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HIGHLIGHTS 

• Met and Tyr oxidation are early and rapid events in Cu2+/H2O2– mediated damage to α–synuclein. 

• Met sulfoxide and dityrosine detected within 5 min of Cu2+/H2O2 exposure to α–synuclein.  

• Carbonyl formation is a minor process in early Cu2+/H2O2– mediated damage to α–synuclein. 

• Ascorbate limits Met and Tyr oxidation in Cu2+/H2O2 /AscH-–mediated damage to α–synuclein. 

 

GRAPHICAL ABSTRACT 
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ABSTRACT 

Previous studies on metal–ion catalyzed oxidation of α–synuclein oxidation have mostly used 

conditions that result in extensive modification precluding an understanding of the early events in 

this process. In this study, we have examined time-dependent oxidative events related to α–

synuclein modification using six different molar ratios of Cu2+/H2O2/protein and 

Cu2+/H2O2/ascorbate/protein resulting in mild to moderate extents of oxidation. For a 

Cu2+/H2O2/protein molar ratio of 2.3:7.8:1 only low levels of carbonyls were detected (0.078 

carbonyls per protein), whereas a molar ratio of 4.7:15.6:1 gave 0.22 carbonyls per α–synuclein 

within 15 min. With the latter conditions, rapid conversion of 3 out of 4 methionines (Met) to 

methionine sulfoxide, and 2 out of 4 tyrosines (Tyr) were converted to products including inter– 

and intra–molecular dityrosine cross-links and protein oligomers, as determined by SDS–PAGE 

and Western blot analysis. Limited histidine (His) modification was observed. The rapid 

formation of dityrosine cross-links was confirmed by fluorescence and mass–spectrometry. These 

data indicate that Met and Tyr oxidation are early events in Cu2+/H2O2-mediated damage, with 

carbonyl formation being a minor process. With the Cu2+/H2O2/ascorbate system, rapid protein 

carbonyl formation was detected with the first 5 min, but after this time point, little additional 

carbonyl formation was detected. With this system, lower levels of Met and Tyr oxidation were 

detected (2 Met and 1 Tyr modified with a Cu2+/H2O2/ascorbate/protein ratio of 2.3:7.8:7.8:1), 

but greater His oxidation. Only low levels of intra– dityrosine cross-links and no inter– dityrosine 

oligomers were detected under these conditions, suggesting that ascorbate limits Cu2+/H2O2-

induced α–synuclein modification.  

Keywords: α–Synuclein, Metal-catalyzed oxidation, Oxidative stress, Parkinson’s disease, 

Dityrosine, Methionine sulfoxide, Protein carbonyls, Cross–links.
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1. Introduction 1 

One-electron reduction of O2 by electron–transfer chains of mitochondria gives rise to superoxide 2 

anion (O2
•−) and subsequently hydrogen peroxide (H2O2) [1, 2]. Further reactions of these species 3 

can generate the hydroxyl radical (•OH), as well as non-radical species such as singlet oxygen 4 

(1O2). The formation and subsequent reactions of these species are therefore a significant feature 5 

of aerobic life [3, 4]. Excessive production of these species, and/or impaired antioxidant defense 6 

mechanisms, can give rise to increased oxidative stress in cellular systems [5] and has been 7 

implicated in various pathological conditions including Parkinson’s disease (PD) [6], 8 

Alzheimer’s disease (AD) [7, 8], Amyotrophic Lateral Sclerosis (ALS) [9], Huntington disease 9 

(HD) [10] and Prion diseases [11] leading to neurodegeneration and cell death [1].  10 

PD, the second most prevalent neurodegenerative disease after AD [12], is characterized 11 

by gradual impairment of physical abilities due to severe loss of dopaminergic neurons in the 12 

substantia nigra region of the brain of PD patients [13]. PD mostly occurs sporadically, but 13 

genetically inherited PD accounts for ~15% of all cases [14]. A central hallmark of PD is the 14 

intraneuronal aggregation of the protein α-synuclein (α-SN) into amyloid-rich Lewy bodies [15, 15 

16]. α-SN is a 140 amino acid presynaptic protein [17] with a relatively undefined regulatory 16 

function, though it is believed to be involved in synaptic regulation [18]. Native α–SN consists of 17 

three distinct domains: a lipid-binding N–terminal region (residues 1 – 60), a hydrophobic self-18 

aggregating non–amyloid β component (residues 61 – 95), and an acidic C-terminal region 19 

(residues 96 − 140) that prevents rapid filament assembly [19]. A clear correlation between the 20 

formation of intracellular oligomeric species of α-SN within the substantia nigra and PD has 21 

been reported, and it has been suggested that transient partially-folded α–SN species are key to 22 

fibrillization [20]. Although it is unclear how α–SN triggers neuronal death [21] and aggregation 23 
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of α–SN has been attributed to complex processes, oxidatively generated damage appears to be a 24 

major risk factor [22, 23]. Oxidized forms of methionine (Met) [24] and tyrosine (Tyr) [25, 26] 25 

have been shown to be abundant in Lewy body deposits [26], consistent with a role for oxidative 26 

stress in PD [1, 2]. Elevated levels of Fe ions [27, 28] in the substantia nigra and altered Cu ion 27 

concentrations [29] have been reported in PD brains, and evidence has been presented that 28 

dysregulated metal ion (iron, copper, and zinc) homeostasis is directly linked to the pathological 29 

processes of protein aggregation and oxidatively generated damage in PD and other 30 

neurodegenerative conditions [2, 30]. In vitro studies have suggested that fibrillation of α–SN is 31 

promoted by metal ions [31], with Cu2+ the most effective [32]. Moreover, Cu2+ accelerates 32 

aggregation of α–SN in vitro, via oxidation of C–terminal residues [32]. However, the early 33 

molecular events leading to the transient conversion of unstructured monomeric α–SN into 34 

oligomers and fibrils have yet to be defined.  35 

Several structural and dynamic studies [33, 34] have focused on elucidating Cu2+ 36 

coordination and structural determinants of Cu2+ binding to α–SN [32, 35-37], and the role of 37 

metal ion–catalyzed oxidation (MCO) on α–SN aggregation/oligomerization [24, 26, 31, 38-41]. 38 

