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1 | INTRODUCTION

Ranjeet Kumar |

Pernilla Wittung-Stafshede

Abstract

Copper ion dys-homeostasis is linked to neurodegenerative diseases involving
amyloid formation. Even if many amyloidogenic proteins can bind copper ions
as monomers, little is known about copper interactions with the resulting amy-
loid fibers. Here, we investigate copper interactions with a-synuclein, the
amyloid-forming protein in Parkinson's disease. Copper (Cu(Il)) binds tightly
to monomeric a-synuclein in vitro involving the N-terminal amine and the
side chain of His50. Using purified protein and biophysical methods in vitro,
we reveal that copper ions are readily incorporated into the formed amyloid
fibers when present at the start of aggregation reactions, and the metal ions
also bind if added to pre-formed amyloids. Efficient incorporation is observed
for a-synuclein variants with perturbation of either one of the high-affinity
monomer copper-binding residues (i.e., N-terminus or His50) whereas a vari-
ant with both N-terminal acetylation and His50 substituted with Ala does not
incorporate any copper into the amyloids. Both the morphology of the result-
ing a-synuclein amyloids (amyloid fiber pitch, secondary structure, proteinase
sensitivity) and the copper chemical properties (redox activity, chemical poten-
tial) are altered when copper is incorporated into amyloids. We speculate that
copper chelation by a-synuclein amyloids contributes to the observed copper
dys-homeostasis (e.g., reduced bioavailable levels) in Parkinson's disease
patients. At the same time, amyloid-copper interactions may be protective to
neuronal cells as they will shield aberrantly free copper ions from promotion
of toxic reactive oxygen species.
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(Winner et al., 2011; Galvin et al., 1999). aS amyloids con-
stitute the major content of pathological neuronal inclu-

Assembly of the protein a-synuclein (aS) into p-sheet-rich
amyloid fibers is linked to the molecular pathology of
Parkinson's disease (PD), the second most common neu-
rodegenerative disorder after Alzheimer's disease

sions, Lewy bodies, found post-mortem in the substantia
nigra region of PD patients (Goldberg & Lansbury, 2000;
Spillantini et al., 1997; Uversky, 2007). At physiological
conditions, the 140-residue aS can be detected in both an
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intrinsically unstructured form in the cytosol and a heli-
cal state on lipid membranes (Lee et al., 2002; Miraglia
et al., 2018). The function of aS remains obscure, but
appears related to synaptic vesicle trafficking, clustering
and membrane fusion (Fusco et al, 2016; Dev
et al., 2003; Lassen et al., 2016). Association of aS mono-
mers into amyloid fibers with a cross-p-structure is
thought to result in toxic gain-of-functions, in similarity
to other neurodegenerative diseases involving amyloid
formation. The aS amyloid fibers may also transfer from
one cell to another, reminiscent of prion-like spreading
(Luk et al., 2012; Masuda-Suzukake et al., 2013; Recasens
et al., 2014).

Studies have suggested that metal ions play pivotal roles
in PD and other neurodegenerative disorders (Bush, 2000;
Bjorklund et al., 2019; Aaseth et al, 2018; Bisaglia &
Bubacco, 2020). Occupational long-term exposure to copper
(and other heavy metals) has been associated with
enhanced risk of developing PD (Bisaglia & Bubacco, 2020).
In fact, imbalances of metal levels are strongly associated
with many neurodegenerative diseases (Fink, 2006) and
amyloid deposits in brains have been found to be enriched
in metal ions (Miller et al., 2006; Lovell et al., 1998). The
copper level in amyloid plaque from Alzheimer's patients
was found to be near millimolar (Bush, 2003; Cheignon
et al., 2018). Copper ions (Cu), as well as other metal ions,
are present at higher concentrations in the brain (Gaier
et al., 2013) than in other tissues, and a gradual increase in
brain metal ion content is thought to be a consequence of
normal aging (Valiente-Gabioud et al., 2012). In PD, Cu
levels are found to be decreased in the substantia nigra but
increased in cerebrospinal fluid and blood (Bush, 2000;
Bisaglia & Bubacco, 2020).

By cycling between reduced Cu(I) and oxidized
Cu(II) states, Cu provides activity to several essential
enzymes in humans (Gray, 2003). In addition to being a
key cofactor in enzymes, emerging data show that Cu
ions also participate in cell-cell signaling at synapses
(Gaier et al., 2013; D'Ambrosi & Rossi, 2015). Cu released
in the synaptic cleft can transiently reach concentrations
over 100 uM and such ions are thought to be in the
Cu(Il) form. If Cu-loaded vesicles are disrupted before
fusion with the plasma membrane, Cu(II) ions could be
released in the otherwise-reducing intracellular environ-
ment. In addition, because oxidative stress—that may
generate damaging reactive oxygen species (ROS)—is
another hallmark of PD, intracellular Cu(I) ions may
become oxidized in disturbed brain cells. Thus, it is of
pathological relevance that aS is annotated in UniProt
(www.uniprot.org) as Cu-binding, and Cu(II) accelerate
aS amyloid formation in vitro (Uversky et al.,, 2001;
Villar-Pique et al., 2016; Moriarty et al., 2014; Binolfi
et al., 2010; Wittung-Stafshede, 2022).

