgenic ALS mice models™,
where zinc is found to co-accumulate with SOD1 clinical
mutants*® and to accelerate motor neuron death'’. However, a
possible role for this labile Zn®* pool in SOD1 misfolding

70 through aberrant coordination remains to be investigated. In order

Superoxide dismutase 1 (SOD1) is a Cu/Zn metalloenzyme!
implicated in the formation of proteinaceous toxic aggregates in
the affected motor neurons of familial and sporadic forms of
amyotrophic lateral sclerosis (ALS)2. SOD1 is a very stable
homodimeric metalloenzyme when fully assembled, but is rather
unstable and aggregation prone in the metal-free apoprotein form.
Each SOD1 subunit binds one Cu®* and Zn*" in a binuclear site.
SOD1 is a B-protein comprising a p-barrel flanked by two major
loops, the ‘electrostatic’ and “zinc’ loops that together shape the
active site pocket. Cu?" is directly coordinated to residues within
the two loops while Zn?* binds to the residues in zinc loop which
is linked to the B-barrel by an intra-subunit disulfide bridge®. In
the absence of coordinated Cu?* and Zn?" the B-barrel and the
dimer interface remain intact but the loops evidence increased
disorder’. These post-translation modifications significantly
affect SOD1 stability and propensity to aggregate which is a well-
known feature in ALS pathology. Point mutations in SOD1 can
aggravate this situation but since familial ALS are a minority of
cases, other mechanisms affecting normal SOD1 must underlie
the development of pathological aggregates®.

Mounting evidence suggests that immature conformers are likely
the key precursors of SOD1 aggregation events 5, whereas native
metallation, and in particular correct Zn?* coordination plays a

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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to better understand the mechanisms and possible consequences
of abnormal metallation we carried out a biophysical analysis of
Zn* binding to different immature metal-free SOD1 conformers,
as experimental models of species that are populated during
SOD1 biogenesis. Those conformers are plausible targets for
aberrant Zn?* coordination and are therefore good models to
establish a mechanistic framework to test binding and effects on
SOD1 aggregation.

Results and Discussion

Isothermal titration calorimetry analysis of Zn®" binding to
metal-free immature SOD1 conformers

In order to characterize Zn?* binding to apo SOD1 at different
stages of its maturation process, we have used isothermal titration
calorimetry (ITC) and three models: oxidized SOD1 dimer
(dSOD1%%), oxidized SOD1 monomer (mSOD1%5) and reduced
SOD1 monomer (mSOD1%M). The monomeric forms are
engineered variants in which interacting residues at the dimer
interface have been modified to prevent dimer assembly,
resulting in a SOD1 monomer with preserved fold but increased
dynamics™®. This study was done at pH 7.4 and at 37°C to mimic
conditions of the cell physiology.

dsoD1%®

The isothermogram of Zn?* binding to dSOD15 clearly shows at
least two overlapped binding processes (Fig. 1A). The first
transition saturating at a molar ratio of ~ 2 corresponds to Zn**
binding to each of the two zinc-sites in the homodimer, as it was
shown that at this stoichiometry Zn®" binds preferentially to the
zinc-site’® %°; the second transition saturating at a molar ratio of ~
4 indicates binding to two additional sites. We further titrated the
zinc-saturated sample with Cu®* at up to a molar ratio of
Cu?/SOD1 of 15 and did not observe additional binding
transitions (data not shown), suggesting that those sites were
occupied and that aberrant coordination of Zn?* to the copper-site

s prevents  subsequent Cu?* binding. This conclusion is in

agreement with a previous study on the metal-reconstitution of

S

o

apo SOD1 which showed that if an excess of labile Zn®" is
initially added to apoprotein at neutral pH (as we have done
here), this deflected Cu?* from binding to its native site?.

Our results could not however be described by any of the simple
interaction models of two sets of sites or sequential sites. Instead,
we employed a more complex model comprising multiple binding
sites as described in?. Although this fitting algorithm can model
systems with up to four overlapping binding processes, the best
fit to the dSOD1%° Zn* binding data corresponds to a model of
three sites (Fig. 1A). The computed parameters suggest that Zn*
binds to the two zinc-sites (Znl and Zn2) via dissimilar
mechanisms and affinities, while Zn*" binding to the two copper-
sites in the homodimer (Cul and Cu2) occurs through a parallel
mechanism with undistinguishable energetics (Table 1). All
binding events are enthalpically driven through favourable
intermolecular interactions.

It is noteworthy the large gap in affinity between the two Zinc-
sites in the homodimer. Indeed, binding of Zn?* to the SOD1
zinc-sites is intrinsically complex as evidenced by the previously
described negative cooperativity effects’, although the two zinc-
sites are structurally identical in the homodimer. Indeed, binding
of the first Zn®" per apoprotein homodimer was reported to have a
more profound effect on the protein structure than binding of the
second Zn?* ™ We also find evidence in support of the
previously proposed “subunit swapping” mechanism’®. The fact
that we calculate asymmetrical binding stoichiometries for
binding of Zn*" to the two zinc-binding sites (n=1.39+0.02 and
n2=0.214+0.04) can likely be inputted to that mechanism
according to which initial binding of one Zn*" to the apo
homodimer produces a one-zinc dimer which can then exchange
subunits with a second equivalent one-zinc dimer, resulting in a
two-zinc homodimer and one apo homodimer™. The consequence
of this postulate is that a higher number of Zn®" participate in the
binding to the first high affinity Zn binding site. In agreement,
when ITC titrations were performed at lower SOD1
concentrations, we observed a decrease in the stoichiometry of
the Zn1 site and an increase in that of Zn2 site (Fig S1, Table S1).