These studies have used Cu2+ concentrations in the range 500 µM – 5000 µM, with 300 – 1250 39 

µM H2O2 and 100 pmol – 37 µM α–SN, resulting in high metal–ion : protein ratios (13 – 130 40 

fold), and high H2O2 : protein  ratios (8-34 fold) [26, 31, 38-40], with this resulting in extensive 41 

oxidation. Furthermore, many studies have used long incubation periods (16 – 24 h) [26, 38], and 42 

buffers that contain phosphate [38, 41] or Tris [31, 39], which can act as metal ion chelators [42]. 43 

These studies are summarized in Table S1. Although these studies have confirmed that metal 44 

ions, such as Cu2+ can catalyze oxidation of PD, the relationship between the early events of α–45 

SN oxidation, and the chemical and structural changes that may lead to aggregation are still 46 

unclear.  47 
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The aim of the present study was, therefore, to systematically investigate: i) the effects of 48 

low to moderate levels of Cu2+, H2O2, and AscH- on α–SN at physiological pH values and short 49 

reaction times; and ii) to evaluate the structural and chemical changes that occur on the α–SN. 50 

The resulting data may help elucidate the early alternations of α–SN that are involved in the 51 

initiation of PD.  52 

 53 

2. Materials and methods 54 

2.1. Materials 55 

Expression and purification of full–length recombinant human α–SN (residues 1–140) 56 

were achieved as described previously [43]. Stabilizer–free 30% hydrogen peroxide (H2O2) and 57 

copper (II) chloride dihydrate (CuCl2 × 2H2O) was supplied by Merck Chemicals GmbH 58 

(Darmstadt, Germany). Ethylenediaminetetraacetic acid disodium salt (2Na–EDTA) and 3–(N–59 

morpholino) propane–sulfonic acid (MOPS) were obtained from BDH Ltd. (Poole, England). L–60 

Ascorbic acid was supplied by Sigma–Aldrich (St. Louis, MO, USA). All chemicals and reagents 61 

were obtained with highest purity grade (>99.5%).  62 

 63 

2.2. Preparation of Buffer, Chemicals, and α–Synuclein Solutions 64 

 65 

Stock solutions of CuCl2 (10 mM), H2O2 (10 mM) and EDTA (40 mM) was prepared 66 

using Milli–Q water. The concentration of the H2O2 stock solution was quantified by UV–Vis 67 

absorbance (Milli–Qwater as blank) at 265 nm using ε 10 M-1 cm-1 [44]. Milli–Q water, buffer, 68 

α–SN and chemical solutions were filtered using a 0.2 µm filter before use. Purified wild-type α–69 

SN was dissolved in freshly–prepared 20 mM MOPS–NaOH buffer (pH 7.4) and the 70 
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concentration determined from its UV absorbance (Agilent UV–visible ChemStation) at 280 nm 71 

using an extinction coefficient of 5960 M−1 cm−1[45].   72 

 73 

2.3. Cu2+–mediated oxidation of α–SN  74 

 75 

A constant concentration of α–SN (57.6 μM) was employed with the final concentrations 76 

of the oxidant systems being as follows: Cu2+ (135 – 270 μM), H2O2 (450 – 900 μM) and AscH- 77 

(450 – 900 μM), with six combinations of these examined (hereafter defined as condition 1– 6; 78 

see Table 1). The components were mixed at room temperature (22 oC) and a sample aliquot was 79 

removed and quenched immediately after mixing with EDTA (< 8 s) and placed on ice. This 80 

sample is defined as the 0.1 min incubation time point. The remaining material was transferred to 81 

a 37 ºC heating block, and further aliquots withdrawn at 5, 15, 30, 60, 180 and 360 min of 82 

incubation. Immediately after sampling the reactions were quenched with 2 mM EDTA, a 83 

concentration shown in pilot studies to prevent further oxidation. Control samples were also 84 

prepared at the 0.1 and 360 min time points, each with one component of the reaction system. 85 

Samples were aliquoted into separate tubes and flash frozen in liquid N2 and stored at –80 ºC for 86 

further analysis.  87 

 88 

2.4. Determination of α–SN integrity by capillary electrophoresis 89 

 90 

Capillary electrophoresis (CE) was performed on a temperature–controlled Hewlett–91 

Packard 3DCE (Agilent) equipped with UV–Vis diode array detector operating between 200 – 92 

600 nm. Separation was performed using a 75 cm x 0.005 cm fused silica capillary, with the pH, 93 
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ionic strength of the buffer and the voltage adapted to avoid any modification in the α–SN charge 94 

distribution as well as Joule effect. The temperature of capillary cassette was 25 °C, the vial 95 

holder temperature 15 °C, the voltage 25 kV with a typical current of 55 µA. The separation 96 

buffer consisted of 50 mM Na phosphoric acid at pH 2.1. The capillary was rinsed with 1 M 97 