Both Cu(I) and Cu(II) binds to aS monomers in vitro
(Camponeschi et al.,, 2013; de Ricco et al., 2015) and
structural features, binding sites, and affinities for these
interactions have been the focus of many spectroscopic
studies (Camponeschi et al., 2013; de Ricco et al., 2015;
Binolfi et al., 2006; Binolfi et al.,, 2011; Carboni &
Lingor, 2015). The high affinity Cu(II) site(s) in the
monomer when in solution is found in the N-terminal
part and involves the N-terminal free amine, backbone
atoms from Asp2 and the imidazole nitrogen of His50
(Moriarty et al., 2014; Miotto et al., 2015) (Figure 1).
Mutation of His50 only somewhat reduces Cu(Il) affinity
(Dudzik et al., 2011; Teng et al., 2021), and the
Cu(II) acceleration effect on aggregation kinetics in vitro
remains (Villar-Pique et al., 2016; Mason et al., 2016).
Notably, in vivo, aS is N-terminally acetylated to a large
degree (Moriarty et al., 2014; Teng et al., 2021; Ohrfelt
et al., 2011). This post-translational modification reduces
Cu(II) affinity more dramatically than mutation of His50
(Teng et al., 2021) and, in accord, Cu(II) does not acceler-
ate aggregation of the acetylated protein in vitro
(Lorentzon et al., 2020). Whereas the Cu(Il) affinity (Ky)
for nonacetylated aS falls within 0.1 nM to 0.7 pM
depending on conditions (Dudzik et al., 2011), orders of
magnitude weaker affinities have been determined for
Cu(Il) binding to N-terminally acetylated aS (K, of
23 uM) (Teng et al., 2021). This means that at biological
relevant concentrations of aS, that can reach 50-100 pM
(Perni et al., 2017), Cu(II) interactions with aS may occur
even with N-terminal acetylation. C-terminal residues
(Glu123, Asp121, Asp119) are involved in weaker interac-
tions between Cu(II) and the protein (mM affinity) that
are not likely to be relevant at physiological conditions
(Wittung-Stafshede, 2022; Rasia et al., 2005).

Despite clear links between copper dys-homeostasis
and neurodegeneration involving amyloids, there has
been no studies of copper incorporation into, and copper
binding to, aS amyloids. We here fill this gap by charac-
terizing Cu(Il) interactions with amyloids formed by
wild-type aS, N-terminally acetylated aS (perturbing free
N-terminus) and the aS variant His50Ala (perturbing
His50). The latter two variants were selected to specifi-
cally assess residues interacting strongly with Cu(II) in
the monomeric protein. We reveal that wild-type and the
two aS variants readily incorporate Cu(Il) in the amyloids
when Cu is supplied during aggregation, but a variant
with both N-terminal acetylation and His50Ala mutation
does not incorporate copper into the amyloids. There is a
clear increase in binding capacity of the amyloids when
Cu(IT) is added before, as compared to after, amyloid for-
mation. Chemical properties of Cu (redox activity and
electrochemical potential) as well as amyloid morphology
(fibril pitch, secondary structure, proteinase sensitivity)
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FIGURE 1 Possible Cu(II) coordination modes in monomeric aS. (a) Cu(II) coordination to the N-terminal site involving the

N-terminal amino nitrogen of Metl, the deprotonated backbone amide, the carboxylate oxygen of Asp2, and the imidazole nitrogen of His50.
(b) Cu(II) site around His50 as proposed for N-terminally acetylated aS with coordination to backbone nitrogens of Val49 and His50, the
imidazole nitrogen of His50, and a water oxygen. (c) N-terminal site, as found in the membrane-bound form of the protein, involving the
N-terminal amino nitrogen of Metl, the deprotonated backbone amide, the carboxylate oxygen of Asp2, and water molecule. (d) One

(of many) reported high-resolution structures of aS amyloids (2NOA) with residues involved in high-affinity Cu binding to monomeric aS

highlighted in sticks with colors as in a-c labels.

are altered when Cu is coordinated in amyloids of wild-
type, N-terminally acetylated wild-type, and His50Ala aS
proteins. Taken together, our data shows Cu(Il) to be
readily incorporated in aS amyloids even if the
N-terminus is acetylated (as often found in vivo) or His50
is mutated (as found in the disease-causing variants
His50GIn and His50Asp). Importantly, the formed
amyloid-Cu complexes display alterations with respect to
both protein and metal properties.

2 | RESULTS

We first re-evaluated the effect of Cu(II) on aS aggrega-
tion kinetics using the standard Thioflavin-T (ThT) assay.
We here used wild-type aS (WT), N-terminally acetylated
wild-type aS (Ac-WT), and the His50Ala variant of aS
(H50A). All monomeric aS variants could bind one
Cu(Il) in a stoichiometric fashion (100 uM monomers)
according to visible circular dichroism (CD) although Ac-
WT showed a weaker signal change at 300 nm
(Figure S1). The CD bands (ligand to metal charge trans-
fer around 300 nm and (not shown for variants due to
noise) d-d Cu(Il) transitions at 600 nm) report on

Cu(Il) coordination to the protein. In accord, previous
studies have reported affinity constants of Cu(Il) to WT
and H50A aS that are in the sub-nanomolar range
(Dudzik et al., 2011) and Ac-WT was found to have a
Cu(Il) affinity in the low micromolar range (Teng
et al., 2021). All aS variants readily formed amyloids, but
with somewhat different kinetics. Cu(II) additions (0.5,
1, and 2 molar ratios to 50 pM aS monomers) accelerated
aggregation of WT and, to a lesser some degree, H50A,
whereas aggregation kinetics of Ac-WT was not affected,
or somewhat slowed down (Figure S2). As a control, we
investigated the copper-binding capacity of the aS variant
containing both N-terminal acetylation and His50Ala
mutation (Ac-H50A aS). For this aS variant, there was no
evidence of Cu(II) binding to the monomer nor any effect
of Cu on aggregation kinetics (Figures S1 and S2). This
result demonstrates the absence of nonspecific (and/or
C-terminal) Cu(II) binding to the aS variants at our
experimental conditions.

