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Abstract

Copper binding to α-synuclein (α-Syn), the major component of intracellular Lewy body 

inclusions in substantia nigra dopaminergic neurons, potentiate its toxic redox-reactivity and plays 

a detrimental role in the etiology of Parkinson disease (PD). Soluble α-synuclein-Cu(II) 

complexes possess dopamine oxidase activity and catalyze ROS production in the presence of 

biological reducing agents via Cu(II)/Cu(I) redox cycling. These metal-centered redox reactivities 

harmfully promote the oxidation and oligomerization of α-Syn. While this chemistry has been 

investigated on recombinantly expressed soluble α-Syn, in vivo, α-Syn is acetylated at its N-

terminus and is present in equilibrium between soluble and membrane-bound forms. This post-

translational modification and membrane-binding alter the Cu(II) coordination environment and 

binding modes and are expected to affect the α-Syn-Cu(II) reactivity. In this work, we first 

investigated the reactivity of acetylated and membrane-bound complexes, and subsequently 

addressed whether the brain metalloprotein Zn7-metallothionein-3 (Zn7MT-3) possesses a 

multifaceted-role in targeting these aberrant copper interactions and consequent reactivity. 

Through biochemical characterization of the reactivity of the non-acetylated/N-terminally 

acetylated soluble or membrane-bound α-Syn-Cu(II) complexes towards dopamine, oxygen, and 

ascorbate, we reveal that membrane insertion dramatically exacerbates the catechol oxidase-like 

reactivity of α-Syn-Cu(II) as a result of a change in the Cu(II) coordination environment, thereby 

potentiating its toxicity. Moreover, we show that Zn7MT-3 can efficiently target all α-Syn-Cu(II) 

complexes through Cu(II) removal, preventing their deleterious redox activities. We demonstrate 

that the Cu(II) reduction by the thiolate ligands of Zn7MT-3 and the formation of Cu(I)4Zn4MT-3 

featuring an unusual redox-inert Cu(I)4-thiolate cluster is the molecular mechanism responsible for 

the protective effect exerted by MT-3 towards α-Syn-Cu(II). This work provides the molecular 

basis for new therapeutic interventions to control the deleterious bioinorganic chemistry of α-Syn-

Cu(II).
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Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder (ND), after 

Alzheimer’s disease (AD), and the most common neurodegenerative movement disorder. 

Affecting approximately 1% of people aged over 65 years and 4% of people over 85 years, 

PD patients experience progressive loss of dopaminergic neurons in the midbrain substantia 
nigra, leading to symptoms such as tremors, slowness of movement, rigidity, and eventually, 

dementia [1]. The histological hallmark of PD is the presence of intraneuronal inclusions 

called Lewy bodies (LB), primarily composed of aggregated and fibrillar forms of the 

protein alpha-synuclein (α-Syn) [2], [3]. Mutations in the α-Syn gene (SNCA) are linked to 

familial and early-onset forms of PD and overexpression of α-Syn in mice causes LB 

pathology and neurodegeneration [4]. These hallmarks link α-Syn aggregation to the 

development of PD pathology.

Physiologically, α-Syn is a soluble 14-kDa (140-residue) cytosolic protein that in vivo exists 

predominantly as an N-terminally acetylated unstructured monomer (NAcα-Syn) localized in 

the presynaptic termini of dopaminergic neurons [5]-[8]. While the physiological function of 

α-Syn is still under debate, it has been demonstrated to facilitate SNARE complex assembly 

and regulate vesicle fusion, exocytosis, and synaptic vesicle-mediated release of the 

neurotransmitter dopamine [5], [9]-[11]. In the presence of lipid vesicles, the N-terminal 

region of α-Syn assumes an amphipathic helical conformation due to seven imperfect 11-

amino acid repeats in its sequence, forming by two curved α-helices (Val3-Val37 and Lys45-

Thr92) connected by a short linker (Leu38-Thr44), followed by an extended region (Gly93-

Gly97) and an unstructured mobile tail (Asp98-Ala140) [12]-[14]. Acidic residues line the 

outer surface of the helix while basic residues point sideward and interact with negatively 

charged headgroups of lipids. This leaves the inner portion of the curved helix hydrophobic, 

which moves past the charged headgroups and interacts with tails of lipids [12], [15]. 

Membrane-binding and insertion is consistent with the presynaptic localization of α-Syn and 

its membrane-related functions [13], [14].

In PD, α-Syn misfolds into soluble oligomers or insoluble fibrillar/non-fibrillar aggregates, 

gaining toxic functions. Increasing evidence suggests the role of transitional metals, which 

are found to be dysregulated in NDs, in aberrantly binding to amyloidogenic proteins 

including α-Syn, thereby promoting aggregation and potentiating oxidative stress [16]-[19]. 

Copper is a transition metal present in high concentrations in the brain and shows a 

dysregulated metabolism in PD [20]-[23]. Copper can bind to non-acetylated recombinant 

α-Syn (NH2α-Syn) to form α-Syn-Cu(II) complexes which can catalyze toxic reactions such 

as dopamine oxidation, reactive oxygen species (ROS) production through catalytic Cu(I)/

Cu(II) redox-cycling, amino acid side chain oxidation, and oligomer formation-processes 

that contribute to neuronal death and disease progression [23]-[28]. In agreement, Cu(II) is 
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the most effective transition metal in promoting α-Syn self-oligomerization in vitro [29]. 
NH2α-Syn can bind copper at three sites: (1) a high-affinity N-terminal site centered on 

Met1-Asp2, (Figure 1a–c) (2) a lower-affinity site centered at His50 (Figure 1d) and (3) a 

partially-populated low-affinity C-terminal site anchored at D121 (Figure 1e) [17], [28], 

[30]-[37]. At the N-terminal high-affinity (Kd=10−9) binding site, NH2α-Syn coordinates 

Cu(II) in a square planar/distorted tetragonal geometry with the N-terminal amino nitrogen 

(NH2) of Met1, the deprotonated backbone amide (N−) and carboxylate oxygen of Asp2, 

and the imidazole nitrogen of His50 (at physiological pH of 7.4) as the main anchoring 

equatorial residues; axial coordination by Met1 side chain resulting in a square pyramidal 

complex was recently proposed [30], [31], [37] (Figure 1a). However, in physiologically N-

terminally acetylated α-Syn, Cu(II) binding to the α-amino nitrogen at Met1 in the N-

terminal high affinity site shifts to the lower affinity binding site centered at His50 and D121 

[38], [39]. Recent investigation via electron paramagnetic resonance (EPR) analysis of the 

Cu(II) binding mode of NAcα-Syn was found to be consistent with N2O2/N3O1 

coordination as suggested by DFT calculations [39], [40]. Cu(II) square planar coordination 

by backbone nitrogen atoms of Val49 and His50, the imidazole ring of His50, and a water 

molecule was proposed (Figure 1d), though the partial involvement of N-terminal ligands 

cannot be completely excluded [39]. NAcα-Syn also binds Cu(I) at its N-terminus, 

coordinated by the thioethers of Met1 and Met5 [32] (Figure 1b).

In addition to the soluble form, when inserted in lipid bilayers, non-acetylated α-Syn was 

found to bind Cu(II) with similar affinity but assuming a different coordination environment. 

The membrane-embedded helical conformation spatially separates His50 from the N-

terminus by about 75 Å, preventing its contributing to the Cu(II) coordination shell (Figure 

1c) [41]. Whereas the ability of NH2α-Syn-Cu(II) to catalyze catechol oxidation and ROS 

production in the presence of biological reducing agents (e.g. ascorbate) and oxygen is 

established [26], [27], and the redox reactivity of an α-Syn-Cu(I)/Cu(II) peptide model (α-

Syn1–15, both with free NH2 and N-acetylated) in the presence of SDS detergent micelles 

has been investigated [42], how the altered Cu(II) coordination environments in acetylated 

and membrane-bound full-length α-Syn forms affect the redox properties of α-Syn-Cu(II) 

complexes compared to NH2α-Syn remain to be further investigated. Moreover, how aberrant 

Cu(II) binding to these complexes can be targeted by protective endogenous metal chelators 

is elusive.