NaOH for 10 min followed by 10 min with the Milli–Q water at 930 mbar. Prior to each run, the 98 

capillary was rinsed with 0.1 M NaOH followed by the separation buffer for 3 min each. All 99 

samples were injected at 50 mbar for 10 s, with the capillary then plugged by injecting separation 100 

buffer under the same conditions. On–column detection was at 220 nm. Instrument control and 101 

data acquisition were performed using ChemStation software (Agilent Technologies).  102 

 103 

2.5. Detection and quantification of protein carbonyls 104 

 105 

Protein carbonyl quantification was carried using the OxiSelect™ protein carbonyl 106 

fluorometric [46] assay kit (Cell Biolabs, San Diego, CA, USA) as described by the 107 

manufacturer, except with minor modifications to the washing and dilution steps. Briefly, 50 µL 108 

of each sample was mixed with the supplied fluorophore reagent and incubated for ~16 h in 109 

darkness at 22 °C. The samples were then precipitated with 400 µL of cold trichloroacetic acid 110 

(TCA) and unbound fluorophore removed by three washes with 1 mL cold acetone, each 111 

followed by centrifugation at 10000 g for 15 min at 4 °C. After evaporating residual acetone, the 112 

pellets were solubilized using 50 µL of the guanidinium chloride (GuHCl) provided with the kit 113 

and incubated at 22 °C. The dissolved pellets were diluted 6-fold by adding 250 µL of assay 114 

diluent and then centrifuged for 15 min at 4 °C at 10000 g. Samples and standards (100 µL), in 115 

duplicate, were placed into clear bottomed 96–well black fluorescence microtiter plate (Thermo 116 

Scientific Nunc, Thermo Fisher) and fluorescence spectra recorded (λex 485 nm, λem 530 nm) 117 
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using a Molecular Devices SpectraMax M2 instrument (Sunnyvale, CA, USA). The supplied 118 

fluorophore standard was used to generate a standard curve in each assay run and the equation 119 

obtained from the standard curve was used to calculate the carbonyl concentration in each 120 

sample. With the exception of the incubations, all steps were undertaken at 4 °C. Aliquots were 121 

also taken prior to carbonyl quantification, for assessment of protein concentration using the 122 

BCA assay [47]. Data are presented as the number of carbonyls per α–SN molecule. 123 

 124 

2.6. Examination of α–SN structure by circular dichroism  125 

Far–UV (178 − 260 nm) CD spectra of α–SN samples were collected at 25 °C on a Jasco 126 

J–815 spectropolarimeter equipped with a Peltier–element–controlled thermostat, using a spectral 127 

bandwidth of 2 nm, a digital integration time of 4 s, a scanning speed of 20 nm min-1, and a 128 

0.005–cm path length cell. Blank spectra of the sample buffer (20 mM MOPS–NaOH buffer, pH 129 

7.4) were subtracted from the mean spectrum of three individual scans, using the Jasco Spectra 130 

Analysis software, and a Savitzky–Golay algorithm (of convolution width 11) applied.  131 

 132 

2.7. Amino acid analysis of α–SN samples 133 

 Amino acid hydrolysis was carried out as described previously [48]. Hydrolyzed samples 134 

were analyzed by UPLC using a Shimadzu Nexera system with an SIL–30AC autosampler (set at 135 

4 °C) and a RF–20A fluorescence detector set with λex 340 nm, λem 440 nm. Data analysis was 136 

carried out using Shimadzu Lab Solutions Browser. Retention times and concentrations were 137 

assigned by comparison to commercial amino acid standards, and data were normalized to the 138 

alanine (Ala) content to compensate for any losses during processing [48]. 139 
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2.8. SDS–PAGE analysis of α–SN samples 140 

Samples were analyzed by SDS–PAGE to examine changes in protein integrity under 141 

reducing conditions. Samples and molecular mass markers (Invitrogen pre-stained marker 161–142 

036) were electrophoresed on 4–12% NuPAGE Bis-Tris mini acrylamide gels (Invitrogen, 143 

Carlsbad, CA, USA) at 200 V for 40 min, before being stained using Coomassie Brilliant Blue.  144 

 145 

2.9. Detection of dityrosine cross-links 146 

α–SN samples (22 µM protein/well) were subjected to SDS–PAGE as described above 147 

and then electroblotted to nitrocellulose membranes (iBlot2, Thermofisher, 25 V, 6 min). The 148 

membranes were then washed with Tris-buffered saline (TBS) and blocked with Tris-buffered 149 

saline with 0.1% Tween mixed with bovine serum albumin (TBST–BSA) for 1 h at 22 °C. The 150 

membranes were then probed with a primary mouse anti–dityrosine monoclonal antibody (Japan 151 

Institute for the Control of Aging; JaICA, 1:500 diluted in 1% BSA/TBST) overnight at 4 °C. 152 

Subsequently, the blots were washed four times with TBST for 15 min, then incubated with an 153 

anti-mouse–HRP conjugate (1:2500 in 1% BSA/TBST) for 1 h at 22 °C, and then washed four 154 

times with TBST, followed by four times with TBS at 22 °C. Bands were detected by 155 

chemiluminescence using ECL plus solution (Thermo Fisher) monitored using a SyngeneG: Box, 156 

with an automatic shutter speed.  157 

 Intrinsic fluorescence from Tyr and dityrosine was recorded at 305 nm and 405 nm 158 

respectively after excitation at 280 nm [26], using a Molecular Devices SpectraMax M2 159 

instrument (Sunnyvale, CA, USA). 160 

 161 
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2.10. Electrospray ionization mass spectrometry (ESI–MS) analysis of α–SN samples 162 

 ESI–MS analysis of samples was performed in the positive ion mode with a SolariX XR 163 