A Time (min) B Time (min) c Time (min)
0 50 100 150 200 250 300 350 0 50 100 150 200 250 0 50 100 150 200 250
T T T T T T T T r : . T T T T T T T T
0.004 0.00 0.004 ]
-0.20
-0.40 4 0.15 ] -0.204 i
o (8] Q
Q .0.60 - o ]
% 2 430 ] & 040 i
& 0.0 ] E §
-0.60 o 4
-1.004 -s X
dSOD15S 0.45 - mSOD153 - mSOD15H
-1.20 4 b -0.80 4 B
0.0 T T T T T T T T i 0 0 ] T T ] 004 T T T T T T T T B
4.0 R -
- £ 40l ] -
§ 80 s 4.0 f‘m E 1004
8 1201 1 280 £ . s
B3 & c
= -16.0 i = £ 2004
s 5-1204 ° . 5
T, 207 - a =
E -24.0- g—m.m N R 2 300+ §
‘G 280 E =-2004 ] K]
2 o] §2009 E 40,04
UL LSS AL S SR S -24.0 +— T T T T T T T T T T T T T T T
0.0 0.5 1.0 1.5 20 25 3.0 3.5 40 45 50 00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40

Molar Ratio

Molar Ratio

Molar Ratio

75 Figure 1 - Isotermal titration calorimetry analysis of Zn* binding to metal free immature SOD1 conformers. dSOD1%® (A), mSOD1%® (B) and mSOD1%"

(C) at 37°C and pH 7.4. The upper panel shows the raw heats of binding and the lower panel shows the integrated data obtained after subtracting the heat
of dilution from the. Representative of n=3 experiments. See also Table 1.
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Table 1: Estimated parameters of Zn binding to dSOD1%% 2

n Ka AH AG AS
(MY (Kcal/mol™) (Kcal/mol™) (cal/mol™/deg)
I 1.3940.02 21x10® -29.3+0.1 -14.6 -14.64
Il 0.21+0.04 82x10° -13.0+15 -9.8 -3.13
Il 1.94+0.06 1.7 x10° -9.1+0.3 -7.43 -1.65

2 Zn* binding to 80uM of dSOD1%% in 50 mM TRIS pH 7.4 and 37°C.
Apo SOD1 dimer contains 2 zinc-sites and 2 copper-sites, one per
monomer. The roman numbering in the table refers to binding events
associated with one Zn?* binding to the first zinc-site Zn1 (1), to one Zn*
binding to the second zinc-site in the apo dimer, Zn2 (1), and to binding
of two Zn®* to the two copper-sites (Cul and Cu2) in the apo dimer.

mSOD1%%

In contrast to the previous case, the isothermogram of Zn?**
binding to mSOD15® denotes a lack of a plateau for the initial
major enthalpy favorable transition, as well as for the poor-
outlined second binding process, disclosing low enthalpic
variation (Fig. 1B). Although no model could accurately describe
the measured heat exchange, the hyperbolic isotherms may
indicate that the mSOD1% conformer binds labile Zn?* with low
affinity. However, the low stoichiometry of Zn?* binding (n<1)
associated with this strong and favorable binding process,
suggests that the mSOD1% conformers are not equally competent
for Zn?* binding, in agreement with recently NMR findings®.
Therefore, we can only speculate that the Zn?* binding affinity to
the mSOD1%S conformer is likely distinct from that of binding to
the dimer. The differences in Zn?" binding may result from the
fact that monomeric SOD1 has a high conformational flexibility
and is known to populate a broad and dynamic range of
conformers®.  Adding complexity to this already rather
heterogenous system, it was also suggested that in the mSOD1%®
conformation, Zn?* ion can exchange between the zinc- and the
copper- sites’.

mSOD1°!

The investigation of Zn®*" binding to the reduced monomeric
SOD1 conformer is particularly significant as this process has
been suggested to occur in this earliest state of folding in vivo &
28 The isothermogram of Zn?* binding to mSOD1%" reveals two
binding processes: a primarily process featuring a high enthalpic
variation that saturates at a molar ratio of ~ 1 and a second
binding process that saturates at a molar ratio above 2 (Fig. 1C).
Again, no model could be accurately used in data fitting but it is
reasonable to suggest that the binding process associated with the
prominent enthalpic variation corresponds to the interaction with
the relatively solvent-exposed zinc site in the SOD1 monomer
conformer that thus strongly binds Zn®" and greatly impacts on
SOD1 overall structure, in contrast with the Cu site that is yet
disorganized® 7 2, Although reduction of the SOD1 native
disulfide bridge that links the zinc-loop to the B-sheet barrel does
not significantly change the structural features of the monomer, it
further disorders the zinc-loop, increasing its conformational
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flexibility?®. This factor adds to the heterogeneity of the system
but ultimately Zn?* binding to the zinc-site organizes the copper-
site ligands to allow misligation of Zn", which we presume to
correspond to the second binding event (Fig. 1C). Nevertheless,
the possibility that this results from binding to other
heterogeneous zinc-sites in less populated SOD1 monomers
cannot be totally excluded, also for mSOD1%>,