As the effect on aggregation kinetics by Cu(II) does
not necessarily reveal if the metal ion becomes bound or
not in the resulting amyloids, we next set out to deter-
mine the amount of Cu associated with amyloid fibers
upon completion of the reactions. For this, we
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developed a method that takes advantage of
Cu(I) detection by bicinchoninic acid (BCA). Resulting
amyloids were spun down and protein as well as Cu
were quantified. For the latter, BCA was added together
with excess of ascorbic acid (to reduce Cu(Il) to Cu(l))
and the formed BCA,-Cu(I) complex was quantified by
visible absorption (Figure S3). It is important to also
quantify amount of resulting amyloids as aS aggregation
never reaches full completion. We assessed two path-
ways: Cu added before aS aggregation and Cu added to
the amyloids after their formation (Figure 2, top illustra-
tions). In accord with a previous measurement (using
4-(2-pyridylazo) resorcinol) of Cu(II) in WT aS amyloids
(Rasia et al., 2005), 70%-80% of added Cu is incorpo-
rated into WT aS amyloids (for ratios of 0.5 and 1 Cu:
protein) when Cu is added before aggregation. Despite
no accelerating effect on aggregation kinetics, also for
Ac-WT amyloids are near-stoichiometric amounts of Cu
incorporated into the amyloids when added at the start
of the aggregation reaction (Figure 2a). In contrast to
the monomer:Cu stoichiometry saturating at 1, when
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Cu is added during aggregation more than one Cu per
monomer is incorporated into the resulting amyloids,
with the most dramatic effect for Ac-WT amyloids (1.9
Cu per protein in the amyloids). This implies that Cu
ions interacting with aS during aggregation access new
binding sites not present in the monomer. In sharp con-
trast to WT and singly mutated aS variants, there was
insignificant Cu incorporation into Ac-H50A amyloids
(Figure 2a).

We then analyzed the amount of Cu bound to amy-
loids after Cu(Il) addition to preformed amyloids. Here,
amyloids (purified from any non-aggregated monomers)
were incubated with various ratios of Cu(II) for 30 min
followed by the same procedure of amyloid isolation and
protein/Cu quantification as above for Cu(Il) added
before aggregation. Notably, we find similar Cu binding
ability to WT amyloids for Cu addition after aggregation
as when Cu was added prior to aggregation. In contrast,
for Ac-WT and H50A variants, only sub-stoichiometric
amounts of Cu(II) become bound to the amyloids when
added after amyloid formation (Figure 2b). As expected,
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Cu:WT (0.5:1

Cu:WT (1:1

Cu:WT (2:1

Cu:Ac-WT (1:1

Cu:Ac-WT (2:1

Cu:H50A (0.5:1

Cu:H50A (1:1

Cu:H50A (2:1

Cu:Ac-H50A (2:1

Quantification of Cu(II) binding to aS amyloids when added before or after amyloid formation. (a) Cu(II) incorporation into

aS amyloids when added to monomers before aggregation. (b) Cu(II) binding to aS amyloids when added to aS after amyloid formation. Cu
was added in indicated molar ratios to the monomeric/amyloidogenic protein at the start/end of the aggregation reaction (X-axis). The
amounts of Cu in resulting amyloids (y-axis) were determined as described in Materials and Methods. At least three different experiments

were performed for each condition/mixture. Initial protein concentration, 50 pM. Error bars, standard error of the mean. Significant
differences derived upon comparing 0.5 eq. Cu added to the other two Cu(II) ratios for each aS variant. *p < 0.05; **p < 0.01; ***p < 0.001.

85UB01 7 SUOLUWIOD BA11e81D) 3|l jdde ay) Aq pausenob ae Sapiie YO ‘8sn JO SaINJ 10} Aeiq 11 8UIUO /8|1 UO (SUOTHPUOD-PUR-SLLIBY WD A8 | ARe.q) Ul |uo//Stiy) SUORIPUOD pue swie 1 8y} 88S *[7202/80/20] Uo Areiqiauluo Ajim ABojouyse L JO AisieAluN sBWRYD Aq 9G6°0.d/Z00T 0T/I0pALICD" A3 1M A1 1jUlJUO//:SANY W1y pepeoiumod ‘v ‘%202 X96869%T



WALKE ET AL.

the Ac-H50A variant did not bind any Cu when Cu was
added to preformed amyloids (Figure 2b). Interaction of
Cu with preformed mutant amyloids may be a slow pro-
cess (we only incubated for 30 min here), or the Cu bind-
ing sites that can be accessed during aggregation are not
available when amyloids are pre-formed. Further studies
on Ac-WT and H50A are required to determine the rea-
son for the low Cu incorporation when the metal ions are
added to preformed amyloid fibers. Taken together, amy-
loids of aS can interact with Cu(IT) when mixed in micro-
molar concentrations. When Cu(Il) is present during aS
aggregation, there is efficient metal ion incorporation
despite individual high-affinity Cu binding residues
(in the monomers) being perturbed. For Ac-WT and
H50A variants, Cu(II) levels in amyloids are higher when
Cu(II) is added to monomers, before aggregation, as com-
pared to Cu(Il) addition (30 min incubation) to pre-
formed amyloids. Thus, the binding sites available when
Cu is present during aggregation of these aS variants
become restricted from (quick) access in the final
amyloids.