The neuronal metalloprotein Zn7-metallothionein-3 (Zn7MT-3) can target and silence the 

redox activity of soluble NH2α-Syn-Cu(II) [26]. Zn7MT-3 (also known as Growth Inhibitory 

Factor, GIF) is an intra/extracellular metal- and cysteine-rich protein that is highly expressed 

in the human brain, where it conducts central roles in the homeostasis of the essential metal 

ions Cu(I) and Zn(II) and in the regulation of neuronal outgrowth [43]-[46]. Previous 

investigations revealed that the expression levels and radical-scavenging potency of 

metallothionein-3 are reduced, contributing to the acceleration of disease progression [47], 

[48]. Zn7MT-3 contains two Zn-thiolate clusters (Zn3CysS9 and Zn4CysS11) in two separate 

protein domains (N-terminal β-domain and C-terminal α-domain, respectively) where 

metals are coordinated by a conserved array of 20 Cys residues [43]. We previously 

demonstrated that MT-3 plays important roles in controlling aberrant metal protein/peptide 

interactions through metal-swap reactions. Metal exchange and copper reduction occurs 
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between Zn7MT-3 and Cu(II) bound to target peptide/protein-metal complexes in aberrant 

biding sites. ZnMT metal-thiolate clusters can efficiently reduce Cu(II) to Cu(I) and bind it 

to form Cu(I)4Zn4MT via cooperative formation of a redox-silent Cu(I)4-thiolate cluster in 

its N-terminal β-domain with partial zinc release [49]. Cu(I) binds to the β-domain with a 

much higher affinity (Kd= 10−19 M) than zinc [50]. This reaction can target high affinity 

protein-Cu(II) complexes such as amyloid-β-Cu(II) (Aβ-Cu(II)), α-Syn-Cu(II), and prion 

protein-Cu(II) (PrP-Cu(II)) complexes, thereby preventing their toxicity [26], [51]-[54]. 

While this reactivity was investigated for soluble non-acetylated α-Syn-Cu(II), the 

capability of MT-3 in targeting aberrant copper binding sites in the acetylated and 

membrane-bound α-Syn-Cu(II) forms, thereby silencing their reactivities, remain to be 

established.

In this work, we first investigated the redox properties of the physiologically relevant forms 

of α-Syn-Cu(II), i.e. acetylated and membrane-bound, and subsequently addressed the 

ability of Zn7MT-3 in silencing their reactivity. Our work reveals that while the soluble 
NAcα-Syn-Cu(II) possess similar redox reactivities as the non-acetylated form, membrane-

binding drastically exacerbates α-Syn dopamine oxidase activity. Furthermore, we 

demonstrated that Zn7MT-3 can efficiently remove Cu(II) from all forms and silence the 

redox reaction catalyzed by α-Syn-Cu(II), thereby playing a broad protective role toward α-

Syn-Cu(II) by abolishing its toxic redox chemistry.

Results and discussion

N-terminally acetylated α-Synuclein-Cu(II) exhibits catechol oxidase and redox activity

N-terminally acetylated α-Syn (NAcα-Syn) is the most abundant form of α-Syn in vivo [5]. 

Extensive characterization of the α-Syn-Cu(II) redox properties has been conducted without 

post-translational modification due to the use of α-Syn expressed recombinantly in E.Coli-a 

system that provides high expression yields but without N-terminal acetylation due to the 

lack of N-α-acetyltransferases (Nat). In this work, we expressed both NH2α-Syn and the 

physiologically relevant NAcα-Syn using recombinant DNA approach[55], [56]. The NAcα-

Syn was expressed by co-transformation of the plasmid encoding for α-Syn with the pNatB 

plasmid which encodes for the fission yeast NatB complex [56], [57]. NatB is an acetylase 

that allows N-terminal acetylation of eukaryotic proteins at N-terminal residues (Met-Glu, 

Met-Gln, and Met-Asp) when expressed in E.Coli [58]. We purified the proteins via osmotic 

shock followed by ion-exchange and size exclusion chromatography to a final >95% purity 

(Figure S1). Intact protein mass spectrometry confirmed the correctness of the NH2α-Syn 

with MW of 14,460 Da and revealed a 42-Da increase in the mass of NAcα-Syn (MW 14,502 

Da) which corresponds to a single acetyl group, confirming complete N-terminal acetylation 

(Figure S1).

We verified the ability of NAcα-Syn to bind stoichiometric amounts of Cu(II) similar to the 
NH2α-Syn which forms a 1:1 redox-active complex [27], [39]. NH2α-syn and NAcα-syn were 

incubated with Cu(II) (protein: Cu(II) ratio 1.2:1 (mol/mol), 20 min, 25°C) and unbound 

Cu(II) was removed using 3-kDa MWCO centrifugal membrane filters. ICP-MS analysis 

showed that >97% of Cu(II) was bound to both forms, confirming that N-terminal 

acetylation does not affect Cu(II) binding under the condition used (Table S1). As the high 
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affinity N-terminal Cu(II) binding site is abolished in NAcα-syn, Cu(II) is expected to bind to 

the lower-affinity site 2 centered at His50 [38].

We subsequently determined how N-terminal acetylation affects the redox properties of α-

Syn. α-Syn participates in dopamine metabolism by facilitating the assembly of SNARE 

complexes and contributes to dopamine synthesis, vesicle uptake, and storage [10], [11], 

[59]. Dopamine is synthesized in the cytoplasm of dopaminergic neurons where it is 

sequestered into synaptic vesicles. Dysregulation of its metabolism or defects in its 

compartmentalization lead to abnormally high cytoplasmic dopamine concentrations. As a 

consequence, dopamine undergoes auto-oxidation with concomitant formation of toxic 

molecules including free radicals and reactive quinones [59]-[61]. In the first step of the 

oxidation pathway, dopamine auto-oxidation leads to formation of dopamine quinone which 

spontaneously converts into leukoaminochrome. The latter oxidizes to aminochrome and 

indole-5,6-quinone, eventually leading to the formation of neuromelanin. If not tighly 

controlled, these reactions promote cellular toxicity via ROS generation [60], [61]. Cu(II) 

binding to non-acetylated α-Syn can catalyze the first step of dopamine oxidation to 

dopamine ortho-quinone, coupled to α-Syn oxidation and formation of soluble oligomers 

[26], [27]. These processes are expected to contribute to the loss of dopaminergic 

transmission in substantia nigra neurons observed in PD. The dopamine oxidase activity of 
NAcα-Syn-Cu(II) remain to be extablished.

We investigated the catechol oxidase activity towards dopamine of NH2α-Syn-Cu(II) and 
NAcα-Syn-Cu(II) complexes using the colorimetric probe 3-methyl-2-benzothiazolinone 

hydrazone (MBTH). MBTH reacts with the dopamine ortho-quinone to form a red product 

that can be quantified by absorption spectrocopy (ε500=32,500 M−1cm−1) [62], [63]. Initial 

analysis of absorption spectra of MBTH-adduct formation with dopamine ortho-quinone 

demonstrated that both NH2α-Syn-Cu(II) and NAcα-Syn-Cu(II) efficiently catalyze the 

metal-centered catechol oxidase activity when compared to aerobic dopamine auto-oxidation 

(Figure 2a).

We determined the dopamine oxidation rates as a function of substrate concentration (0 – 2.0 

mM dopamine) by incubating NH2α-Syn-Cu(II) or NAcα-Syn-Cu(II) (10 μM) with dopamine 

and followed the reaction for 120 s through quantification of dopamine ortho-quinone 

formed upon reaction with 2 mM MBTH. A hyperbolic dependency as a function of 

dopamine concentration was observed, indicative of a metal-centered catalytic mechanism. 

Data were fitted using a Michaelis-Menten equation and the catalytic parameters 

extrapolated (Figure 2b and Table 1). The analysis revealed Vmax values of 14.2 ± 2.5 and 

12.5 ± 0.6 nmol quinone*μmol−1 α-Syn-Cu(II)*min−1 for NH2α-Syn-Cu(II) and NAcα-Syn, 

respectively, and Km values of 0.30 ± 0.00 and 0.23 ± 0.03 mM, respectively. These kinetics 

parameters indicate that N-terminal acetylation does not affect the catechol oxidase activity 

of α-Syn and suggest that the shift in the Cu(II) coordination environment consequent to N-

terminal acetylation generates species still possessing catechol oxidase activity . Notably, α-

Syn-Cu(II) complexes show an oxidase activity within the same order of magnitude as free 

Cu(II) (Vmax= 17.3 ± 0.28 nmol quinone*μmol−1 α-Syn-Cu(II)*min−1; Km = 0.04 ± 0.01 

mM). Thus, on one hand, the analysis reveals that Cu(II) binding to α-Syn can partially 

quench the redox reactivity of unbound Cu(II) and thus act as a protecting factor from free 

Calvo et al. Page 5

Free Radic Biol Med. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cu(II) toxicity; on the other hand, the formation of α-Syn-Cu(II) still results in redox-active 

species that show detrimental dopamine oxidase reactivities and can contribute to toxicity in 

the physiological context.