Labile Zn* induces aggregation of SOD1 conformers

We then analysed the effect of zZn®" binding to apo SOD1
conformers upon 1h of incubation at 37 °C, at distinct Zn?*/SOD1
ratios, to investigate possible effects on protein aggregation. We
used dynamic light scattering (DLS), a highly sensitive technique
that allows to determine minute variations in the hydrodynamic
properties and protein oligomerization.

dsoD1%%

The DLS size distribution profile of the apoprotein dSOD15 was
found to be monomodal by volume with a mean peak averaging
at an hydrodynamic diameter of 5.30+0.07 nm (Fig. 2A), which
agrees well with the diameter of the SOD1 dimer?®,

Upon binding of Zn*", a slight decrease trend is observed at up to
a molar ratio of 3 suggesting some structural compaction. This
likely result from progressive ordering and constraining of the
zinc-loop regions upon Zn?* binding to the zinc-site, which would
be otherwise disordered®.

At molar ratios above 3, the mean hydrodynamic diameter
increases up to 6.8 nm as well as the mean light scattering
intensity (Kcps), a DLS parameter that evaluates the scattering
intensity variation and increases with the presence of larger
particles (Fig. 2A, inset). This suggests the formation of SOD1
oligomers which however do not yield a multimodal distribution
at higher molar ratios (Fig. 2A). This is actually what would be
expected if the population of these oligomers is very low?
relatively to that of dimeric zinc-containing SOD1. We have
further investigated this by computing the Z-average size, a
hydrodynamic parameter which is very sensitive to minute
populations of large oligomeric species. This analysis
corroborates the existence of a minute population of oligomers, as
a drastic increase is the z-average size to above 200 nm is
observed (Supplementary Fig. S2). Interestingly, the larger
population of dSOD15° becomes more homogeneous upon full
zinc metallation as evidenced from the decrease in the mid-height
of the size distribution peaks, which narrow from 1.1 to 0.4 nm at
increasing molar ratios (Fig. 2A). This is in agreement with the
fact that metal-free dSOD1%® is known to sample a large range of
conformations®®, which decrease upon metal-binding.

We have then tested if Cu?*" binding to dSOD1%° would have
similar effects to those of Zn®". In control DLS experiments at up
to a molar ratio of Cu**/SOD1 of 4 we have not observed changes
nor oligomerization (data not shown). Interestingly, analysis of
structures of aggregation-prone ALS variants SOD1 D124V and

10 SOD1 H80R which have disrupted zinc-sites shows that Zn?*

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 3



PP OO~NOODWNE

U OO AR DMBEDRAMDIMBAEDIAEMDIMNDMWOWWWWWWWWWWNNNDNNNNNNNRERPRPRERPREREREPR
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPFPOOONOODURAWNPOOO~NOOUUDMWNEO

Metallomics

rather than Cu®" occupies the copper-site®®. Also, other divalent
cations such as Mn?" and Mg?* did not result in aggregation (data
not shown) which we conclude is specifically induced by aberrant
Zn**-binding.
5

mSOD1%®

The size distribution profile of apo mSOD was shown to be
monomodal with a mean peak averaging at a hydrodynamic

diameter of 4.4+0.15 nm (Fig. 2B) which agrees well with the
25a

15-5

10 previously determined value of 4.5 nm for the apo monomer=>*.
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Figure 2. Impact of increasing Zn* concentration on the size distributions
of metal free immature SOD1 conformers. DLS analyses of % volume of
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Zn**/SOD1 ratios up to 6 after 1h of incubation at 37°C. Inset panels
represent the mean volume (d/nm, squares) and mean light scattering
intensity (Kcps, bars) at different molar ratios (n=10).

From a molar ratio 2 onwards there is a pronounced increase in
the mean light scattering intensity and a multimodal distribution
by volume is observed, with the formation of large particles and a
corresponding increase in the average hydrodynamic diameter
(Fig. 2B inset). Interestingly, molar ratios above 2 results in the
formation of even larger aggregate particles and in a higher mean
light scattering intensity (Fig. 2B inset). This could be the result
of interactions of Zn?* at interfaces that lead to zinc mediated
crosslinking and aggregation, as previously proposed®. In
support of this reasoning is also the observation that Zn2*
promotes aggregation of the amyloid B-protein as a result of a
crosslinking effect 3* .

mSOD1%"

The size distribution profile of un-metallated mSOD1%"
conformer was shown to be monomodal by volume with a mean
peak averaging to a hydrodynamic diameter of ~ 4.3+0.17 nm
(Fig. 2C). Thus, the most immature form of apo SOD1 presents
the smallest hydrodynamic size of all analyzed conformers, and
this agrees well with the fact that this has been the immature form
proposed to be capable of efficiently entering the mitochondria®.
Overall the results obtained when the intramolecular disulfide
bridge is reduced are identical to those of the oxidized form,
indicating that aggregation is promoted by binding of the second
Zn** (Fig. 2C, inset), irrespective of the redox status of the
disulfide bridge. However the significant increase at the highest
molar ratios suggesting that interfacial cross linking effects of
Zn*" may be more relevant in this conformer than in its oxidized
counterpart.