We then tested if amyloid morphologies (of WT, Ac-
WT, and H50A amyloids) were affected by the incorpora-
tion of Cu(Il) using atomic force microscopy (AFM) and
far-UV CD. Indeed, the far-UV CD spectra, reporting on
overall p-sheet content and f-strand arrangement, were
found to differ in magnitude (for the same protein con-
centration) between amyloids formed without Cu(II) and
those formed with Cu(II) present during the aggregation
(Figure S4). Whereas the negative CD amplitude at
220 nm increased for WT amyloids when Cu was incor-
porated (suggesting more secondary structure but may
also correspond to altered f-strand arrangement), the CD
amplitude decreased (implying decrease in secondary
structure but may also correspond to alterations in
B-strand packing) when Cu had been incorporated into
mutant aS amyloids. Nonetheless, the far-UV CD spectra
indicated typical f-structure for all amyloids. Further
support for structural changes due to Cu(II) came from
AFM analysis of the amyloids. In Figure 3a, we show
AFM images for the three aS amyloids, formed without
and with the presence of 0.5 molar ratio of Cu(II). All
amyloids showed fibril heights of around 6-8 nm, regard-
less of Cu(II), which is according to the literature for aS
amyloids (Lorentzon et al., 2021). However, the twisting
pattern (periodicity) along the fibers, denoted as a fiber
pitch, varied between the three aS variants and if Cu had
been added or not (Figures 3b and S5).

For WT amyloids, the dominant pitch value is around
70-80 nm, although some shorter pitches are also noted.
For WT amyloids formed in the presence of Cu(Il), the
amyloid fiber pitch is increased to around 100-110 nm
for the majority of fibers (Figure 3b). For H50A, the pitch

PROTEIN 50f14
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of the amyloids without Cu(II) is centered around 100-
110 nm. With Cu present during aggregation, the 100-
110 nm value still dominates but also fibers with larger
(120-130 nm) and shorter (70-80 nm) pitches are
detected (Figure 3b). Ac-WT amyloids display two pitch
values without Cu: 75-85 nm and 95-105 nm. With Cu
present during aggregation, the high pitch value disap-
pears at the expense of a new pitch value of 45-55 nm for
the resulting amyloids (Figure 3b). Importantly, in these
experiments, we added 0.5 equivalent of Cu and thus we
do not expect all amyloids to be fully loaded with Cu. It
is thus reasonable to find a combination of pitch values
representing both amyloids with and without
Cu(II) bound.

The pitch value depends on the specific aS amyloid
fold and how two protofilaments twist around each other.
Many external (buffer, salt, pH, additions) and internal
(mutations, post-translational modifications) may affect
the amyloid core structure and thereby the observed
pitch. A set of pitch values reported for aS amyloids are
summarized in Table S1 in our previous paper
(Lorentzon et al., 2021). Typically, WT aS amyloids show
pitch values around 100 nm; Ac-WT amyloids have been
reported to have both larger and shorter pitches than
amyloids of the protein without N-terminal acetylation
(Lorentzon et al., 2021). In similarity to what we found
for Cu(Il) incorporation here, addition of As(III) or
Cd(II) to Ac-WT aS during aggregation resulted in altered
pitch values for the resulting metal-containing aS amy-
loids (Lorentzon et al., 2021).

Another way to assess structural changes in the amy-
loids is to probe sensitivity of the amyloids to protease deg-
radation. Proteinase K digestion has been used to study
structural variations in amyloid fibers and degradation
pattern variations (time-dependence, fragment sizes) have
been linked to different amyloid core structures and/or
polymorphs (Landureau et al., 2021; Guo et al., 2013).
When we compared Proteinase K degradation patterns of
aS amyloids formed with and without Cu(Il) (Figure S6),
we find the digestion ‘fingerprints’ to differ. There are dis-
tinctions in both the time-dependence of fragments emerg-
ing and what fragments dominate during digestion.
Interestingly, for WT and H50A amyloids with Cu, there
appears to be a quick initial digestion that results in frag-
ments that are stable with time. In contrast, amyloids
without Cu (and Cu-loaded Ac-WT amyloids) are
degraded more ‘gradually’ (many fragments of different
sizes) and to a larger extent. Perhaps Cu incorporation
makes some peptide loops more susceptible to cleavage
but the core structure becomes more protected. Taken
together, aS amyloids (WT, Ac-WT, and H50A) formed in
the presence of Cu(Il) adopt altered amyloid structure/
morphology according to three experimental methods.
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FIGURE 3 AFM analysis of aS amyloids. (a) AFM images of WT, Ac-WT and H50A aS amyloids with (+Cu) and without (—Cu) 0.5
molar ratio of Cu(Il) added at the start of the aggregation reactions. Thus, it is expected that each +Cu amyloid sample here is a mixture of
amyloids with Cu and amyloids without Cu (according to data in Figure 1). (b) Distribution of fiber pitch values with and without Cu. The
pitch was measured as the distance between two maxima in the height curves (see Figure S5). Total number of amyloids evaluated per

sample was 30-60 fibers. Histogram bin size is 10 nm.

Next, we turned to the chemical properties of Cu
when incorporated into aS amyloids (WT, Ac-WT, and
H50A). With cyclic voltammetry (CV), the Cu redox
potential can be determined which provides information
on redox reversibility, reactivity, and what redox state,
Cu(II) or Cu(l), is most favored in the coordination envi-
ronment. In Figure 4, we show voltammograms for Cu-
bound monomers and amyloids of the aS variants. CV
experiments were performed on samples with matching
Cu concentrations (200 pM). The samples with Cu
bound to amyloids showed reduced overall current and
increased separation between oxidation and reduction
peaks as compared to Cu bound to monomers
(Table S1), indicative of an increased barrier for electron
transfer.