Bruker mass spectrometer coupled to a Dionex Ultimate 3000 high–performance liquid 164 

chromatography system without a column. Samples (10 µL) were diluted with 100 µL MeOH 165 

containing 0.1% formic acid, and 100 µL deionized H2O containing 0.1% formic acid. Samples 166 

were injected using the HyStar_LC at a flow rate of 3 μL min-1. MS was operated at drying gas 167 

temperature of 200 ºC source temperature, and a capillary voltage of 4000 V. In source collision 168 

energy was 60 V whereas collision gas flow rate was 30%. The lower and upper excitation event 169 

limits were 150 and 4000 m/z respectively. Listed m/z values in the tables are given for the 170 

monoisotopic mass. Data acquisitions and analysis were carried out using Compass ftms control 171 

and Compass data analysis software, respectively. 172 

 173 

2.11. Statistical analysis 174 

Data are presented as the mean and standard deviations of three replicates from three independent 175 

experiments unless otherwise stated. Statistical analysis was undertaken using the packages 176 

available in Excel with p < 0.05 taken as significant.  177 

 178 

 179 

 180 

 181 
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3. Results  182 

3.1. Cu2+–catalyzed modification of α–SN determined by capillary electrophoresis (CE) 183 

α–SN was subjected to six different sets of modification conditions at 37 °C, as indicated 184 

in the Materials and methods and Table 1, with varying molar ratios of Cu2+ and H2O2 relative to 185 

α–SN, and for varying reaction times, before analysis by CE. Analysis of the samples from the 186 

earliest time point that could be examined (0.1 min; Fig. 1A) showed a single sharp and 187 

symmetric peak that eluted at 21 min, with a 10% loss of intensity compared to native α–SN (Fig. 188 

1A). With longer incubation times (e.g. 5 min) a significant loss of peak intensity (~75%) was 189 

observed, together with a new peak that eluted at 18 – 19 min (Fig. 1A), implying rapid 190 

modification of α–SN. At longer time points (e.g. 60 min, Fig. 1A; 360 min, Fig. 1A) almost 191 

complete loss of the native α–SN peak was observed. The broadening of the protein peaks with 192 

increasing reaction time is assigned to the presence of a heterogeneous mixture of modified α–SN 193 

species. These changes were not detected in any control sample (Supplementary texts and Fig. 194 

S1). With higher concentrations of Cu2+ and H2O2, an increased extent and rate of α–SN 195 

degradation was observed (Supplementary Fig. S2 A-C).  196 

 197 

3.2. Quantification of protein carbonyls on modified α–SN 198 

The carbonyl levels detected for control samples without added Cu2+ (Fig. S3A, Table S3) 199 

ranged from 0.0013 to 0.045 moles carbonyl per mole protein. Incubation of α–SN with Cu2+ 200 

alone gave higher levels (0.047 moles/mole). With the complete reaction systems containing a 201 

1:2.3:7.8 molar ratio of α–SN (57.6 µM) : Cu2+ : H2O2 a higher level of carbonylation was 202 

detected, with the maximum yield of carbonyls of 0.092 moles/mole reached within 15 to 30 min  203 
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(Fig. 2A); this level was then maintained for several hours (Fig. S3B and Table S4). With a 204 

higher concentration of Cu2+ (condition 2), a significant increase in total carbonyl content (to 205 

0.147 moles/mole; Fig. 2A and Table S4) was detected, though the time course of formation was 206 

similar to condition 1 (Fig. S3B). Compared to condition 1, higher ratios of H2O2 (condition 3) 207 

increased the yield of carbonyls at all time points (Fig. 2A, S3B and Table S4). With the highest 208 

concentrations of both Cu2+ and H2O2, (condition 4; Fig. 2A and Table S4) the highest yield of 209 

carbonyls was observed (0.221 moles/mole after 15 min). The time–dependence of carbonyl 210 

formation with this system was similar to conditions 1 to 3 (Fig. S3B). Spiking experiment where 211 

additional Cu2+ (135 µM), H2O2 (450 µM), and AscH- (450 µM) were individually added into the 212 

reaction mixture after 30 min did not show any significant change in the overall extent of 213 

carbonyl formation (Fig. S3D). 214 

 215 

3.3. Effect of Cu2+–catalyzed oxidation on α–SN amino acid composition  216 

Cu2+–mediated oxidative modification was examined further by amino acid analysis. The 217 

experimentally–determined amino acid composition of the 15 residues investigated for the native 218 

α–SN was very similar to the values predicted by the gene sequence (Fig. S4 and Table S5). 219 

Analysis of the control samples indicated that, except for the system containing α–SN and H2O2 220 

alone, no significant decrease in any amino acid, or increase in Met sulfoxide, occurred (Fig. S5, 221 

Table S6). With α–SN, and H2O2 alone, a small decrease in Met was detected. This is possibly 222 

due to slow direct reaction of H2O2 with the thioether function of Met residues, as observed in 223 

other systems [49]. 224 

For the complete reaction system, with the lowest molar ratios of Cu2+ and H2O2 225 

(condition 1), a rapid and significant decrease in Met content (~50% loss) was detected at the first 226 
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time point examined (0.1 min; Fig. 3A). At 5 min, 75% of the Met were modified, and a further 227 

slow decline was observed between 5 and 360 min (Fig. 3A). With an increased molar ratio of 228 

Cu2+ (condition 2), the loss of Met was ~40% at 0.1 min, ~80% at 5 min (Fig. S6A) and almost 229 

complete loss was detected at 360 min. Higher concentrations of H2O2 (condition 3; Fig. S7A) 230 

resulted in a comparatively slower modification of Met compared to higher Cu2+ concentrations. 231 