MBTH has been extensively utilized to investigate the reactivity of catechol oxidases and 

quinone formation. Its chromophore properties allow optimal dopaquinone quantification for 

relative comparison of the reactivities in α-Syn soluble vs. membrane-bound forms (see 

below). Previous investigations revealed that α-Syn-Cu(II) model complexes can display 

overall different reaction rates in the presence or absence of MBTH. MBTH can promote a 

fast reduction of Cu(II) (the initial reaction to generate Cu/O2 reactive species upon O2 

binding to Cu(I) and activation), increasing the initial rate of the oxidation process. In the 

absence of MBTH, catechols can substitute MBTH in the Cu(II)-to-Cu(I) reduction step 

[64]. To confirm that the dopamine oxidase reactivity in NH2α-Syn-Cu(II) and NAcα-Syn-

Cu(II) is mantained also in the absence of MBTH, the oxidase activity was quantified by 

dopaminochrome detection (ε475 =3,700 M−1cm−1) [65], obtained through dopamine 

oxidation to dopaquinone (the rate limiting step) and further rapid conversion to 

dopaminochrome, at substrate concentrations close to saturation (dopamine=2 mM). The 

results confirmed that, despite the overall rates are partially reduced in the absence of 

MBTH, the overall oxidation rates are in a similar order of magnitude and follow the same 

order for free Cu(II) and α-Syn-Cu(II) forms as determined with MBTH (Figure S2, see also 

below for membrane-bound forms). Thus, in the presence of physiological reducing agents, 

α-Syn-Cu(II) possesses dopamine oxidase activity.

In the presence of molecular oxygen and biological reducing agents such as ascorbate, 

copper can activate oxygen and catalyze ROS radical production to generate peroxyl radical 

(HO2
•), superoxide radical anion (O2

•−), hydrogen peroxide (H2O2), and hydroxyl radical 

(HO•) through redox-cycling via Fenton and Haber Weiss-like reactions [66]. 

Physiologically, ascorbate is present in the central nervous system (CNS) in high 

concentrations reaching up to 10 mM in neurons. To determine ROS production catalyzed 

by α-Syn-Cu(II), we utilized the fluorescent reporter probe 3-coumarin carboxylic acid (3-

CCA) and investigated the effect of N-terminal acetylation to the ability of the α-Syn-Cu(II) 

to catalyze ROS production. 3-CCA scavenges hydroxyl radicals to form the fluorescent 

product 7-OH-3-CCA (λEx=395nm, λEx=450nm). Because of the non-fluorescent nature of 

3-CCA and its high hydroxylation rate constant, the detection of 7-OH-CCA allows real-

time measurements of the kinetics of hydroxyl radical generation by α-Syn complexes. We 

followed the kinetics of formation of hydroxyl radical in the presence of NH2α-Syn-Cu(II) or 
NAcα-Syn-Cu(II) (5 μM) and ascorbate (600 μM), and compared it to the rate of catalysis by 

free Cu(II). Analysis of the fluorescence traces revealed that both forms efficiently catalyze 

ascorbate-driven hydroxyl radical production at similar rates, which are approximately half 

of the ones catalyzed by free Cu(II). Thus, N-terminal acetylation results in NAcα-Syn-

Cu(II) complexes that can partially quench and protect from the more deleteriuos reactivity 

of free Cu(II) redox-cycling (Figure 3a), but at the same time can still efficiently and 

detrimentally catalyze ROS generation through copper redox-cycling and thus mediate toxic 

reactivities.
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Catalytic ROS production by α-Syn-Cu(II) results in oxidative modification of amino acid 

side chains in α-Syn, including the generation of cross-linked species through dityrosine 

covalent bridges [26], [55], [67], [68]. Dityrosine cross-links form by ortho-ortho coupling 

of two Tyr39 residues in the presence of oxygen and reducing agent ascorbate, resulting in 

homodimers that can act as a seed for fibril formation [68]. This process was proposed to 

occur through copper-oxygen electron transfer resulting in the abstraction of the phenolic 

hydrogen, followed by radical tautomerism in the aromatic ring resulting in the formation 

and subsequent coupling of tyrosyl radicals to form dityrosine cross-links [55]. 

Abeyawardhane et al. revealed that the long range of interaction involving His50 and N-

terminus is required to stabilize the Cu(I)/Cu(II) intermediate for the copper-oxygen 

reactivity to take place [55]. To set the basis for a comparison with membrane-bound α-Syn 

forms (see below), we also verified here the effect of N-terminal acetylation on α-Syn 

dityrosine cross-linking by comparing it to the soluble NH2α-Syn form. Dityrosine shows a 

characteristic fluorescence emission with a maximum at 418 nm (λex=325nm). We initially 

monitored dityrosine formation by incubating 10 μM NH2α-Syn-Cu(II) or NAcα-Syn-Cu(II) 

in the presence 1 mM ascorbate for 1 h. The recorded emission spectra showed a prominent 

increase in the emission band characteristic of dityrosine which was absent in NH2α-Syn or 
NAcα-Syn controls in absence of Cu(II) (Figure 3b). In agreement, analysis of the reaction 

kinetic traces at 418 nm revealed a progressive increase in the dityrosine emission signal, 

absent in the control samples, consistent with metal-dependent cross-linking process (Figure 

3c). Thus, in agreement with the observations above and previous studies, N-terminal 

acetylation does not appear to significantly alter the redox properties of α-Syn-Cu(II), 

resulting in species that catalyze detrimental modifications leading to gain of toxic 

functions.

Membrane insertion exacerbates the dopamine oxidase activity of α-Synuclein-Cu(II)

In dopaminergic neurons, α-Syn exists in equilibrium between unfolded soluble forms and 

ampiphatic α-helical membrane-bound species, formed upon interaction of the seven 

imperfect amino acid repeats (KXKEGV) in its sequence with lipid vesicles [12]-[14]. This 

interaction is consistent with the physiological role of α-Syn in maintaining functional 

presynaptic dopamine vesicles. However, the redox properties of α-Syn-Cu(II) inserted in 

lipid bilayers remain elusive. We aimed to determine how α-Syn-Cu(II) membrane insertion 

affects its redox activites when compared to soluble forms. Membrane-bound non-acetylated 

α-Syn (NH2α-Syn) binds Cu(II) with the N-terminal amine nitrogen, the backbone amide, 

the carboxylate side chain of Asp2 and a water molecule as the coordinating ligands (Figure 

1c). His50 is not involved in the coordination shell because it is separated from the N-

terminus by the helical portion inserted in the membrane [41]. Moreover, we aimed to 

determine the effect of N-terminal acetylation to the reactivity of membrane-bound α-Syn-

Cu(II) since both the N-terminal amine group and His50 are not availble for coordination 

and Cu(II) binding might shift to the lower affinity C-terminal site (Figure 1e).

To model α-Syn interactions with lipid membranes, we inserted soluble α-Syn into small 

unilamellar vesicles (SUVs) prepared using a mixture (70:30 w/w) of phosphatidylcholine 

(zwitterionic) and phospatidylgycerol (negatively charged). This lipid composition reduces 

the interaction of Cu(II) with lipid head groups [41]. Dynamic light scattering analysis 
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revealed the average vesicle size of 60 nm with a mean polydispersity index of 0.233 (Figure 

4c). We used a protein:lipid molar ratio of 1:500 (mol/mol) which was shown to allow α-

Syn-Cu(II) formation [41]. Complete α-Syn insertion into lipid bilayers was verified by size 

exclusion chromatography (Superdex 200 10/300 column) and SDS-PAGE upon separation 

of vesicles from the supernatatnt using 50-kDa MWCO filters (Figure 4a–b). SEC peak 

integration revealed that the soluble monomeric NH2α-Syn and NAcα-Syn peaks (~13.3 ml), 

upon membrane-binding, completely shifted to the column void volume (~8.2 ml) where 

lipid vesicles elute (Figure 4a and Table S2). Consistent with previous reports [56], although 

N-terminal acetylation causes a localized increase in helicity in the N-terminal region of α-

Syn, it does not significantly affect its structure and membrane-binding to SUVs and 

synaptosome-derived vesicles.

To confirm that α-Syn membrane insertion does not prevent Cu(II) binding, we titrated 

Cu(II) into membrane-bound NH2α-Syn and NAcα-Syn (protein: Cu(II) ratio 1.2:1, mol/

mol). We subsequently separated vesicles from unbound Cu(II) and soluble α-Syn-Cu(II) by 

centrifugation using 50-kDa MWCO filters. ICP-MS analysis showed that >97% of Cu(II) is 

bound to both membrane-bound NH2α-Syn and NAcα-Syn (Table S1). However, Cu(II) can 

also bind to lipid phosphate head groups in the absence of α-Syn (Table S1). We thus 

confirmed Cu(II) binding to membrane-bound α-Syn by EPR spectroscopy. X-band EPR 

spectra for NH2α-Syn-Cu(II) and NAcα-Syn-Cu(II) (500 μM) were recorded at 10 K and 

compared to lipid-Cu(II) complexes (Figure S3). Consistent with with previus reports [41], 

all species presented axial spectra with lipid-Cu(II) complexes showing a significant signal 

downshift in both the perpendicular and parallel regions when compared to α-Syn-Cu(II), 

confirming the formation of membrane-bound stoichiometric α-Syn-Cu(II) complexes 

(Figure S3).