Overall, our results show that all tested conformers become
aggregation prone upon non-native binding of Zn*" to SOD1,
albeit SOD1 is coordinated with Zn?* to the native zinc-site. This
is a very impressive finding, which was so far restricted to SOD1
variant with missing zinc-site ligands in which Zn*" binding to
the copper-site renders the protein vulnerable to aggregation, as
in ALS-related mutants®. Our results however suggest that even
with native coordination of Zn* to the zinc-site, the aggregation
features persist. A tempting rationale for this effect is through a
reduction on the net charge that would render SOD1 aggregation
prone. Indeed this is a mechanism which has been identified in
ALS causing SOD1 mutations, which preferentially reduce the
repulsive charge of those SOD1 variants®. A decrease in net
charge is in fact observed for wild type dSOD1%® upon zinc
binding. In comparison to the metal-free dSOD15, binding of 1
Zn* increases the protein net charge by 4.0 units and by 3.5
units upon Zn*" binding to all four metal sites in the SOD1 dimer,
as experimentally determined by others® using protein charge
ladders and capillary electrophoresis®. Correlation of these
observations suggests that, although a decrease in net charge may
play an important role, it is clearly not the single mechanism that
accounts for our results. These are likely the result of
conformational changes resulting from aberrant Zn?* binding that
render the SOD1 structure prone to aggregate, and which can be
aggravated also by interactions of Zn?* at protein surfaces.
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Zn?* binding triggers nucleation independent aggregation

We then investigated the kinetics of Zn?* binding to SOD1 in
respect to effects on aggregation at a molar ratio Zn*/SOD1 of 4.
The effect of Zn*" on SOD1 aggregation kinetics was investigated

s monitoring ThT binding, a fluorescent probe that recognizes
cross-p conformations in diverse amyloid-type aggregates (fibrils,
amorphous aggregates, oligomers and protofibers)®.
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Figure 3. Effect of labile Zn?" in metal free immature SOD1 conformers
aggregation. (A) ThT aggregation kinetics of dSOD1%°® (o), mSOD1 %S
(o) and mSODI " (A) at a molar ratio Zn?*/SOD1 of 4. (B) Aggregation
profile of SOD1 conformers was monitored by mean light scattering
intensity (Kcps) over time, in the absence and in the presence of Zn** at a
molar ratio Zn*/SOD1 of 4. Open symbols represents SOD1 conformers
without zinc and filled symbols represents SOD1 conformers with Zn?".
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We observed that all conformers become ThT reactive within 1
hour upon exposure to Zn**, which is an indication that Zn®*
binding to immature SOD1 results in conformational changes that
promote B-sheet stacking (Fig. 3A). These conformers are Zn?*
specific, as chelation of labile Zn®*" with EDTA in a competition
experiment results in an inhibition of the aggregation kinetics
(Supplementary Fig. S3). The absence of a lag phase in the
aggregation kinetics suggests that the aggregation mechanism is
independent from the formation of aggregation nuclei, which is a
priori not favouring fibrillation reactions, in spite of the observed
ThT binding. Control experiments in the absence of Zn*" do not
evidence the same trend. Curiously, the same kinetic behaviour
has been observed in the ALS associated variant SOD1 1113T%,
upon incubation at 37°C as we have done here. In order to
investigate this aspect further, we have used DLS and determined
that the initial mean light scattering intensity is highly increased
for all SOD1 conformers in respect to controls upon exposure to
Zn?* (Fig. 3B). This agrees with the formation of amorphous
SOD1 aggregates, as discussed in®. Indeed, apart from the
absence of a lag phase seeding does not influence the kinetic
profiles (data not shown). This suggests that intermolecular
forces that lead to instantaneous amorphous aggregation occur
promiscuously and non-cooperatively.

Following an initial increase in the light scattering, whereas
mSOD1SH remains elevated within the next 8h, the dSOD15S
and mSOD1%® conformers decay and even reach count values
below the ones observed at time zero. A possible explanation for
this could be that different types of aggregates are being formed
as a function of time, both off-pathway (insoluble aggregation)
ssand  on-pathway (conversion into other amyloidogenic
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precursors). In fact using SDS-PAGE we showed that SOD1
aggregates resulting from Zn?* binding to all SOD1 conformers
become less soluble in agreement with the DLS data (Fig. 4).
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mSOD18H mSOD1S-S dSOD1S5$

so  Figure 4. Electrophoretic analysis of soluble versus insoluble SOD1.
SOD1 conformers were incubated with and without Zn*"at a Zn?*
/SOD1=4 during 14 hours at 37°C and soluble (s) and insoluble (i)
fractions were resolved and analysed by SDS-PAGE (top), and the
corresponding soluble:insoluble ratio variations were determined
55 (bottom).