However, with higher levels of both Cu2+ and H2O2 (condition 4), there was an additive loss of 232 

Met (Fig. S8A). Control samples incubated for up to 360 min with EDTA alone revealed no 233 

significant loss of Met over 360 min (Fig. S5 and Table S6).  234 

With mild oxidative conditions (condition 1) approximately 50% loss of Tyr residues was 235 

observed at the 5 min time point (Fig. 3B, Table S7), and this increased to nearly 70% by 15 min 236 

(Fig. 3B, Table S7). However, at longer time points (e.g. 60 min) the rate of Tyr loss decreased 237 

(Fig. 3B, Table S7). With higher Cu2+ concentrations (condition 2) a greater loss of Tyr (77%) 238 

was detected by 5 min (Fig. S6B, Table S8), and a similar increase in Tyr loss (~70%) was seen 239 

with increased H2O2 concentrations (condition 3) (Fig. S7B and Table S9). With higher 240 

concentrations of both reagents (condition 4) ~90% of the Tyr was consumed within 5 min, and 241 

almost complete loss was detected at longer time points (Fig. S8B and Table S10). Control 242 

samples incubated for 0 and 360 min with EDTA revealed (Fig. S5 and table S6) no Tyr loss over 243 

this time period. 244 

With regard to His loss, mild oxidative conditions (condition 1), resulted in a significant 245 

(62%) loss after 360 min (Fig. 3B, Table S7), but with higher Cu2+ concentrations (condition 2), a 246 

slow accumulative loss of His was detected up to 60 min (Fig. S6B and Table S8). With higher 247 

H2O2 concentrations, or higher levels of both reagents (conditions 3 and 4) (Fig. S7B and S8B, 248 

Tables S9, S10), no consistent trend was detected with regard to His loss, indicating a complex 249 

molecular interplay. 250 
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 251 

3.4. Circular dichroism (CD) analysis of oxidation–induced changes in α–SN secondary 252 

structure  253 

Figure S9 shows CD spectra of control and oxidized samples under the various oxidative 254 

conditions examined, as a function of time. All the spectra show intense negative peaks at around 255 

195 nm typical of random coil conformations, in agreement with previous observations [50]. 256 

Mild oxidative conditions (condition 1) did not induce significant alternations (Fig. S9B), but an 257 

increase in the intensity of the negative shoulder at ~218 nm, and a decrease in the intensity of 258 

the negative band at ~198 nm, was observed for conditions 2 to 6 over time (Figs. S9C – S9G); 259 

possibly indicating a transformation from random coil conformation to a more β–rich backbone 260 

structure.  261 

 262 

3.5. SDS analysis of oxidatively modified α–SN  263 

Analysis of control samples (Fig. 4A) indicated the presence of monomeric α–SN as 264 

single band at ~14.5 kDa, as expected, together with low levels of a species assigned to an α–SN 265 

dimer at ~30 kDa. For the oxidized samples, the initial time point (0.1 min) showed an identical 266 

dimeric band to the controls, but with increasing reaction time under mild oxidative conditions 267 

(condition 1) increasing concentrations of bands assigned to the dimer and trimer were observed 268 

(Fig. 4B), together with a band with an apparent mass slightly smaller than the parent α–SN were 269 

detected. The latter band is assigned to either a truncation or an altered conformation of the α–270 

SN. At longer time points (15 – 360 min) under the same conditions, more pronounced formation 271 

of SDS– and heat–stable dimer, trimer, and tetramer were detected (Fig. 4B), together with a loss 272 
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of the parent α–SN band (Fig. 4B). Higher levels of Cu2+ (condition 2; Fig. S10A) accelerated the 273 

formation of dimer, trimer, and tetramer and loss of parent protein band (Fig. S10A). Higher 274 

H2O2 concentrations (condition 3) showed less prominent dimer, trimer, and tetramer bands over 275 

time, and more diffuse (smeared) bands were observed after 360 min of incubation (Fig. S10B). 276 

Higher levels of both Cu2+ and H2O2 (condition 4) gave less intense bands for all species (Fig. 277 

S10C) consistent with an overall loss of total native protein.  278 

 279 

3.6. Detection of dityrosine cross-links 280 

To probe whether the dimer, trimer, and tetramer seen by SDS–PAGE and pre-fibrillar 281 

oligomers (molecular weight higher than a tetramer of α–SN) arise via dityrosine cross-linking, 282 

Western blotting was conducted using an anti–dityrosine antibody. No dityrosine was detected 283 

for control samples except for α–SN incubated with Cu2+ alone for 360 min at 37 ºC, which 284 

showed weak staining (Fig. 5A). However, α–SN samples subjected to the complete oxidation 285 

system (condition 1) showed a time-dependent increase in dityrosine–positive bands (Fig. 5A, 286 

lanes 5 – 10), with little dityrosine detected at the earliest time point (0.1 min), but significant 287 

formation at later times, with staining of the monomer, dimer, trimer, tetramer, and pre-fibrillar 288 

oligomer bands. With increasing incubation time, the dityrosine staining was detected primarily 289 

at the molecular mass of the pre-fibrillar oligomeric species (Fig. 5A). These data were 290 

corroborated by intrinsic fluorescence measurements, where a rapid loss of the intrinsic Tyr 291 

fluorescence signal (305 – 310 nm) with an accompanying increase in fluorescence emission 292 

intensity at 405 – 410 nm, was detected with increasing incubation time with the complete 293 

oxidation system (Fig. S11A). Control samples showed no change in Tyr or dityrosine 294 

fluorescence intensity. With higher Cu2+ concentrations, a similar trend to that seen with 295 
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condition 1 was detected, however, the extent of formation was faster and more defined (Fig. 5B, 296 

lanes 1 to 5).  297 

 298 

3.7. ESI–MS analysis of modified α–SN 299 

ESI–MS analysis of control α–SN revealed an extended population with charge state ions 300 

of 11+ to 19+ (Fig. S12). As the 14+ charge state gave rise to the most intense peaks, further 301 

analyses concentrated on this state (Fig. S12A). Within the extended 14+ series, the MS spectrum 302 

showed species with [α–SN + H]+, [α–SN + H + 18]+, and [α–SN + H + 58]+  corresponding to 303 

monoisotopic m/z values of 1033.25, 1034.54, and 1037.39, respectively (Fig. 6, Fig. S12B, 304 