We subsequently determined the effect of membrane insertion on the dopamine oxidase 

activity of α-Syn-Cu(II) to generate the dopamine ortho-quinone using MBTH. Initial 

analysis of absorption spectra of MBTH-adduct formation with dopamine ortho-quinone 

revealed a drastic increase in the amount of generated ortho-quinone compared to soluble α-

Syn-Cu(II), providing evidence for a dramatic potentiation of catechol oxidase-like activity 

upon α-Syn membrane insertion. Analysis of dopamine oxidation rates as a function of 

substrate concentration for membrane-bound α-Syn-Cu(II) also revealed an hyperbolic 

dependency as observed for soluble forms (Figure 5a). Michaelis-Menten analysis resulted 

in Vmax values of 1094.0 ± 22.5 and 1281.6 ± 63.6 nmol quinone*μmol−1 α-Syn-Cu(II)*min
−1 for NH2α-Syn and NAcα-Syn, respectively, and Km values of 0.32 ± 0.03 and 0.29 ± 0.05 

mM, respectively (Table 1). Thus, membrane insertion drastically increases the dopamine 

oxidase acitvity of α-Syn-Cu(II) resulting in complexes possessing similar Km but Vmax 

values that are approximately one to two two orders of magnitude higher than the 

corresponsing soluble forms and higher even than Cu(II) bound to lipids (Vmax =992.4 ± 

106.7 nmol quinone*μmol−1 (II)*min−1; Km=0.93 ± 0.15 mM; see also Figure S2 for 

measurements in the absence of MBTH). Moreover, N-terminal acetylation appear to further 

increase the apparent oxidase catalityc efficiency compared to non-acetylated α-Syn (NH2α-

Syn) when bound to membranes. Overall, these resuslts indentify a dramatic detrimental 

effect resulting from α-Syn membrane insertion and interaction with Cu(II).
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We also determined dopamine oxidase rates as a function of dopamine concentrations at 

progressively increasing H2O2 concentrations. Addition of H2O2 resulted in a hyperbolic 

dependency of the rates of dopamine oxidation still consistent with a catalytic metal-

centered oxidation and resulted in progressively increasing rates up to approx. 100 mM 

H2O2 (Figure 5b, Table S3). By analyzing the changes in apparent Vmax versus H2O2 

concentrations, a Michaelis-Menten dependency was observed with Vmax, H2O2 of 2,050 ± 

387 nmol quinone*μmol−1 α-Syn-Cu(II)*min−1 and Km, H2O2 of 0.08 ± 0.02 M (Figure 5c). 

The hyperbolic dependency thus suggests a direct involvement of peroxide at the metal 

center in the catalytic mechanism, when H2O2 is present. A catechol oxidase-like activity 

towards the catechol-like substrate, 1,2,3-trihydroxylbenzene (THB) was observed 

previously for the Aβ-Cu(II) complex [62], [69]. Aβ-Cu(II) was proposed to oxidize THB 

via formation of a transient dinuclear Cu(II) center via two-electron transfers to generate two 

Cu(I) and ortho-quinone products. The two Cu(I) can bind O2 to form a dinuclear Cu(II)-

peroxo center, which oxidizes a second substrate to complete the catalytic cycle in a reaction 

cycle that mimics Type 3 Cu centers (typical of catechol oxidases). H2O2 can shunt the 

catalytic cycle, leading to a faster oxidation turnover. It should be noted that membrane-

bound α-Syn-Cu(II) forms show catalytic parameters (kcat= ~ 0.1–1.3 min−1, Km,dopamine= ~ 

0.3 mM) that are in a similar range as other human catechol oxidases such as tyrosinase (e. 

g.: kcat= ~ 1.4–49.1 min−1; Km, L-Dopa= ~ 0.23–0.74 mM) [70], while being significantly less 

efficient than other catechol oxidases from plants [71]. Follow-up studies will be required to 

determine whether the molecular mechanism for catechol substrate oxidation by membrane-

bound full-length α-Syn-Cu(II) proceeds through the expected mononuclear sites or via 

putative transient dinuclear α-Syn-Cu(II) centers, as proposed for Aβ-Cu(II). Nevertheless, 

our results reveal that membrane-bound α-Syn-Cu(II) complexes possess potentiated 

oxidative properties compared to the soluble counterparts and reveal the importance of 

membrane-bound α-Syn-Cu(II) species in studying copper-mediated neurodegenerative 

processes.

We also investigated the effect of membrane insertion in ascorbate-driven hydroxyl radical 

formation (with 3-CCA) and dityrosine formation (dityrosine fluorescence) of NH2α-Syn-

Cu(II) and NAcα-Syn-Cu(II). Despite lipids effectively quenching ROS and competing with 

the reporter probe 3-CCA, preventing a direct quantitative comparison with soluble forms, 

kinetic traces still revealed that both membrane-bound NH2α-Syn-Cu(II) and NAcα-Syn-

Cu(II) can efficiently catalyze hydroxyl radical production (Figure 6a). In addition, 

dityrosine cross-link formation was observed by fluorescence spectroscopy to occur also in 

the membrane-bound forms, though to a lower extent (Figure 6b). Signal intensity reduction 

was observed, consistent with the knowledge that His50 enhances copper-oxygen reactivity 

towards dityrosine formation. A change in the Cu(II) binding mode which removes His50 

from the coordination shell shifting Cu(II) biding to C-terminal sites result in a transition 

from predominantly intermolecular to intramolecular dityrosine cross-links [55]. However, 

also in this case, radical quenching by lipid molecules in the reaction investigated cannot be 

excluded.

Overall, our work reveals a dichotomic “Yin and Yang” role for α-Syn-Cu(II). First, Cu(II)-

binding to α-Syn can reduce and partially quench the redox reactivity of free Cu(II) thereby 

providing a line of protection under condition of uncontrolled Cu(II) homeostasis. On the 
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other hand, α-Syn-Cu(II) complexes do not completely silence the Cu(II) redox reactivity 

and are capable of catalyzing detrimental redox processes. In our work, we demonstrate that, 

despite partially quenching the reactivity of free Cu(II), N-terminal acetylation and 

membrane insertion dramatically potentiate the catechol oxidase activity of α-Syn-Cu(II) 

complexes compared to α-Syn-Cu(II) soluble forms and involve a metal-centered Cu(II)/

Cu(I) redox cycle. N-terminal acetylation plays a role in localization of the protein in the 

plasma membrane when compared to NatB-deficient cells which are more localized in the 

cytosol [72]. However, other than an increase in transient helical propensity at the N-

terminus of the acetylated form, there is minimal change in the proteins’ hydrodynamic 

radius and long-range interactions. Moreover, both the non-acetylated and acetylated forms 

have similar aggregation propensities and ability to bind to synaptosomal membranes [56]. 

However, the Cu(II) coordination environment is altered upon N-terminal acetylation in 

soluble and membrane-bound forms. In soluble non-acetylated form, the high affinity site in 

the N-terminus involves the N-amino nitrogen in binding the Cu(II); however, in the soluble 

acetylated form, this site is blocked and Cu(II) binding shifts to a lower affinity site that 

includes His50 [38]-[40]. On the other end, characterization of Cu(I) binding to the 

acetylated α-Syn showed that Cu(I) is bound exclusively to the N-terminus with the N-

terminal acetyl group, Met1, Asp2 and Met5 as source of ligands for binding [32]. Cu(I) is a 

softer ion and prefers coordination by soft bases such as cysteines and methionines. In the 

reactivities that we analyzed, copper cycles between oxidation states, and a coordination 

sphere that would allow for the stabilization of both states is expected. The long range of 

interaction involving His50 and N-terminus appears required to stabilize the Cu(I)/Cu(II) 

intermediate for the copper-oxygen reactivity to take place [55]. Therefore, in light of the 

comparable reactivity observed in both in acetylated and non-acetylated soluble forms, we 

assume similar Cu(I)/Cu(II) coordination shells involving His50 and possibly upstream (N-

terminal) ligands that can stabilize this Cu(I)/Cu(II) intermediate.

Contrarily, we show in our work that membrane-binding drastically increases the dopamine 

oxidase activity of α-Syn-Cu(II), suggesting potential differences in the dopamine oxidation 

reaction mechanism. In the membrane-bound NH2α-Syn-Cu(II), Cu(II) is bound to the N-

terminal residues with the same binding affinity (Kd ~ 0.1 nM) as the soluble form. Cu(II) 

binding does not alter the α-helical conformation of α-Syn when interacting with 

membranes and its energetics of membrane release [41]. Unlike the soluble NH2α-Syn form, 

membrane insertion removes His50 from the Cu(II) coordination shell. On the other hand, 

the membrane-bound NAcα-syn-Cu(II) is not well studied but similar to the NH2α-Syn, 

His50 also cannot contribute in the Cu(II) coordination shell in this form. The absence of 

His50 in the coordination appear to correlate with the potentiation of the catechol oxidase 

reactivity of the membrane-bound α-Syn-Cu(II) complexes. Moreover, in the membrane-

bound NAcα-Syn, the blocking of the N-terminal amino group by acetylation resulted in 

further increase in the catechol oxidase activity compared to NH2α-Syn. A possible shift to 

Cu(II) coordination in the low affinity C-terminal site, might contribute to this effect [39]. 