Despite the sluggish data, the reduction-oxidation
reactions were reversible, and the current depended
(in most cases) linearly on the square root of the scan rate

(Figure 4) as expected for a freely diffusing species
(Elgrishi et al., 2018). This implies that Cu is stably bound
to the amyloids in both redox states. In Table S1, we list
the estimated E,/,, values versus Ag/AgCl as a reference
for all Cu-aS complexes. The redox potential determined
here for Cu in the WT aS monomer (0.016 V) is similar to
a reported E;/,, value (0.018 V) for this complex (Wang
et al., 2010). For Cu in the amyloids, the E;/, values shift
to more negative values as compared to Cu in the mono-
mers (Table S1). More negative redox potential implies
that the oxidized state is favored over the reduced state,
and the metal ion is thus harder to reduce when bound in
amyloids as compared to when bound to monomers. All
redox potentials measured for Cu-aS complexes, although
they vary between samples, fall in a range that would
allow for Cu reduction by reducing agents such as gluta-
thione and ascorbic acid (Wang et al., 2010). Importantly,
the latter compounds are present in the brain in high
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concentrations and are biological
(Forman et al., 2009; Smirnoff, 2000).
Free Cu ions are highly reactive and can generate ROS
(such as hydroxyl radicals, "OH) via Fenton chemistry in
the presence of oxygen and a reducing agent (that (re)gen-
erates Cu(I)) (Figure 5a). Cu(II) bound to monomeric aS
has been reported to have some redox activity (Pedersen
et al., 2016), although less than free metal ions. To com-
pare Cu reactivity when bound to amyloids versus bound
to aS monomers, we employed a fluorescent reporter
probe, 3-coumarin carboxylic acid (3-CCA). 3-CCA scav-
enges hydroxyl radicals to form the fluorescent product
7-OH-3-CCA (Agx = 395 nm, Agy, = 450 nm). Because of
the non-fluorescent nature of 3-CCA and its high hydrox-
ylation rate constant, the detection of 7-OH-CCA allows
for real-time measurements of "OH generation (Manevich
et al., 1997). In Figure 5b, we show the kinetics of "OH for-
mation in the presence of monomeric as well as amyloid

reducing agents

forms of WT aS formed in the presence of Cu(Il) and the
reducing agent ascorbic acid (that upon generation of
Cu(I) initiates the reaction cycle) (variant aS kinetics are
shown in Figure S7). The amount of "OH generated after
100 min of reaction for monomeric as well as amyloid
forms of the three aS variants with Cu(Il) and ascorbic
acid is compared in Figure 5c.

Cu alone shows the highest tendency to generate "OH
radicals. Cu bound to aS monomers display less reactivity
than free Cu but higher reactivity than Cu bound to amy-
loid fibers (Figure 5c). Thus, Cu incorporation in
amyloids shields the metal ion from ROS generation as
compared to when bound to aS monomers or free in solu-
tion. The ‘inertness’ of Cu in amyloids is reasonable as a
high reorganization energy for Cu(Il)/Cu(I) transitions
(involving two markedly different coordination spheres)
is expected within a rigid scaffold such as an amyloid
fiber.
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ROS generation by Cu in aS amyloids. (a) Scheme representing proposed mechanism for Cu-induced ROS production in the

presence of oxygen and reducing agent. (b) Hydroxyl radical ("OH) production (detected by fluorescence upon oxidation of 3-CCA) by free
Cu and Cu bound to WT aS monomers (1:1 and 1:2 Cu to monomer molar ratios) as well as for Cu in WT aS amyloids (Cu added before
amyloid formation, f indicates fibers). Background signals from CCA and ascorbic acid was subtracted. (c) *OH production (at 100 min) by
Cu bound to monomeric and amyloid forms of WT (kinetic data in “b”), H50A aS and Ac-WT aS as indicated (kinetic data for H5S0A and Ac-
WT aS shown in Figure S7). The concentration of Cu in all samples was 10 pM. The experiments were performed in triplicates and repeated

at least two times.

3 | DISCUSSION

Parkinson's disease and many other neurodegenerative
disorders are coupled to altered cellular and systemic
copper levels as well as to cellular oxidative stress. Since
many of the amyloidogenic proteins, forming the hall-
mark amyloids found in patients with these diseases, can
bind copper ions, it is of importance to better understand
consequences of copper binding to amyloids. In this
work, we have discovered that Cu(IT) becomes incorpo-
rated into a-synuclein amyloids. If Cu is added before
protein aggregation, the metal ion is readily incorporated
in resulting amyloids also if the N-terminus of aS is acety-
lated or His50 is perturbed. This is of biological signifi-
cance as aS is often N-terminally acetylated in vivo and
His50 is mutated in many disease-causing variants of
aS. If Cu is added after amyloids are formed, only a small
fraction of Cu(Il) readily binds copper-site aS variants
Ac-WT and H50A.