Table S13). The + 18 Da (1O + 2H) and + 58 Da products (acetylated α–SN + 1O) were of much 305 

lower abundance than the protonated α–SN ion ([α–SN + H]+) (Fig. S12B, Table S13). The 306 

simulated MS spectra for the unoxidized–α–SN, α–SN + 18 Da, and α–SN + 58 Da α–SN species 307 

(Figs. S12C – S12D), showed an identical monoisotopic m/z distribution. This suggests only 308 

minimal α–SN modification during purification and handling.  309 

ESI–MS analysis of α–SN exposed to condition 1 for varying time periods is shown in 310 

Fig. 6 and Table S14. The 0.1 min sample gave rise to a mixture of signals, the most prominent 311 

of which had mono isotopic m/z values of 1034.39 (+ 16 Da), 1035.54 (+ 32 Da), and 1036.68 (+ 312 

48 Da) corresponding to three distinct oxidized and protonated α–SN species. The 5 min sample 313 

(Fig. 6C, Table S14) showed complete loss of the m/z 1033.25 signal corresponding to 314 

unmodified α–SN, and new species with m/z values of 1036.46 (+ 45 Da; + 3O – 3H), 1035.32 (+ 315 

30 Da; + 2O – 3H), 1037.60 (+ 62 Da; + 4O – 3H) and 1034.18 (+ 13 Da; + 1O – 3H). These 316 

values corresponding to the addition of three, two, four and one oxygen (O) atoms and the loss of 317 

3 hydrogen (–3H) atoms from each species (Table S14). The 15 min sample gave intense ions 318 
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with m/z 1037.46 and 1036.39, corresponding to (+ 59 Da; + 4O – 3H) and (+ 44 Da; + 3O – 3H) 319 

suggesting incorporation of four and three oxygen atoms, respectively (Fig. 6D, Table S14). The 320 

abundance of acetylated α–SN present in the control samples decreased, and the abundance of 321 

this species with oxidative modifications increased, with increasing incubation time between 0.1 322 

– 15 min (Table S14).  323 

  324 

3.8. Effect of ascorbate (AscH-) on Cu2+–catalyzed damage to α–SN 325 

The addition of AscH- to the mild oxidative reaction conditions (i.e. condition 1 with 326 

AscH- at the same molar ratio as H2O2; condition 5, Table 1) resulted in more rapid changes to 327 

the species detected with CE (Fig. 1B). Thus the 0.1 min time point sample showed a 50% loss of 328 

intensity compared to the unoxidized sample and the appearance of two new peaks at 18 (weak) 329 

and 21 min. At longer time points the parent α–SN peak continued to decrease in intensity, whilst 330 

the peak at 21 min increased, then remained at a plateau value for the remaining time period 331 

examined (Fig. 1B). With higher concentrations of AscH- (condition 6; Table 1, Fig. S2D), the 332 

overall migration pattern of oxidized α–SN remained the same. Control samples showed no 333 

significant changes (Fig. S1).  334 

 The presence of AscH- (as above) also modulated the yield and time course of protein 335 

carbonyl formation, with a rapid initial increase, and then a plateau level of carbonyls detected 336 

over the remaining incubation time (Fig. 2B). This plateau level was not significantly different 337 

with the two different AscH- concentrations. The initial rate of increase in the presence of AscH- 338 

was more rapid than seen in the absence of AscH-, but the plateau level was much lower (~0.07 339 

moles/mole; Fig. 2B, Table S4), than for all of the conditions (1 – 4) in which AscH- was not 340 

present (Fig. 2A).   341 
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 Consistent with the above time course data, analysis of the consumption of parent amino 342 

acids, and formation of Met sulfoxide, in the presence of AscH- showed significant differences to 343 

the absence of AscH-. After 0.1 min incubation with mild oxidative conditions with AscH- 344 

present (condition 5), ~50% of the Met residues had been converted to Met sulfoxide (Fig. 3C), 345 

and these values remained constant at longer incubation times. With the higher concentration of 346 

AscH-, and the highest concentrations of Cu2+ and H2O2 (condition 6), ~ 3 Met residues were lost 347 

by the 0.1 min time point, and this remained constant at longer time points (Fig. S13A). For Tyr 348 

residues, a similar rapid, but lower overall loss was detected compared to the absence of AscH-. 349 

Thus ~ 33% Tyr was lost at 0.1 min, and by 360 min incubation only ~ 38% was consumed (Fig. 350 

3D and Table S11), and these levels were not significantly greater with the higher molar ratios of 351 

Cu2+, H2O2, and AscH- (Fig. S13B and Table S12). In contrast to the above, a more significant 352 

decrease in the levels of His were detected in the presence of AscH- compared to its absence (Fig. 353 

3D, Table S11 with ~42% His oxidized after 0.1 min, and a further slow loss detected at 15 min 354 