Overall, this suggests that the shift in Cu(II) coordination environment that remove His50 

from the coordination shell is responsible for an increased catechol oxidase activity.

To note, the coordination at His50 has been considered important since the discovery of the 

H50Q mutant in familial forms of PD. Interestingly, evidence show that in the presence of 
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Cu(II), the H50Q mutant aggregates faster than the wild-type and forms amorphous instead 

of fibrillar aggregates [73]. This suggests that Cu(II) binding in His50 plays a role in 

modulating aggregation, possibly by inducing a local turn-like structure that favors β-sheet 

nucleation, whereas its absence leads to Cu(II)-induced aggregation that forms amorphous 

aggregates [74]. Moreover, substitution of the His50 residue with a disease relevant Gln50 

mutation abolishes intermolecular dityrosine cross-linking and limits the copper-oxygen 

promoted cross-linking to the C-terminal region [55]. Such a dramatic change in reaction 

behavior establishes a role for His50 in facilitating intermolecular cross-linking. Future work 

addressing the effect of His50 mutation on the dopamine oxidase activity will provide 

additional insight of His50 coordination in the redox properties of membrane-bound NAcα-

Syn-Cu(II) complexes.

Zn7metallothionein-3 targets soluble and membrane-bound α-Synuclein-Cu(II) complexes, 
abolishing their redox activity.

Our work substantiates that α-Syn can partially quench and protect from the toxicity of free 

Cu(II) [42]. However, copper binding to amyloidogenic peptide/proteins, including α-Syn, 

can still contribute to neurodegenerative processes in light of their demonstrated redox 

reactivities. Considering the role played by MT-3 in maintaining copper homeostasis and 

preventing aberrant copper-protein interactions, we investigated the reactivity between 

Zn7MT-3 and NH2α-Syn-Cu(II) or NAc -Syn-Cu(II). Zn7MT-3 occurs both intracellularly and 

extracellularly, and was initially discovered to be able to quench the toxic reactivity of the 

Aβ-Cu(II) complexes in AD by scavenging Cu(II), reducing it to Cu(I) with concomitant 

formation of intramolecular disulfides, and binding Cu(I) in a redox-stable cluster, thereby 

abolishing ROS production [51]. This reactivity was also demonstrated to occur with soluble 
NH2α-Syn-Cu(II) where Zn7MT-3 was shown to completely quench dopamine oxidation, 

ROS production, α-Syn oxidation and oligomerization [26].

With the evidence that α-Syn exists physiologically in acetylated and membrane-bound 

forms and the discovery that membrane insertion exacerbates the dopamine oxidase activity 

of α-Syn-Cu(II) compared to soluble forms, we sought to determine whether soluble 

Zn7MT-3 can also target these complexes and abolish their toxic reactivities.

We first determined the effect of Zn7MT-3 on the dopamine oxidase activity of the soluble 

α-Syn-Cu(II) forms. We reacted the α-Syn-Cu(II) complexes with Zn7MT-3 (0.25 eq., 1 h, 

25°C) and followed dopamine ortho-quinone formation using 2 mM MBTH upon incubation 

with 1 mM dopamine. By analyzing the absorbance development for the MBTH-quinone 

adduct at 450–650 nm for 100 min, we observed that that dopamine oxidase activity of both 
NH2α-Syn-Cu(II) and NAcα-Syn-Cu(II) was completely abolished in the presence of 

Zn7MT-3 and reverted to the background levels of dopamine auto-oxidation (Figure 7a and 

Figure S4).

Since MT-3 is a soluble metalloprotein, the demonstrated reactivity with soluble α-Syn-

Cu(II) does not allow extrapolation on whether this reaction occurs when α-Syn is inserted 

into lipid bilayers. We thus conducted similar dopamine oxidation experiments with the 

membrane-bound forms of α-Syn-Cu(II) upon reaction with Zn7MT-3. Upon incubation of 

the membrane-bound α-Syn-Cu(II) forms with Zn7MT-3 (4:1 α-Syn: MT-3, mol/mol) for 1 
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h before dopamine addition, the formation of the dopamine ortho-quinone monitored using 2 

mM MBTH was also completely abolished. The results reveal that Zn7MT-3 can also target 

and silence the dopamine oxidase activity of membrane-bound α-Syn-Cu(II) complexes 

(Figure 7b).

To verify the molecular mechanism underlying the quenching effect, we investigated 

whether Zn7MT-3 can remove Cu(II) from α-Syn-Cu(II) and whether a redox reaction is 

involved in the process. Pearson HSAB (Hard and Soft Acid and Bases) theory predicts that 

Cu(II) would preferentially bind to “harder” N/O-ligands, whereas Cu(I) to “soft” thiolate 

ligands like the cysteine thiolate ligands contained in MTs. We thus verified whether 

Zn7MT-3 can reduce Cu(II) and bind it as Cu(I) in its N-terminal β-domain to form 

Cu(I)4Zn4MT-3 as previously demonstrated for soluble Aβ-Cu(II), NH2α-Syn-Cu(II), and 

PrP-Cu(II) complexes [26], [51], [52].

At 77 K, Cu(I)4Zn(II)4MT-3 shows a characteristic luminescence emission spectrum 

(λex=320 nm) with two emissive bands centered at 425 nm and 575 nm with lifetimes (τ) of 

40 and 120 μs, respectively, that are diagnostic of the formation of a Cu(I)4 thiolate cluster in 

MT-3 structure [49], [75]. The presence of two emissive bands in Cu(I)4 clusters is 

correlated with short internuclear Cu···Cu distances (<2.8 Å). The low energy band at 575 

nm is assigned to a triplet charge transfer (CT) origin, while the high energy band at 425 nm 

to a cluster-centered (CC) origin [49]. The presence of the high-energy emissive band 

indicates that peculiar metal-metal interactions in this cluster exist allowing a d10-d10 orbital 

overlap and metal-metal bonding character, which results in an exceptional stability toward 

molecular oxygen (unusual for Cu(I)-thiolate clusters) and is critical for redox silencing 

[49].

Upon reaction of NH2α-Syn-Cu(II) or NAcα-Syn-Cu(II) (10 μM) with Zn7MT-3 (2.5 μM) for 

1 h, the samples were frozen in liquid nitrogen and emission spectra recorded at 77 K 

(λex=320 nm). The presence of two emission bands that match in position and lifetimes 

(Figure 8, Table S4) with the ones of Cu(I)4Zn(II)4MT-3 are diagnostic of Cu(II) removal 

from α-Syn-Cu(II) and concomitant reduction to Cu(I) to form a redox-silent Cu(I)4 cluster 

in Cu(I)4Zn(II)4 MT-3. The same characteristic Cu(I)4Zn(II)4 emission spectra at 77 K was 

also obtained upon reaction between membrane-bound NH2α-Syn-Cu(II) and NAcα-Syn-

Cu(II) and Zn7MT-3, confirming that the Cu(I)4 cluster in MT-3 β-domain was formed also 

in the case of membrane-bound α-Syn forms (Figure 8, Table S4). To quantitatively verify 

the metal scavenging reaction, we quantified the Cu(I) bound to MT-3 by using 50-kDa 

MWCO filters to separate membrane-bound α-Syn vesicles (supernatant) from MT-3 

(filtrate) and subsequently analyzed metal content by ICP-MS. In agreement with the 

luminescence spectra, ICP-MS analysis revealed >80% of Cu(I) in the filtrate bound to 

MT-3. Moreover, evidence of a partial metal swap reaction between α-Syn SUVs and MT-3 

was obtained by analyzing the zinc content in the two fractions. The presence of zinc in the 

high molecular weight fraction upon the swap reactions confirmed that Zn(II) is released 

upon Cu(I) binding in MT-3 resulted in Zn(II) binding to α-Syn SUVs (Figure S5).

To further verify that Cu(II) reduction and scavenging by Zn7MT-3, generating the redox-

inert Cu(I)4Zn4MT-3, abolishes the α-Syn Cu(II) redox properties, ROS production and 
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concomitant tyrosine cross-linking were investigated. Upon incubation of soluble or 

membrane-bound α-Syn-Cu(II) complexes with Zn7MT-3 (0.25 eq.) and monitoring the 

hydroxyl radical production with 3-CCA in the presence of ascorbate (600 μM), no 

development of 7-OH-3-CCA fluorescence (λex=395 nm; λem=450 nm) was observed 

(Figure 9a–b). Similarly, upon reaction between Zn7MT-3 and soluble and membrane-bound 

forms of α-Syn-Cu(II), the formation of dityrosine in the presence of ascorbate (1 or 3 mM) 

was significantly reduced (Figure 9c–d). Thus, Zn7MT-3 is able to remove Cu(II) from 

soluble NH2α-Syn-Cu(II) and NAcα-Syn-Cu(II), and membrane-bound NH2α-Syn-Cu(II) and 
NAcα-Syn-Cu(II) complexes, completely abolishing their reactivities.