When Cu gets incorporated into amyloids, WT, Ac-
WT, and HS50A, the amyloid morphology/structure is
altered as deduced from amyloid pitch analysis by AFM,
far-UV CD, and proteinase K sensitivity. It has also been
reported that the FTIR spectrum (amide-I region) is
altered when aS amyloids are formed in presence of

Cu(Il) (1:5 aS:Cu ratio was used without removing
remaining monomers or Cu ions from resulting amy-
loids) (Atarod et al., 2022). Thus, it appears that early Cu
incorporation results in an altered (imprinted) aS amy-
loid structure. At the same time, the reduction potential
(CV) and redox reactivity (ROS generation) of Cu is
altered when incorporated into amyloid fibers as com-
pared to when bound to monomer aS. The reduction
potential is shifted to more negative values and the Cu is
less susceptible towards ROS generation when bound in
amyloids as compared to when bound to monomers.
Since these effects on Cu chemical properties in amyloids
of WT, Ac-WT, and H50A proteins are similar, it implies
that the Cu coordination (but not necessarily the specific
residues) within the amyloid fold is comparable in all
three amyloids, and thus does not depend explicitly on
the N-terminus or His50. Still, these residues are likely
critical for Cu binding as the variant Ac-H50A did not
incorporate any Cu into its amyloids.

Whereas His50 is positioned in the amyloid ordered
core (with the His side chain exposed on the core out-
side), the N-terminus is part of the ‘fuzzy coat’ that,
together with the C-terminus, remain disordered in the
amyloid structure. The data presented show that Cu
binding to the N-terminus (H50A variant) or to His50
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(Ac-WT) of aS monomers allows the metal to get incorpo-
rated into the amyloids during aggregation. In the result-
ing amyloids, Cu may remain coordinated to one of the
(monomer) sites along with formation of additional inter-
actions with residues spatially nearby in the amyloid
structure. Cu coordination to His50 may induce ordering
of N- or C-terminal floppy stretches to form a fully coor-
dinated Cu site. Cu bound to the N-terminus may result
in its folding onto the amyloid core via additional Cu
interactions with core residues. In agreement with these
scenarios, an elegant study combining cryo-EM and
ssSNMR recently reported that when a scaffold protein
bound to floppy C-terminal residues in aS amyloids, the
N-terminal floppy part folded onto the amyloid core
resulting in an amyloid with more f-strands (Zhang
et al., 2023). High-resolution structural studies of aS amy-
loids formed in the presence of Cu are required to
address these speculations. In addition, electronic para-
magnetic resonance (epr) analysis of the Cu electronic
configuration in the various aS variant amyloids is
another way to identify possible coordination ligands
(work in progress).

Earlier reports on both aS and amyloid-p (the peptide
assembling to amyloids in Alzheimer's disease) (Wang
et al., 2010; Pedersen et al., 2016) are in agreement with
our observation of attenuated ROS generation when Cu
is bound to amyloids as compared to free Cu and, to a
lesser extent, when Cu is bound to the monomers. There
has been no quantitative/structural studies previously on
Cu(II) binding to aS amyloids, but there are a few such
studies on amyloids of amyloid-p and IAPP (the amyloi-
dogenic peptide in type-2 diabetes). It was reported that
Cu(II) coordination, as defined by epr, in monomeric and
amyloid forms of amyloid-p were identical (Karr
et al., 2004) and a model for Cu(II) binding in amyloid-f
amyloids was proposed to involve alternating Cu(II) sites
on both sides of the amyloid (Gunderson et al., 2012).
Importantly, this coordination structure was not conduc-
tive to redox-linked coordination changes and could thus
explain why Cu redox cycling was suppressed. Unlike
amyloid-p and aS, where Cu(Il) can speed up amyloid
formation, studies have shown that Cu(II) binding to
IAPP monomers delayed amyloid formation (Rivillas-
Acevedo et al., 2015). Still, Cu(II) became bound to the
resulting IAPP amyloids that formed slower, and also Cu
added to preformed amyloids of IAPP could bind. Using
epr, it was shown that Cu(II) binding sites in amyloids
and monomers of IAPP involved different Cu coordina-
tion (Rivillas-Acevedo et al., 2015).

In Parkinson's disease, cellular Cu is lowered but Cu
levels in blood and CSF is increased (Bush, 2000; Bisaglia &
Bubacco, 2020). At the same time, occupational exposure to
high levels of Cu is toxic and may result in Parkinson's
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disease (Bisaglia & Bubacco, 2020). One possibility is that
bioavailable cellular Cu gets incorporated into aS amyloids
and in this way, Cu is removed from the intracellular pool.
Since SOD1, the major antioxidant in cells depends on Cu
(Banci et al., 2013), its activity will go down with lowered
cellular Cu and oxidative stress is initiated. It may also be
possible that oxidative stress comes first and this causes free
Cu(Il) ions in the cell that induce aS amyloid formation. In
this scenario, Cu binding to the amyloids would reduce neg-
ative consequences, and reactivity, of free Cu ions. Nonethe-
less, Cu would still be removed from the bioavailable pool
by amyloid incorporation. Further studies are required that
also involve copper transport proteins as at normal condi-
tions, there is never any free Cu in the cell; all Cu is trans-
ported by dedicated Cu transporters (Wittung-
Stafshede, 2022; Horvath et al., 2018). We showed recently
that the cytoplasmic Cu chaperone Atoxl can form a ter-
nary complex with aS, bridged by Cu(I) that inhibits amy-
loid formation (Horvath et al., 2019).

Today, many high-resolution structures of amyloids
have been described and it clear that there are many
amyloid folds possible for the same protein sequence
(Sawaya et al., 2021). Metal ions, such as Cu (shown here,
but also As(IIT) and Cd(II) (Lorentzon et al., 2021)), may
be responsible for some of the structural diversity of aS
amyloids, along with effects of other environmental fac-
tors. The connection between amyloid polymorph and
pathological consequences may be related to differences
in cell-cell spreading and toxicity among amyloid poly-
morphs. It has been reported that aS amyloids (formed in
the presence of 5-fold excess Cu(I)) are more toxic to
cells than amyloids without Cu(II) while the same
amount of free Cu has no toxic effect (Atarod
et al., 2022). Recent work has shown that amyloids of aS
and amyloid-p harbor catalytic activity (Horvath &
Wittung-Stafshede, 2023) and such activities may be
tuned by metal ion interactions. Further structural and
cellular studies are required to pinpoint the biological rel-
evance of the putative connection between copper and
amyloids in Parkinson's disease and in other neurodegen-
erative disorders.