(~65%), after which the values remained unchanged (Fig. 3D, Table S11). A similar trend was 355 

seen for the incubations with higher molar ratios (condition 6; Fig. S13B, Table S12). 356 

 Consistent with the above data, less dramatic changes were seen for the α–SN samples 357 

examined by SDS–PAGE in the presence compared to absence of AscH- (Fig. 4C, Fig. S10D). 358 

Formation of the dimer, trimer, tetramer, and pre-fibrillar oligomer bands were not detected 359 

above those detected for controls. The presence of AscH- also decreased the intensity of the band 360 

detected at slightly lower mass than the parent α–SN (Fig. 4C vs. 4B), though an additional low-361 

intensity band was detected at ~ 4.5 kDa for both conditions 5 and 6 (Figs. 4C,  and S10D), 362 

which was not detected in the absence of AscH-. Consistent with the minor consumption of Tyr 363 

detected by amino acid analysis, only low-intensity dityrosine bands resembling monomer were 364 
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detected by Western blotting (Fig. 5B, lanes 6 – 10). This observation is further supported by 365 

limited loss of the intrinsic fluorescence of Tyr at 305 – 310 nm (Fig. S11B), or insignificant 366 

increase in dityrosine at 405 – 410 nm (Fig. S11B inset).   367 

Consistent with the rapid rate of Met and Tyr loss and protein carbonyl formation 368 

detected in the presence of AscH-, ESI–MS analysis of the samples oxidized in the presence of 369 

AscH-  showed extensive modification at the 0.1 min time point (Fig. 7, Table S15), with an 370 

intense signal with monoisotopic m/z values of 1036.6 (+ 47 Da) detected. This species was the 371 

most prominent ion detected for the 0.1 min, 5 min, and 15 min time points, and corresponds to 372 

the addition of three oxygen atoms to a protonated α–SN and loss of a hydrogen atom. Oxidized 373 

α–SN species with 1 to 6 added oxygen atoms on protonated α–SN were also evident at the 0.1 374 

min time point, with only low levels of ions from unmodified α–SN (m/z 1033.25). This ion was 375 

not however detected at the 5 and 15 min time points (Fig. 7C, D, and Table S15) consistent with 376 

complete loss of parent α–SN (cf. the CE data). Acetylated α–SN was also detected with 377 

oxidative modifications.  378 

 379 

4. Discussion 380 

4.1. The mechanism of metal-catalyzed protein oxidation 381 

Our understanding of the factors and particularly the role of oxidatively generated damage 382 

that contribute to early α–SN aggregation/oligomerization is limited. Oxidatively generated 383 

damage to α–SN by metal ion– and/or H2O2–mediated systems has not been completely 384 

elucidated, and the available data are somewhat contradictory due to the harsh oxidative 385 

conditions used in some studies (Table S1) [20, 24, 26, 31, 39-41]. The high Cu2+ / H2O2 386 
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concentrations and molar ratios to α–SN employed, and the use of chelating buffers makes 387 

extrapolation from these studies to in vivo studies difficult. Intracellular local concentrations of 388 

α–SN are suggested to be ~20-100 μM in the brain where α–SN is naturally abundant [51]. The 389 

intracellular copper ion concentrations has been reported to reach up to 15 μM in brain 390 

synaptosomes and ~300 μM in synaptic vesicles where α–SN is enriched [52]. Additionally, 391 

evidence has been also put forward for a dynamic pool of loosely bound copper ions that could 392 

interact with α–SN [53]. The current study was designed to use concentration not too far from 393 

these biological conditions. 394 

Of the previously examined metal ion–catalyzed systems [54], the Cu2+/H2O2 system was 395 

chosen, as elevated Cu2+ concentrations have been linked to elevated oxidative stress [35], 396 

oligomerization of α–SN [32] and Lewy body formation [26]. The mechanism for the reaction in 397 

the absence of AscH- has been suggested to be [55]: 398 

(I) Cu2+ + H2O2  Cu+ + O2
-·+ 2 H+ 399 

(II) Cu2+  + O2
-·    Cu+  + O2 400 

(III) Cu+  + H2O2  Cu2+ + HO- + HO· 401 

In the presence of AscH-, the reduction of Cu2+ by AscH- could facilitate production of Cu+ as 402 

described by the equation below [56]. 403 

(IV) Cu2+ + AscH-  Cu+ + Asc-· + H+ 404 

Although extensively studied, the oxidizing species produced by reaction of protein-copper 405 

complexes with H2O2 remains contentious. Several studies focused on DNA damage mediated by 406 

Cu2+ and H2O2 suggests that HO· is not the main radical species [57]. It has been assumed that 407 
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the reduction of protein-bound Cu2+ to Cu+, can take place by either H2O2 (reaction I) or by 408 

superoxide radical anions. Cu+ can then participate in a Fenton-like reaction with additional H2O2 409 

(reaction III). This would generate Cu2+-HO• or its ionized equivalent, Cu2+-O-•, as proposed 410 

earlier [58]. Although not examined here in detail, we do not rule out the possibility that more 411 

than one active species is involved in random and site-specific damage to α-SN. 412 

The effect of multiple different molar ratios of Cu2+/ H2O2/ AscH- were evaluated over 413 

time up to 360 min (Table 1), with the experiments carried out using 20 mM MOPS–NaOH, pH 414 

7.4, as this buffer does not complex Cu2+ readily, is stable and is not readily oxidized under the 415 

conditions employed [59]. 416 

 417 

4.2. Side-chain carbonylation is not one of the major early events in MCO of α–SN 418 

CE provides a robust platform [60] to examine the effects of Cu2+, H2O2, and AscH- on α–419 