Overall, our work demonstrated a protective effect of Zn7MT-3 from α-Syn-Cu(II) reactivity 

originating from the redox coupling of Cu(II)/Cu(I) and thiolate/disulfide pairs. The reaction 

allows Cu(II) scavenging and redox silencing of aberrantly bound copper to α-Syn-Cu(II) 

via formation of a redox-inert and oxygen-stable Cu(I)-thiolate cluster in MT-3. MT-3, 

which is highly expressed in neurons and possesses a higher selectivity bias and affinity for 

Cu(I) compared to other MT isoforms, is emerging as a major player in copper homeostasis 

in the CNS and acting as a gatekeeper in controlling aberrant metal-protein interactions [20], 

[23]. The MT-3 function in neurodegenerative processes has been implicated in light of its 

down-regulation in AD. MT-3 was discovered as growth inhibitory factor (GIF) deficient in 

the AD brain which prevents abnormal sprouting of neurons. Upon purification and 

sequencing, GIF was classified as belonging to MT family [45], [46]. Compared to 

ubiquitously expressed MT-1 and MT-2, in vivo metalation experiments confirmed its higher 

copper-thionein character [76]. Isoform-specific residues in MT-3, such as its unique CPCP 

motif in the β-domain, and the acidic hexapeptide insert in its α-domain have been identified 

to be critical in fine-tuning its selectivity bias towards copper. As consequence, less-stable 

Zn(II) clusters and more-stable Cu(I) clusters are formed in its β-domain when compared to 

MT-2 [50]. Its affinity towards Cu(I) (Kd =10−19 M) has been found to be correlating to the 

copper buffering range in cells, further supporting its gatekeeping role in controlling copper 

homeostasis in the brain.

MT-3 expression is found to be altered in a number of NDs, including PD [48]. In light of its 

protective role in metal-dependent neurodegenerative processes, MT-3 induction is currently 

investigated as a possible therapeutic option to control copper-induced neurodegenerative 

processes [23]. Roy et al. (2017) investigated the effect of small molecule compounds in 

inducing MT-3 expression and revealed that benzothialozone-2 can enhance MT-3 

expression levels with minimal cytotoxic effects [77]. Moreover, dexamethasone was 

demonstrated to induce MTs expression and observed to suppress Cu(II)-mediated α-Syn 

aggregate formation in vivo [78]. Our work provides mechanistic evidence that MT-3 is 

capable of targeting all physiologically relevant α-Syn-Cu(II) complexes-the acetylated and 

membrane-bound forms. By removing Cu(II) from α-Syn and consequent reduction to Cu(I) 

to form a stable and redox-inert cluster, MT-3 abolishes deleterious redox chemistry 

catalyzed by α-Syn-Cu(II). As a result of this reaction, the dopamine oxidase activity is 

quenched and ROS production abolished, providing the molecular basis of the protective 

effect of MT-3 against Cu(II)-catalyzed α-Syn-Cu(II) reactions.
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Conclusions

In this work, we investigated the redox reactivity of α-Syn-Cu(II) in the physiologically 

relevant acetylated and membrane-bound forms. While the redox reactivity of the soluble 
NH2α-Syn-Cu(II) complexes has been previously shown to promote catalytic dopamine 

oxidation, ROS formation, and α-Syn aggregation [26], [27], the role of N-terminal 

acetylation and membrane insertion on the reactivity remained to be further investigated.

Our analysis reveals that, in all forms, Cu(II) binding to α-Syn reduces the toxic redox 

reactivity of free copper, thereby representing a potential line of protection in the case of 

Cu(II) altered homeostasis. On the other hand, α-Syn-Cu(II) still possesses detrimental 

catalytic redox properties. In this work, we reveal that membrane-bound α-Syn-Cu(II) 

complexes possess an exacerbated catechol oxidase activity compared to soluble forms, 

which can contribute to cellular toxicity in light of the relevance of membrane-binding to the 

physiological functions of α-Syn. The altered Cu(II) coordination environment in the 

membrane-bound α-Syn-Cu(II), where His50 is not involved in coordination, and the 

resulting shift to lower affinity sites appears central to the observed reactivity. Moreover, we 

show that these Cu(II) complexes can be efficiently targeted and silenced by the neuronal 

protein metallothionein-3. On one hand, the work provides additional evidence for the 

general gatekeeping role of Zn7MT-3 in controlling aberrant protein-copper interactions in 

the central nervous system. On the other, the gained knowledge provides an extension of the 

molecular rationale for therapeutic intervention in the treatment of PD aimed at increasing 

MT-3 levels in the brain.

Methods

Expression and purification of recombinant human α-Syn and preparation of the α-Syn-
Cu(II) complexes.

NH2α-Syn was expressed in Escherichia coli BL21 (DE3) cells using a pET-3d plasmid 

(GenScript) encoding for the human α-Syn sequence. Transformed cells were grown 

overnight in LB media with 100 μg/ml ampicillin at 37°C. The overnight pre-culture was 

used to inoculate fresh media (1000-fold dilution), and the cells were grown at 37°C until 

OD600=0.3. Protein expression was induced by adding 1 mM IPTG for 3.5 h. Cells were 

collected by centrifugation (6000 xg, 25 min, 4°C; Thermo Scientific LYNX 6000) and then 

resuspended in osmotic shock buffer to release periplasmic proteins following the method of 

Huang et al. [79]. The protein was purified through anion exchange chromatography using a 

HiPrep DEAE FF 16/10 column connected to an ӒKTA Pure chromatographic system (GE 

Healthcare Life Sciences) using a linear gradient of 100 to 300 mM NaCl in 20 mM tris-HCl 

pH 8.0, followed by size exclusion chromatography using a Superdex 75 column eluted in 

20 mM N-ethylmorpholine buffer, pH 7.4. The N-terminally acetylated α-synuclein (NAcα-

Syn) was expressed in Escherichia coli BL21 (DE3) cells upon co-transformation of the 
NH2α-Syn plasmid and the pNatB plasmids (pACYCduet-naa20-naa25, Addgene plasmid # 

53613) encoding for the NatB N-acetylase. Expression and purification was performed 

similarly to NH2α-Syn, except for the addition of 25 μg/ml chloramphenicol to the growth 

media. Correctness of expression and acetylation was confirmed by ESI-MS and the purity 

confirmed by SDS-PAGE. Protein concentrations were determined spectrophotometrically 
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using ε280 =5,960 M−1cm−1 (Agilent Cary 300 UV-Vis Spectrophotometer). To prepare the 

soluble α-Syn-Cu(II) complexes, α-Syn was titrated with Cu(II) (protein: Cu ratio 1.2:1, 

mol/mol) using a 10 mM CuCl2 stock and incubated for 20 min.

To generate membrane-bound α-Syn-Cu(II) complexes, small unilamellar vesicles were 

prepared following the method of Dudzik (2013) [41]. Briefly, a mixture of 70% 

phosphatidylcholine (POPC) and 30% phosphatidylglycerol (POPG) (Avanti Polar Lipids) 

was dried overnight, resuspended in water, and sonicated with a tip sonicator (Fisher) at 40% 

power, 30 s/40 s sonication/resting time on ice, for a total of 5 min sonication time. The 

vesicle size was determined using a Malvern Zetasizer Nanoseries on 100 μg/ml lipid 

samples (25°C). α-Syn was inserted to lipid vesicles by incubating α-Syn and lipids in a 

molar ratio of 1:500 (α-Syn: lipids, mol/mol) with shaking at 25°C (12 h). Insertion into 

vesicles was confirmed by size exclusion chromatography in 20 mM N-ethylmorpholine 

buffer, pH 7.4 using a Superdex 200 Increase 10/300 GL column. To prepare the membrane-

bound α-Syn-Cu(II) complexes, membrane-inserted α-Syn was reacted with Cu(II) (protein: 

Cu ratio 1.2:1, mol/mol) using a 10 mM CuCl2 stock and incubating for 20 min.

To confirm Cu(II) binding to membrane-bound α-Syn, 500 μM membrane-bound α-Syn-

Cu(II) samples in 20 mM N-ethylmorpholine pH 7.4 buffer and 25% (v/v) glycerol were 

flash frozen using liquid nitrogen. The EPR spectra were subsequently obtained using a 

Bruker EMX EPR Spectrometer at approximately 10 K using υ=9.35 GHz, microwave 

power of 0.77 mW, modulation amplitude of 10.0 G, and sweep width of 1200 G. Cu(II) 

bound to α-Syn was quantified by using centrifugal membranes (3-kDa MWCO filters for 

the soluble forms and 50-kDa MWCO for the membrane-bound forms) to separate unbound 

Cu(II). The copper content in the filtrate and supernatant were quantified via ICP-MS 

analysis (Agilent 7900) in samples digested in 1% HNO3.