Zn? binding to SOD1 influences aggregate morphology

We next characterized the morphology of different SOD1
aggregates formed upon Zn?* binding after an 8h reaction at
37°C, using transmission electron microscopy (TEM) and
s0 conformational antibodies.
Under the tested conditions, TEM analysis of dSOD1%®
aggregates produced in the absence of Zn?* did not evidence
fibrils, although structures resembling amyloidogenic oligomers
were visualized (Fig. 5A). These species varied in appearance
es and size and ranged from spherical particles (black arrows) to
elongated structures like very short fibrils (black arrowheads). In
the presence of Zn?**, the sample was composed of large
aggregates, being difficult to confirm if amorphous or presenting
any particular structure (Fig. 5B).
In contrast, the mSOD1%S conformer underwent a markedly
different behaviour: in this case long mature amyloid fibrils
approximately 10 nm wide, were detected (Fig. 5C, black
arrowhead). mSOD15 produced also other fibrillar species and
fibrils 5 nm in diameter (white arrow) as well as probable
75 protofilaments. Thicker fibrils, approximately 20 nm wide (black
arrow) were also present, and were likely the result of lateral
assembly of several 5-nm fibrils. In addition, aggregates and
oligomers were also present. For the species generated upon Zn®*
binding no such clear fibrillar species were identified and mostly
s massive aggregates were found (Fig. 5D); Similarly to mSOD1%
S, mSOD1%H formed typical amyloid fibrils, approximately 10 nm

7

=)

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 5



P OO~NOUILAWNPE

U OO OB DMBEMDIAMDIMAEDIAMDMDNWOWWWWWWWWWWNNNNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPFPOOONOODURAWNPOOO~NOOUUDMWNEO

Metallomics Page 6 of 15

in diameter (Fig. 5E, arrow). Other species probably aggregates appeared like tufts of hair (as in Fig. 5E). Needles and single
and oligomers were also observed in the vicinity and in contact fibrils without contact to other material were also frequently

with fibrils (black arrowheads). observed (Fig. 6). The fibrils had net diameters of 10-30 nm. The
size of the single fibrils is in accordance with earlier findings*

. Zn2+ +Zn2+ 3 showing 10 nm thick single SOD1 fibrils and aggregates of two
: ; X or more fibrils with net diameter of about 15-25 nm.

- Zn? +2Zn?

>

dsoD1Ss
dSOD18$

mSOD1S-$

mSOD1sH
mSOD1S-S

G dSOD1S-S mSOD18-S mSOD1SH
- PEE e 5
an* E
+| 0 0@ © %% & ap o)
[72]
£

Figure 5. Morphology of SOD1 aggregates. (A-F) TEM images of SOD1
conformers with and without Zn? with molar ratio Zn?*/SOD1=4, at the B
plateau phase of ThT aggregation kinetics. Bars equal 200 nm. (G) Dot

blot analysis using anti-amyloid fibril (OC) antibody of SOD1 aggregates

10 +/- Zn?*, at the plateau phase of ThT aggregation kinetics (n=3).

0.02 B dSoD1ss

mSOD1S-S
B mSOD1sH

Again, binding of Zn®" yields predominantly oligomers and
aggregates (Fig. 5F). In spite of the amorphous character of 0.01 e
SOD1 aggregates formed upon aberrant Zn?* binding, all

conformers were reactive for the amyloid specific OC 0
conformational antibody as in®, albeit at different intensities -Zn% +Zn2*
which cannot be particularly valued in this type of qualitative dot-

1

a

blot (Fig. 5G). Figure 6. Electron microscopy micrographs of unstained aged aggregates
of SOD1 conformers (A). dSOD1%%, mSOD1%® and mSOD1%" - with and
To determine if the aggregates produced in the presence of Zn  « Without Zn®", with molar ratio Zn*"/SOD1=4: oval (grey arrow head) or
result in prototypic fibrillar structures or contain seed-competent slate-like (black arrow) shaped material or hair (black arrow head) were
X oo L i common in all samples and increased with Zn*". Branch-like (white arrow
conformations that result in fibril formation in longer time scales, head) material or needles (white arrow) were observed less frequently.
we have also carried out a combined imaging and electron See Table 2 for qualitative quantification of morphologies. (B) Zn/N
diffraction analysis of aged SOD1 aggregates. Indeed, it has been 4 ratios of SOD1 aged aggregates with and without Zn** at a molar ratio

2+ _ .
previously established that the kinetics of metal-free SOD1 Zn/SOD1=4, calculated after performed EDX and EELS analysis to

2

S

aged SOD1 conformers aggregates. N stands for nitrogen as a marker for

2 aggregation, performed in conditions identical to ours, only SOD proteins. Samples without Zn?* contain Zn** are at the detection
reaches the plateau phase after 4 months of incubation®. Upon limit. P-value<0.0001 concerning the differences observed + Zn®'/- Zn?",
incubation for 6 months, a range of different morphologies was ¢,
observed (Fig. 6 and Table 2). The most common patterns were Stacked fibres had been observed at the earlier stages of

clusters of oval or slate-like protein aggregates that were often in aggregation (Fig. 5c) and likely lead to the slate-like
a0 contact to branching material and clusters of single fibrils that

6 | Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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morphologies as a result of lateral assembly. It is particularly accumulate in the aggregates formed in the presence of Zn*" (Fig.
noteworthy that oval (grey arrow head) or slate-like (black arrow) s 6A, Table 2).
shaped materials or hair-like (black arrow head) seem to

Table 2 - Qualitative analysis of the morphologies of aged SOD1 aged aggregates *

Morphology *
Hair, stars Single fibrils Needle Branch Oval Slate

_zn +++ +++ - +++ - ++

2+
+7n + +++ - +++ ++ +++

ss
dsOD1

P OO~NOUILAWNPE

2+
-7Zn + ++ ++ - ++ ++

ss
11 mSOD1 + Zn2+ + ++ ++ + ++ ++

2+
-7Zn + + + +++ ++ +

13 SH
14 mSOD1 + Zn2+ +++ + - + ++ +++

15 3 The diffraction patterns of SOD1S-S, mSOD1S-S and mSOD1SH with and without Zn?* at a molar ratio of Zn*/SOD1=4 were accessed to obtain this
16 qualitative analysis of the different types of observed morphologies. .- None;+ some; ++ moderate; +++ abundant structures in the sample.