4 | MATERIALS AND METHODS

4.1 | Protein expression and purification
The human WT aS and HS50A aS variants were trans-
formed into BL21 (DE3) (Novagen) cells. Transformants
were first grown to an ODggo of 0.6 in LB containing
100 pg/mL carbenicillin at 37°C, then induced with
1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) and
grown overnight at 20°C. Cells were lysed by sonication
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in pulse mode in 20 mM Tris-HCI buffer pH 8.0 in the
presence of protease inhibitor cocktail (Roche) in an ice
bath. After sonication, the lysate was treated with a uni-
versal nuclease (Pierce) for 15 min at room temperature.
The lysate was then heated at 90°C for 10 min followed
by centrifugation for 30 min at 15,000 g. The centrifuged
lysate after filtration (Nalgene rapid-flow filter, 0.2 pm
PES membrane; Thermo Fisher Scientific) was loaded on
a pre-equilibrated 5 mL HiTrap Q FF anion exchange col-
umn (Cytvia) and eluted by a linear gradient of 1 M NacCl
in 20 mM Tris-HCI, pH 8.0. Fractions contained the pro-
tein were combined and concentrated with Ultra-15
Ultracel 10 K centrifugal filtration devices (Millipore).
The concentrate was then loaded on to HiLoad 16/600
Superdex 75 pg column (Cytvia) and retrieved in 20 mM
Tris-sulfate buffer, pH 7.4. Purity was confirmed by a
single-band on SDS-PAGE gel and a single elution peak
in SEC. Protein samples were flash frozen and stored at
—80°C until use. To determine protein concentration, the
extinction coefficient of 5960 M~' cm ' at 280 nm was
used. N-terminally acetylated WT aS and N-terminally
acetylated H50A aS was purified following the previously
published protocol (Lorentzon et al., 2021). The two pro-
teins were overexpressed by co-transforming their respec-
tive plasmids with pNatB (a kind gift of D. P. Mulvihill
(Johnson et al., 2013)) in BL21 (DE3) (Novagen) cells, co-
expressing the yeast N-acetyltransferase NatB gene. After
expression, the proteins were purified using the same
protocol as for non-acetylated aS described above and
resulted in fully N-terminally acetylated aS protein
(WT and H50A) as confirmed by mass spectrometry.

4.2 | Stock preparations

A stock solution of Cu(Il) (100 mM) was prepared in
Milli-Q water from CuCl,-2H,0 (Merck) and then further
diluted for the different experiments. We verified stock
concentration from the Cu(Il) d-d absorption at 780 nm
(e =12M ' ecm ™). Ascorbic acid and bicinchoninic acid
(BCA) solutions (Merck) were prepared by dissolving a
known amount of respective powder in MQ water.
3-coumarin carboxylic acid (CCA) stock solution was pre-
pared by dissolving a known amount of powder in a
small volume of 20 mM phosphate buffer, pH 9, followed
by dilution with 20 mM phosphate buffer, pH 7.4 to
make a 10 mM stock solution.

4.3 | ThT assay

The amyloid formation assays were conducted using
96-well half-area transparent bottom plates (CLS3881;

Corning, Corning, NY, USA), with 2 mm glass bead in
each well in a plate reader-incubator instrument
(Fluostar Optima; BMG Labtech, Ortenberg, Germany).
To prevent contamination and evaporation, the plates
were sealed with transparent tape. Measurements were
performed in TBS (0.05 M Tris-HCI buffer, pH 7.4 with
0.15 M NaCl, Sigma-Aldrich, St. Louis, MO, USA) in the
presence of 20 pM Thioflavin T (ThT; T3516; Sigma-
Aldrich, St. Louis, MO, USA) at 37°C using 5 min
200 rpm agitation at the beginning of each 20 min mea-
surement cycle. Fluorescence was measured from the
bottom of the plate. aS was gel-filtered on a Superdex S75
10/300 GL (Cytvia) before each experiment to ensure that
the starting point was pure monomers. Experiments were
performed with 4-5 replicates and repeated three inde-
pendent times. Each time, samples with ThT present and
absent were run in parallel. The samples without ThT
were used for further experiments (see below).

4.4 | Estimation of Cu in amyloids
using BCA

After aggregation kinetics followed in the plate reader,
samples without ThT were placed in Eppendorf tubes
and centrifuged for 30 min at 13 k rpm to obtain the
amyloid fibers in pellet form. Then supernatant contain-
ing the monomeric/non-fibrillar protein and possible free
Cu(II) was collected. The protein concentration in the
supernatant was determined using absorbance at 280 nm.
To estimate the Cu(II) concentration in the supernatant,
we added four equivalents of BCA and 10 equivalents of
ascorbic acid (to reduce Cu(II) to Cu(I)) and vortexed for
2 min and incubated for 30 min at room temperature.
Absorption at 562 nm, which corresponds to (BCA),-Cu
(D) (extinction coefficient of 7700 M~ cm™!), was mea-
sured to determine the Cu content in the supernatant. As
the total protein and Cu concentrations at the start of the
experiment are known, the amount of amyloids and their
Cu content can be determined.