Expression and purification of Zn7MT-3

Recombinant human MT-3 was expressed in Escherichia coli BL21(DE3)pLys using codon 

optimized pET-3d plasmid encoding for the human MT-3 sequence (Novagen). Following 

the method of Faller (1999) [80], the proteins were expressed and purified as Cd proteins by 

adding 0.4 mM CdSO4 30 minutes after expression induction with IPTG (1 mM). The apo 

MTs were then generated by addition of HCl following the method of Vasak (1991) [81] and 

reconstituted to the Zn7MT form by adding ZnCl2 and adjusting the pH to 8.0 using 1 M 

Tris base. The protein concentration was determined photometrically (Agilent Cary 300 UV-

Vis Spectrophotometer) in 0.1 mM HCl using ε220 =53,000 M−1 cm−1 [49] Cysteine-to-

protein ratios were determined by photometric quantification of sulfhydryl groups (CysSH) 

upon reaction with 2,2-dithiodipyridine in 0.2 M sodium acetate/1 mM EDTA (pH 4.0) 

using ε343=7,600 M−1 cm −1[82]. Metal-to-protein ratios were determined by ICP-MS 

(Agilent 7900) using samples digested in 1% HNO3. For the ZnMTs, CysSH-to-protein 

ratios of 20 ± 3 and zinc-to-protein ratios of 7.0 ± 0.4 were obtained.
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Measurement of dopamine oxidase activity using 3-methyl-2-benzothiazolinone hydrazone 
(MBTH)

To determine dopamine oxidase activity, NH2α-Syn-Cu(II) or NAcα-Syn-Cu(II) (10 μM) 

were incubated with 1 mM dopamine in the presence of 2 mM MBTH. The absorption 

spectra (450–650 nm) were recorded after 100 min (Agilent Cary 300 UV-Vis 

Spectrophotometer). The absorption spectrum of 1 mM dopamine (dopamine auto-

oxidation) without α-Syn-Cu(II)) was recorded and subtracted to obtain the net rates. 

Concentration-dependent dopamine oxidase activity was determined by incubating α-Syn-

Cu(II) (10 μM) with increasing dopamine concentrations (0.05, 0.10, 0.15, 0.25, 0.35, 0.50, 

1.00, 1.50, 2.00 mM, freshly prepared before addition) in the presence of 2 mM MBTH in 

20 mM N-ethylmorpholine/100 mM NaCl, pH 7.4, 100 mM NaCl (25°C). The absorbance at 

500 nm was determined after 120 s for soluble forms and 20 s for membrane-bound forms. 

Using ε500=3.25 × 104 M−1cm−1, the rates of dopamine oxidation were calculated as nmol 

quinone*μmol−1 α-Syn-Cu(II)*min−1 and plotted against the dopamine concentration to 

obtain Km and Vmax. The effect of H2O2 to the rate of dopamine oxidation was determined 

by addition of increasing H2O2 concentrations (0.01 – 1.00 M) to the reaction mixture 

immediately before addition of dopamine. Quenching by Zn7MT-3 was determined by 

incubating the α-Syn-Cu(II) complex with Zn7MT-3 (4:1 mol/mol) for 1 h at 25°C before 

initiating the reaction with dopamine.

Measurement of dopamine oxidase activity in the absence of MBTH

To determine dopamine oxidase activity, soluble or membrane-bound NH2α-Syn-Cu(II) or 
NAcα-Syn-Cu(II) (10 μM) were incubated with 2 mM dopamine in the absence of 2 mM 

MBTH, and the kinetics of dopaminochrome formation followed by absorption spectroscopy 

at 475 nm (ε=3,700 M−1 cm−1) [42], [64], [65]. The absorbance at 475 nm was determined 

after 10 min for soluble forms and 2 min for membrane-bound forms and the rates of 

dopamine oxidation were calculated as nmol dopaminochrome*μmol−1 α-Syn-Cu(II)*min
−1.

Determination of ROS generation by monitoring hydroxyl radical production and dityrosine 
formation

The formation of hydroxyl radical was determined using an SX20 Stopped-Flow 

spectrometer (Applied Photophysics). α-Syn-Cu(II) complexes (5 μM) were mixed with 

ascorbate (600 μM) and 3-CCA (400 μM), and the formation of the fluorescent product 7-

OH-3-CCA was followed by monitoring fluorescence emission at 450 nm (λex=395 nm) for 

450 s (37°C). To determine redox silencing by Zn7MT-3, the α-Syn-Cu(II) complexes were 

incubated with Zn7MT-3 (4:1 mol/mol) for 1 h at 25°C before addition of ascorbate.

Dityrosine formation was determined by incubating soluble NH2α-Syn-Cu(II) and NAcα-

Syn-Cu(II) complexes (10 μM) with 1 mM ascorbate for 1 h at 37°C. The emission spectra 

(λex=325 nm) were subsequently recorded (375–550 nm) and compared to spectra of 

samples in absence of Cu(II). The kinetics of dityrosine formation was then followed by 

mixing 10 μM α-Syn-Cu(II) complexes with ascorbate (1 mM for soluble forms, 3 mM for 

membrane-bound form) and the fluorescence emission at 418 nm (λex=325 nm) monitored 

for 1 h (soluble forms) or 3 h (membrane-bound forms) at 37°C. To determine quenching by 
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Zn7MT-3, the α-Syn-Cu(II) complexes were incubated with Zn7MT-3 (4:1 mol/mol) for 1 h 

at 25°C prior to ascorbate addition.

Low-temperature luminescence characterization of the products of α-Syn-Cu(II) and 
Zn7MT-3 interactions

Low-temperature luminescence spectra and lifetime decays were collected using a 

FluoroMax-4 spectrofluorometer (Horiba Scientific). α-Syn-Cu(II) (10 μM) complexes were 

reacted with Zn7MT-3 (0.25 eq.) for 1 h. The samples were then placed in quartz tubes with 

2 mm inner diameter and immersed in a cylindrical quartz Dewar filled with liquid nitrogen. 

Emission spectra (380–750 nm, 5 nm slit) were obtained at 77 K with λex=320 nm (5 nm 

slit), using 10 μs initial delay and 300 μs sample window. Lifetime measurements were 

performed for the emissive bands at 425 nm and 575 nm using 50 μs initial delay and a 300 

μs sample window. 10 μs and 20 μs delay increments and 500 μs and 1000 μs maximum 

delays were used for the 425 nm and 575 nm bands, respectively. Lifetime values were 

determined by fitting with a single exponential decay function.

Metal Exchange Determination by ICP-MS

The metal exchange between membrane-bound α-Syn and Zn7MT-3 were quantified by 

ICP-MS (Agilent 7900). Membrane-bound α-Syn-Cu(II) complexes (10 μM) were incubated 

with Zn7MT-3 (4:1 mol/mol) for 1 h at 25°C. 50-kDa MWCO centrifugal membranes were 

used to separate α-Syn from Zn7MT-3. The Cu(II) and Zn(II) content in the supernatant and 

filtrate were determined by ICP-MS (Agilent 7900) on samples digested in 1% HNO3.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The work was supported by the Robert A. Welch Foundation (Grant: AT-1935-20170325 to G.M), by the National 
Institute of General Medical Sciences of the National Institutes of Health under Award Number R35GM128704 (to 
G.M.) and by funds of the University of Texas at Dallas. The content is solely the responsibility of the authors and 
does not necessarily represent the official views of the National Institutes of Health. We thank Dr. Sheena D’Arcy 
and Dr. Kyle Murray (Department of Chemistry and Biochemistry, University of Texas at Dallas) for initial mass 
spectrometry analysis. We thank Jonathan Garcia Martinez, Sophia Kontos, and Luciano Perez-Medina for their 
supports with part of the experimental work.

Abbreviations

PD Parkinson’s Disease

AD Alzheimer’s Disease

ND neurodegenerative disease

LB Lewy bodies

α-Syn alpha-synuclein

NH2α-Syn non-acetylated alpha-synuclein
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NAcα-Syn N-terminally acetylated alpha-synuclein

ROS reactive oxygen species

MT-3 metallothionein-3

GIF Growth Inhibitory Factor

Aβ amyloid-beta

PrP prion protein

MW molecular weight

MWCO molecular weight cut-off

ICP-MS Inductively Coupled Plasma-Mass Spectrometry

MBTH 3-methyl-2-benzothiazolinone hydrazone

CNS central nervous system

3-CCA 3-coumarin carboxylic acid

SUVs small unilamellar vesicles

EPR electron paramagnetic resonance

THB 1,2,3-trihydroxylbenzene
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Highlights

• Non-acetylated/N-acetylated α-synuclein-Cu(II) possess detrimental redox 

activities

• Membrane-binding dramatically exacerbates α-synuclein-Cu(II) dopamine 

oxidase activity

• Metallothionein-3 targets and silences the redox reactivity of α-synuclein-

Cu(II)

• MT-3 protection stems from Cu(II)/Cu(I) and thiolate/disulfide redox 

coupling
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Figure 1. 
Proposed copper coordination modes in α-Syn. (a) Cu(II) coordination at the high-affinity 

N-terminal site in soluble α-Syn at physiological pH; (b) Cu(I) coordination at the N-

terminal site; (c) high affinity N-terminal site in membrane-bound form; (d) NAcα-Syn high-

affinity site centered at His50; and (E) low-affinity C-terminal site.
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Figure 2. 
(a) Absorption spectra recorded after the reaction of NH2α-Syn-Cu(II) (10 μM; black), 
NAcα-Syn-Cu(II) (10 μM; red), or free Cu(II) (10 μM; gray) with dopamine (1 mM) in 20 

mM N-ethylmorpholine/100 mM NaCl, pH 7.4 at 25°C, in the presence of MBTH (2 mM). 