46 o

48 Figure 7. Electron diffraction analysis of aged dSOD1%® aggregates. (A-B) Electron diffraction patterns of aged dSOD1%® aggregates with (A) and
49 without Zn?* (B) with molar ratio Zn*/SOD1=4. Main reflections (black arrows) between 0.27 nm and 0.3 nm (second order) and at about 0.59 nm (first
50 order); weaker reflections at 0.34 nm (white arrow); grey arrow heads label the 0.43 nm and 0.23 nm reflection rings. (C) Bright field image
51 15 corresponding to the diffraction pattern in A and dark field images (E-H): Each reflection ring of the diffraction pattern corresponds to a certain structure
52 in the dSOD1SS aggregate that can be visualized by dark field imaging. The reflection at 0.23 nm (G) corresponds to the amyloid-like misfolded proteins.
53 Note the area highlighted in (H) shows a single protein fibril of about 10 nm thickness curled up in the protein matrix. See “Materials and Methods” for
54 further details.

56 20
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We have then used Energy-dispersive X-ray microanalysis
(EDX) and Electron energy loss spectroscopy (EELS) to
determine if Zn?* remains bound to SOD1 aggregated. After
extensive dialysis of aged SOD1 aggregates to remove all labile
Zn?*, combined EDX-EELS analyses were used to acquire Zn/N
ratios which yielded the ratio of protein (as determined by N
content) compared to that of Zn (Fig. 6B). The statistics of the
Zn/N ratios concerning samples with and without Zn®* are
valuable (p < 0.0001) showing that a higher fraction of Zn?" is
incorporated and remains bound in aged SOD1 aggregates.
Nevertheless, this ratio is low (Fig. 6B), indicating that zinc
dissociates during the aging process.

Electron diffraction analysis of SOD1 aggregates

To have further structural and morphological information on
these aged SOD1 aggregates we used electron diffraction
analysis. For this purpose and to gain enough signal, only larger
aggregates (such as the oval and slate-like materials) were
investigated. For all cases we observed diffraction spots arranged
in rings in which the diameter of the ring directly relates to the
lattice spacing of the crystalline phase (Fig. 7AB). Thus, the
observed presence of reflection spots is a direct proof of the
presence of nano-scaled crystalline materials (see also
supplementary Fig. S4).

We compared the obtained electron diffraction patterns with
those of cross-p conformations characteristic of amyloids, which
yield reflections at 0.23 nm, 0.47 nm and 1.1 nm d-spacing*. We
observed such amyloid-type patterns in SOD1 aggregates, namely
the first order 0.46 nm reflection and its corresponding second
order 0.23 nm reflections (Fig. 7AB, grey arrows). In spite of
some variations in intensity, no clear correlations can be
established between aggregates produced with and without zinc:
the 0.23 nm diffraction appears generally as more intense in the
zinc-free samples, but they are however both relatively weak
(supplementary Table S2). In general, reflections with values
higher than 0.6 nm could not be evaluated due to high central
background, so the other cross-p 1.1 nm reflection could not be
observable. In addition, we detect a triple band of reflections
between 0.27 nm and 0.3 nm d-spacing and their first order
corresponding partner reflections at about 0.59 nm d-spacing
(Fig. 7AB, black arrows). Another unassigned weaker reflection
at 0.34 nm was also present, frequently as a single reflection
(white arrow head), which seems less intense in some zinc-free
samples (supplementary Table S2). These additional reflections
are probably an indication of variations around the maxima inter-
and intra- B-sheet distances, which is a known feature in amyloid
aggregates®?, as well as in SOD1 amyloidogenic aggregates,
which have been proposed to be structurally polymorphic®.

We further collected dark field images at different electron
reflection signals of dSOD1% with Zn?*, to show the different
areas of the protein that relate to the reflections (Fig. 7 c-h). The
area responsible for the amyloid-like reflection at 0.23 nm d-
spacing was analysed (Fig. 7g), and the spots in the electron
diffraction pattern indicate the presence of single microcrystals,
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which cover a high portion of the protein area visible in the bright
field image (Fig. 7d). Note that the hair-like material on the left
does not participate in the diffraction signal. The apertures were
localized around a few diffracted beams for the dark field images
so that some of the microcrystals appear with bright contrast,
namely those whose diffracted beams partly pass the objective
aperture. Again, the observed nano-aggregates have rather
heterogeneous and polymorphic structures, which include
clustered, scattered but also fibrillar aggregates. In fact, a single
protein fibril with about 10 nm diameter is observed (Fig. 7h).

Conclusions

Here we provide evidence that aberrant zinc binding to immature
conformers of metal-free copper-zinc SOD1 triggers the
formation of amorphous aggregates, a finding with potential
relevance to understand the formation of pathologic SOD1
aggregates in ALS. We show that Zn?* binding to the zinc site is
not by itself triggering this process; rather, Zn?* binding to other
SOD1 sites such as the copper-site and interfacial residues at the
protein surface triggers nucleation independent aggregation.