4.5 | Atomic fluorescence
microscopy (AFM)

Samples from the ThT aggregation assays at 90 h were
diluted 10 times in MilliQ water and deposited onto
freshly cleaved mica. After 15 min, the mica samples
were rinsed 3-4 times with MilliQ water then dried
completely under a gentle stream of nitrogen gas. The
images were captured using an NTEGRA Prima setup
(NT-MDT, Moscow, Russia) at a resonance frequency
around 180 kHz, using a gold-coated single crystal silicon
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cantilever (NSGO1, spring constant of ~5.1 N/m; NT-
MDT, Moscow, Russia). Images of 512 pixels were cap-
tured at a scan rate ranging from 0.3-0.5 Hz. Images were
analyzed using WSxM 5.0 software.

4.6 | Circular dichroism (CD)

CD was measured in the far-UV (190-250 nm) and visible
region (250-700 nm) on Chirascan-CS spectrophotome-
ters using a 0.1 and 1 cm quartz cuvette, respectively, at
20°C. In the visible region, 100 pM aS monomers in TBS
buffer, pH 7.4, were titrated with Cu(Il) from 1:0.25 to
1:2 protein:Cu(Il) ratios, with approximately 10 min
incubation between each addition. Amyloid fibers of aS
variants were produced with and without two equivalents
of Cu (purification and quantification described above);
then analyzed (protein concentration of 10 pM; 10 mM
phosphate buffer, pH 7.4) in the far-UV region. Each
experiment was repeated three times.

4.7 | Proteinase K sensitivity

Amyloid fibers of aS variants were produced with and with-
out two equivalents of Cu (see above). Proteinase K enzyme
(4 pg/mL) (Thermo Fischer Scientific) was added to
100 pM aS amyloid samples (total volume 100 pL) at 37°C.
Aliquots (20 pL) were removed at different time points (0.5,
1, 5, 15, and 30 min) and transferred into centrifuge tubes
containing proteinase K inhibitor, PMSF (phenylmethyl
sunfonyl fluoride, Merck). The samples were dried by speed
vacuum and then amyloids were dissolved into monomers
using HFIP (1,1,1,3,3,3-Hexafluoroisopropanol, Merck).
After evaporation of HFIP, samples were dissolved in sam-
ple loading buffer and heated for 5 min at 90°C before SDS-
PAGE (12%) analysis. Control experiments without the
addition of Proteinase K, but following the same procedure,
were also analyzed by SDS-PAGE.

4.8 | Preparation of amyloids with Cu
added before aggregation (for CV and CCA)

100 or 200 pM of protein was incubated with two equiva-
lents of Cu(II) for 4-6 days at 37°C with constant shaking
(500 rpm) to complete the aggregation process. 0.02%
NaN; was added in the samples to prevent the bacterial
growth. Next the amyloids were collected via centrifuga-
tion (30 min, 13,200 rpm) and the resulting pellet washed
2-3 times with buffer before being resuspended into an
appropriate volume of buffer. Concentrations of protein
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and Cu in the amyloids were calculated using
protein absorption and BCA experiments as described
above (using the first supernatant, before washing). The
amyloid samples were then dissolved with buffer to reach
a final concentration of Cu of 0.2 mM/10 pM (CV/CCA).

49 | Cyclic voltammetry (CV)

Cyclic voltammetry was carried out using Electrochemi-
cal Analyzer CH 600B model. Screen Printed Carbon
Electrode (SPCE) model 150 purchased from Metrohm
DropSens was used which consists of carbon (4 mm) as
working, platinum as counter electrode and Ag/AgCl
as reference electrode. SPCEs were subjected to pretreat-
ment before use following previously reported protocol
(Dominguez-Aragoén et al., 2023). Briefly, this involved
chronoamperometry using a fixed potential at —1 V dur-
ing 150 s followed by a +1 V potential during 150 s in
TBS, pH 7.4, as the electrolyte. Then, CV was performed
from 0 to 0.8 V at a scan rate of 100 mV/s for 20 cycles.
All sample solutions were thoroughly purged with nitro-
gen gas prior to recording data. The experiments were
carried out at room temperature with different scan rates
25, 50, 75, 100, and 150 mV/s. In all CV experiments, the
Cu concentration was adjusted to 0.2 mM. For amyloid
samples, this means that the actual protein concentration
may be somewhat higher as Cu did not get incorporated
to 100%, see below for how samples were prepared.

410 | Coumarin carboxylic acid
(CCA) assay

CCA was used to detect hydroxyl radicals ("OH). "OH
generated reacts with CCA to form 7-hydrioxy-coumarin-
3-carboxylic acid (7-OH-CCA), which upon excitation at
390 nm emits at 450 nm. To 20 mM phosphate buffer
with 0.15 M NacCl, pH 7.4, solutions containing 0.2 mM
CCA, 10 pM Cu(II) alone or combined with aS mono-
mers (ratios Cu(II):aS of 1:1 and 1:2) or Cu-loaded amy-
loids, ascorbic acid was added to trigger the reaction
(0.2 mM). Amyloid fibers with Cu added before and after
aggregation were prepared as explained above and all
samples had a Cu concentration of 10 pM. Kinetics of
‘OH generation was measured via fluorescence at
450 nm in black 96-well optical bottom plates (Corning)
Fluostar Optima plate reader (BMG Labtech, Ortenberg,
Germany). Experiments were performed in triplicates at
least two times on different days. No significant differ-
ences were observed, and Figure 3 and Figure S7 there-
fore show representative measurements.
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