Auto-oxidation of dopamine (1 mM) is plotted in pink. (b) Concentration-dependent 

dopamine oxidase activity of NH2α-Syn-Cu(II) (10 μM; black) or NAcα-Syn-Cu(II) (10 μM; 

red) in 20 mM N-ethylmorpholine/100 mM NaCl, pH 7.4, determined using MBTH (2 mM) 

to quantify the dopamine ortho-quinone formed after 120 s reaction (25°C).
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Figure 3. 
(a) Ascorbate-driven hydroxyl radical production by Cu(II) (5 μM; gray), NH2α-Syn-Cu(II) 

(5 μM; black), or NAcα-Syn-Cu(II) (5 μM; red) in the presence of ascorbate (600 μM) and 3-

CCA (400 μM), determined by monitoring the formation of the fluorescent product 7-OH-

CCA for 450 s at 37°C (λex=395 nm; λem=450 nm). (b) Dityrosine emission spectra 

(λex=325 nm) recorded forNH2α-Syn-Cu(II) (10 μM; green and black) and NAcα-Syn (10 

μM; orange and red) before and after 1-h reaction with 1 mM ascorbate (37°C). (c) Kinetic 

traces monitoring dityrosine formation at 418 nm (λex=325 nm) in NH2α-Syn (green), 
NH2α-Syn-Cu(II) (black), NAcα-Syn (orange), and NAcα-Syn-Cu(II) (red). Dityrosine 

formation is reported as the difference between final and initial fluorescence at 418 nm (ΔF) 

over the initial fluorescence (Fi).
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Figure 4. 
(a) Size exclusion chromatogram monitoring membrane insertion of soluble NH2α-Syn (15 

μM; black, blue after insertion) or NAcα-Syn (red, green after insertion) using a Superdex 

200 column. Lipids (gray) elute at the void volume (~8.2 ml) while soluble α-Syn elutes at 

13.3 ml (black and red). Inset: Enlarged portion of the chromatogram showing soluble α-

Syn elution. (b) SDS-PAGE of membrane-bound NH2α-Syn and NAcα-Syn, generated after 

removing soluble protein using 50-kDa MWCO filters (SN: supernatant; FT: filtrate). (c) 

Dynamic light scattering size distribution analysis of lipid vesicles (0.1 mg/ml lipids) 

generated by sonication, indicating the formation of SUVs.
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Figure 5. 
(a) Concentration-dependent dopamine oxidase activity of soluble or membrane-bound 
NH2α-Syn-Cu(II) (10 μM; black and blue, respectively) and NAcα-Syn-Cu(II) (10 μM; red 

and green, respectively) in 20 mM N-ethylmorpholine/100 mM NaCl, pH 7.4, determined 

using MBTH (2mM) to quantify the dopaquinone formed. Values were obtained after 120 s 

reaction for soluble forms and 20 s for the membrane-bound forms (25°C). (b) 

Concentration-dependent dopamine oxidase activity of membrane-bound NAcα-Syn-Cu(II) 

(10 μM) in 20 mM N-ethylmorpholine/100 mM NaCl, pH 7.4 at increasing H2O2 

concentrations (0 – 1 M), determined using 2 mM MBTH to quantify the dopaquinone 

formation (20 s, 25°C). (c) Michaelis-Menten analysis to determine Vmax, H2O2 as a function 

of H2O2 concentrations.
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Figure 6. 
(a) Ascorbate-driven hydroxyl radical production of membrane-bound NH2α-Syn-Cu(II) (5 

μM; blue), membrane-bound NAcα-Syn-Cu(II) (5 μM; green), or Cu(II) bound to lipids (5 

μM; gray), determined in the presence of 600 μM ascorbate and 400 μM 3-CCA by 

monitoring the formation of fluorescent product 7-OH-CCA (λex=395 nm; λem=450 nm; 

450 s; 37°C.) (b) Ascorbate-driven dityrosine formation of membrane-bound NH2α-Syn-

Cu(II) or NAcα-Syn-Cu(II) (5 μM), determined by monitoring dityrosine fluorescence at 418 

nm (λex=325 nm) upon incubation with 3 mM ascorbate for 3 h (37°C). Dityrosine 

formation is reported as the difference between final and initial fluorescence at 418 nm (ΔF) 

divided by initial fluorescence (Fi).
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Figure 7. 
(a) Catalytic dopamine (1 mM) oxidation by NH2α-Syn-Cu(II) or NAcα-Syn-Cu(II) (10 μM) 

in 20 mM N-ethylmorpholine/100 mM NaCl, pH 7.4, in the presence 2 mM MBTH (100 

min, 25°C). The dopamine oxidase activity is quenched upon addition of Zn7MT-3 (0.25 eq., 

1 h) prior to the addition of dopamine. (b) Quenching of the dopamine oxidase activity of 

membrane-bound NH2α-Syn-Cu(II) or NAcα-Syn-Cu(II) (10 μM) upon reaction with 

Zn7MT-3 (0.25 eq.). The dopaquinone formed was quantified after 20 s (25°C) using 2 mM 

MBTH.

Calvo et al. Page 30

Free Radic Biol Med. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
(a) Low-temperature (77 K) luminescence emission spectra of the products of the reaction (1 

h; 25°C) between soluble and membrane-bound NH2α-Syn-Cu(II) (10 μM; black and blue, 

respectively) or NAcα-Syn-Cu(II) (10 μM; red and green, respectively) with Zn7MT-3 (2.5 

μM). The reference spectra of Cu(I)4Zn(II)4MT-3 (2.5 μM) is plotted for comparison (gray). 

(b) Emission lifetime determination of the product of reaction between membrane-bound 
NAcα-Syn-Cu(II) and Zn7MT-3 at 425 nm (black) and 575 nm (red). Lifetime values were 

determined by fitting using single exponential decay function (gray and orange, 

respectively).
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Figure 9. 
(a) Quenching of ascorbate-driven hydroxyl radical production of 5 μM soluble NH2α-Syn-

Cu(II) (black) and NAcα-Syn-Cu(II) (red) by 0.25 eq. Zn7MT-3 (green and orange lines, 

respectively) incubated for 1 h before reaction with 1 mM ascorbate. Hydroxyl radical 

production was monitored by following the formation of the fluorescent product 7-OH-CCA 

(λex=395 nm; λem=450 nm) for 450 s (37°C). (b) Hydroxyl radical quenching by Zn7MT-3 

(1.25 μM) in the membrane-bound α-Syn-Cu(II) forms (5 μM). (c) Quenching of ascorbate-

driven dityrosine formation of soluble NH2α-Syn-Cu(II) (black) and NAcα-Syn-Cu(II) (red) 

by Zn7MT-3 (green and orange lines, respectively), incubated for 1 h before reaction was 

initiated by addition of ascorbate (1 mM). Dityrosine formation was determined by 

monitoring dityrosine fluorescence at 418 nm (λex=325 nm) after 1 h reaction (37°C), 

reported as the difference between final and initial fluorescence (ΔF) divided by initial 

fluorescence (Fi). (d) Quenching of dityrosine formation by Zn7MT-3 (1.25 μM) in the 

membrane-bound α-Syn-Cu(II) forms (5 μM), after following the reaction for 3 h upon the 

addition of ascorbate (3 mM). Values are corrected for ΔF/Fi, 418nm of membrane-bound α-

Syn forms in the absence Cu(II).
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Table 1.

Michaelis-Menten analysis of the dopamine oxidase activity of soluble or membrane-bound NH2α-Syn-Cu(II) 

and NAcα-Syn-Cu(II) determined using MBTH (2 mM) in 20 mM N-ethylmorpholine/100 mM NaCl, pH 7.4.

VMAX, DOPAMINE

(nmol quinone*μmol−1α-Syn Cu(II)*min−1) KM, DOPAMINE (mM)

NH2α -Syn-Cu(II) 14.2 ± 2.5 0.30 ± 0.00

NAcα-Syn-Cu(II) 12.5 ± 0.6 0.23 ± 0.03

mem NH2a-Syn-Cu(II) 1094.0 ± 22.5 0.32 ± 0.03

mem NAcα-Syn-Cu(II) 1281.6 ± 63.6 0.29 ± 0.05
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