The analysis of the aggregates formed at different stages of the
aggregation process indicates a wide range of morphologies, an
observation which finds a parallel with the SOD1 inclusions
found in ALS which are also biophysically and morphologically
heterogeneous*. Considering the fact that Zn?* is upregulated in
ALS affected motor neurons we posit that such aberrant zinc-
protein interactions may take place in cells and be one of the
factors contributing to the onset of SOD1 pathological
aggregation. Nevertheless, due to the relatively low affinity of the
copper-site for Zn, this would require a severe dysfunction of
the pool of labile Zn®*. We thus propose a model for the effects of
aberrant zinc-binding on SOD1 aggregation (Fig. 8) that
conciliates our observations with the previously reported high
structural polymorphism of SOD1 aggregates*®. The previous
crystal structure of the Zn/Zn SOD1 conformer was found to be
identical to that of the Cu/Zn protein, except at the copper-site®.
Our data suggests that zinc overload and aberrant coordination
likely result in an altered breathing dynamics and higher
misfolding propensity. Indeed, it is very interesting to note that
the same happens with ALS associated variants (such as SOD1
D76V, D101N and N139K) which have stabilities and folding
properties which are nearly indistinguishable from those of wild
type SOD1* but actually present an increased propensity to
aggregate ',
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42
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45 All solutions and buffers were passed through a chelex resin = extinction coefficient 5500 cm*M™ at 280nm. mSOD1%" was
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60

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 9



©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEDRAMDIMBAEDIAEMDIMNDMWOWWWWWWWWWWNNNDNNNNNNNRERPRPRERPREREREPR
QOO NOUPRRWNRPOOO~NOUOPRARWNRPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODMWN

3

n
S

IS
S

@
S

Metallomics

eight injections with stirring at 1000 rpm. Apo SOD1 conformers
were previously extensively dialyzed against 50 mM TRIS pH
7.5. The apo SOD1-metal ion titration curves were corrected
using a Zn?* to buffer control titration. In order to provide more
data points and drive Zn®" titration on apo SOD1 to saturation,
three sequential ITC titrations were merged with the program
ConCat32. Before the beginning of each sequential ITC titration
the excess solution was removed from the overflow reservoir and
the same ZnCl, solution was used in all three titrations. Data were
analysed using the non-linear regression analyses of a multiple
binding site model with up to four overlapping binding
equilibrium provided in 2.

Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were carried out in
a Malvern Zetasizer nano ZS instrument, equipped with a 4-
megawatt He-Ne laser (632 nm). Samples were centrifuged 5 min
at 15000x g and filtered through a 0.45-um filter into a 3-mm
light path quartz cuvette (Hellma) prior to analysis. SOD1
conformers (50 uM in 50 mM TRIS pH 7.4) were analyzed at
different molar ratios of Zinc (0; 0.5; 1; 2; 3 and 4 Zn2+/SOD1),
after 1h of incubation at 37 °C. For aggregation kinetics 150 uM
of SOD1 samples were used and incubated at 37°C without
agitation. After 1.5; 3.5; 5.5 and 7.5 h of incubation 50 pl of
aliquots were collected and measured. The operating procedure
was set to 8 runs. Data were analyzed by using DTS software
(Version 6.32, Malvern) in respect to the distribution of sizes by
volume, Z-average (Z-agg) and derived count rate (Kcps). For the
seeding experiments, SOD1 samples were incubated at a ratio of
Zn:SOD1=4 for 1.5 hours at room temperature, to promote the
formation of aggregates. Seeding reactions were done by adding
10% of these Zn induced aggregates (5uM) to apo SOD1 solution
(50uM). SOD1 aggregation was monitored by DLS at 37°C
during a period of 8 hours.

Thioflavin T Fluorescence Binding

Real time ThT fluorescence emission at 480 nm was recorded
using a Cary Varian Eclipse instrument, equipped with a Peltier
temperature control set for all measurements at 37 °C, upon
excitation at 440nm. Aggregation assays were performed with
150 pM of SOD1 samples (dSOD1%S, mSOD1%S, mSoOD1%H)
then adding ZnCl, in a molar ratio of Zn?*/SOD1=4 after 10 min.
2 molar ratio of ThT in 50mM TRIS, pH 7.4 was also added to
the solutions.

Evaluation of insoluble aggregates by SDS PAGE

The levels of soluble and insoluble aggregates were analyzed
using 12% SDS-PAGE. 200 pl of 150 pM of SOD1 samples
(dSOD1%5, mSOD1%S, mSOD1%M) were incubated 14 h at 37°C,
260 rpm with and without zinc ions (molar ratio of
Zn**/SOD1=4). The samples were centrifuged 45 min at 15000x
g to separate the insoluble fraction from the total fraction. After
centrifugation, the supernatants (soluble aggregates and soluble
protein) were transferred to a fresh tube and precipitated with
15% of Trichloroacetic Acid (TCA). The samples were incubated
15 min and centrifuged 30 min at 15000x g. Both pellets were
resuspended in loading buffer. The absolute intensity of each
band was quantified using Image Lab (Biorad).

Transmission Electron Microscopy

5 pl of 150 pM of different conformers of SOD1 (dSOD1%S,
mSOD1%S, mSOD1%") with and without a molar ratio of
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Zn**/SOD1=4 were obtained at the plateau phase of ThT
aggregation kinetics. The samples were absorbed to carbon-
coated collodion film supported on 400-mesh copper grids and
negatively stained with 1% uranyl acetate. The grids were
exhaustively visualized with a Jeol microscope (JEM-1400),
operated at 80 kV. (In aged SOD samples, EM was performed on
formvar-coated Al-grids and without UAC staining).

Dot-Blot analysis

10 pl of SOD1 aggregates obtained at the plateau phase of each
ThT aggregation kinetic curve were dotted in triplicates onto
PVDF membranes and probed with a 1:1000 for the anti-amyloid
fibril OC antibody (AB2286, Merck Millipore) according to the
manufacturer’s instructions. Dots were visualized using a
horseradish peroxidase-conjugated 1gG secondary antibody with
a chemiluminescence detection system (GE Healthcare). Images
were recorded and analyzed using Quantity One analysis software
from Bio-Rad.

Energy-dispersive X-ray microanalysis (EDX) and Electron
energy loss spectroscopy (EELS)

150 pM SOD1 samples (dSOD155, mSOD1%S, mSOD1%M) were
incubated with and without Zn (molar ratio of Zn?*/SOD1=4) for
200 minutes and dialyzed overnight with 50 mM TRIS pH 7.4 to
remove excess of zinc ions in solution. Aging samples of these
SOD1 aggregates obtained at the plateau phase of each ThT
aggregation kinetic curve were diluted prior to EM analysis with
ddH20 (1:1000) and 5 pl of that dilution were immediately
dropped on a formvar-coated 100 mesh aluminum grid (Plano
GmbH, Wetzlar, Germany) and dried under a clean bench to
avoid dust contamination. No further contrast enhancement like
staining with osmiumtetroxide, uranylacetate or lead citrate was
performed to avoid artefacts in the chemical analyses. The
samples were investigated under a Zeiss 912 Omega transmission
electron microscope (TEM) equipped with an energy filter, CCD
camera (2kx2k) and an EDX detector with an ultrathin window
and a digital pulse processor for chemical analysis (See below) at
magnifications ranging from 1800x — 140000x.

Chemical analysis in the TEM was performed as described
elsewhere %, Energy-dispersive X-ray microanalysis (EDX) and
Electron energy loss spectroscopy (EELS) were performed at
individual areas of the same protein spots at a magnification of
12500x using thinner edges for EELS and thicker central areas
for EDX.

A special stray aperture was used and the sample was mounted on
top of the grid always facing the EDX detector to keep stray
radiation to a minimum. EDX spectra were acquired with a 100
nm spot for at least 200 seconds and were quantitatively analyzed
by the INCA software (INCA, 2001) using the standardless Cliff-
Lorimer k-factor method. The same k-factors as in >* were used.
They yielded spectra with >100 000 nettocounts for C permitting
a minimum detectable mole fraction of 0.02 at % Zn (= 0.1 wt%
Zn).

EELS acquisition and data analysis were performed using the
Esivision software (Esivision, 2002). The smallest objective
aperture (3.5 mrad) was used for bright-field imaging and low
loss EELS, a medium objective aperture (8mrad) was used for
acquiring core-loss EELS of C-K and N-K ionization edges. The
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local section thickness was determined by low-loss EELS. EELS
core loss spectra including the C and N ionization edge were
quantified by using a 30 eV window, integrating the net counts of
the ionization edges and using calculated ionization cross sections
to determine mole fraction ratios of C/N with a detection limit of
less than 0.4 at% N. The cN/cC mole fraction ratio as determined
by EELS was then used to recalculate all mole fractions
determined by EDX by dividing them by (1 + cC (cN/cC)), i.e. by
(1 + ab), a being the carbon mole fraction determined by EDX
and b being (cN/cC) determined by the EELS quantitative
analysis. The EELS spectra at the N-K ionization edge had about
1500 counts yielding a MDMF of N of 0.4 at%. No corrections
were applied to the individual spectra, e.g. no absorption
correction for EDX and no spectrum deconvolution for EEL
spectra for accounting for multiple inelastic scatterings.

Electron diffraction analysis

The microscope was operated at 120 kV. A detailed camera
calibration was carried out prior to acquisition. Regions of
interest were investigated in the imaging mode at 10000x-
63000x magnification. A selected area diffraction aperture with a
diameter of 800 nm was inserted, and an energy slit aperture of 5
eV used, then the microscope was switched into the diffraction
mode and protein spots were investigated at a camera length of
290 mm - 900 mm. Diffraction patterns were acquired with a
highly parallel beam (maximum divergence of about 0.2 mrad)
for about 20 s acquisition time. The intensity of the diffraction
spots originating from protein crystals were clearly identified on
top of the central background if larger than 3.4 nm™. (max. 0.6
nm d-spacing). Diffraction spots were arranged in rings and the
diameter of the ring directly relates to the lattice spacing of the
crystalline phase. Thus, the presence of reflection spots is a direct
proof of nano-scaled crystalline material. For dark field imaging,
the objective aperture was inserted and aligned to certain
diffraction spots as indicated in the Figure legends.
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