SN. The peak from native α–SN was converted to multiple additional species over the time 420 

course examined with the rate and extent of this process depends on the presence and 421 

concentrations of Cu2+, H2O2 and AscH- (Figs. 1, and S2). Protein oxidation is known to generate 422 

various chemical as well as structural modifications, including altered charge and conformation. 423 

Such oxidatively induced modifications would result in different electrophoretic migration and 424 

can be monitored by CE as shown previously [61]. Figure 1A shows electrophoretic migration of 425 

control and oxidized α-SN under condition 1. Two small peaks with migration time ~18 - 19 min 426 

can be seen at the earliest time interval (0.1 min), with increasing intensity of same peaks up to 427 

60 min. The rapid formation of Met sulfoxide and dityrosine as observed by amino acid and 428 

western blot analyses within the same time interval (0.1 – 60 min) suggests that these newly 429 

formed peaks with changed electrophoretic migration may represent isoforms with Met and Tyr 430 

oxidations. It is interesting to note that the near disappearance of native α-SN peak correlates 431 
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with the loss of native α-SN band on SDS-PAGE (Fig. 4B). The loss of peak resolution after 60 432 

min could be due to the heterogeneous mixture of oxidized α-SN species as judged by western 433 

blot (Fig. 5B). On the other hand, the near absence of the peaks in figure 1B under condition 5 434 

(condition 1 with AscH-) appears to reflect limited Met and Tyr oxidation. These data, and also 435 

those from the other complementary techniques employed, indicate that major changes to α–SN 436 

occur over a period of seconds to minutes and that the rate of change is considerably slower after 437 

15 min. The presence of AscH- (conditions 5 and 6) markedly changed the observed behavior, 438 

with this occurring more rapidly, but also to a lower overall extent, with a rapid “burst” of 439 

oxidation on the seconds time scale, followed by near plateau values over the remaining time 440 

period. Furthermore, the different pattern of peaks detected by CE, the changes in protein 441 

carbonyl levels, the differences in amino acid consumption, and the bands detected by SDS–442 

PAGE, are consistent with different processes occurring in the presence of AscH-.  443 

Although protein-bound carbonyls are widely used as a biomarker, and a quantitative 444 

measure of oxidative stress [5, 62], previous studies on α–SN [24, 38, 39] have not measured 445 

carbonyl formation. The data obtained here show, with a wide variety of different concentrations 446 

and molar ratios of Cu2+, H2O2, and AscH- that: i) limited carbonyl formation occurs within the 447 

first 5 min of reaction with Cu2+/ H2O2 system; ii) that the Cu2+ concentration is a major driver of 448 

the extent of this process; iii) that α–SN can be oxidized in the absence of reducing agents; and 449 

iv) that carbonyl generation follows a similar time course under all of the conditions examined 450 

(Figs. 2 and S3). However, the overall levels of protein carbonyls detected all of the conditions 451 

examined is rather low and reaches a maximum level of only ~20% of the α–SN molecules 452 

carrying a single carbonyl function. The plateau values detected for the carbonyl levels could be 453 

due to depletion of H2O2 or Cu2+ in the solution. Thus, whenever Cu+ is formed some fraction 454 

will disproportionate according to the equation: 455 



Running title: Copper-ion catalyzed oxidation of α-synuclein 

24 
 

 456 

(V) 2 Cu+(aq)     Cu  and Cu2+(aq)  457 

 458 

This would be expected to slowly remove Cu2+ ions from solution as metallic copper 459 

thereby slowing down the observed rate of oxidation. However, the spiking experiments where 460 

more Cu2+, H2O2, and AscH- were individually added to the reactions after 30 min suggest that 461 

this is not the complete reason for the plateau values and that other factors must play a significant 462 

role. 463 

The stimulation of protein carbonyl formation in the presence of AscH- compared to its 464 

absence (i.e. condition 5 vs. condition 1), may arise from enhanced reuduction of Cu2+ to Cu+ 465 

(reaction IV) by AscH-. The higher concentration of Cu+ might increase the initial rate of 466 

carbonyl formation (reaction III), allowing a rapid initial burst of carbonyl generation at early 467 

stage of MCO. However, due to potential radical scavenging ability of AscH-, the overall 468 

carbonyl generation could be lowered by means of i) limiting the concentration of reactive 469 

species that react with the α–SN (i.e. via direct scavenging of the initial oxidant species [63]; and  470 

ii) by repair of initial radical species formed on the α–SN, a rapid process demonstrated for Tyr 471 

phenoxyl radicals [64]. Despite the different time courses of carbonyl formation detected with the 472 

Cu2+/H2O2 and the Cu2+/H2O2/AscH- systems, the carbonyl content in both systems rapidly 473 

reached a plateau value after 30 – 60 minutes (Fig. 2). Similar observations on the extent of 474 

overall carbonyl production have also been reported for bovine serum albumin (BSA) [65] and β-475 

lactoglobulin [66] when subjected to Cu2+/ H2O2 oxidation. It has been suggested that carbonyl 476 

compounds are not the final product in the oxidation reaction and that they can be converted into 477 

carboxylic acid either by auto-oxidation or by reaction with H2O2 [67]. Furthermore, lysine 478 

residues can diminish the carbonyl content, by forming either Schiff base compounds or other 479 
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cross-links [66]. If so, the relatively large number of lysine residues (15) present in α–SN may 480 

help account for the absence of further increases in carbonyl production. It is also noting that 481 

most rapidly and readily oxidized residues such methionines and tyrosines as in case of α–SN do 482 

not give high yields of carbonyls as products. Thus, although carbonyl levels are often used as an 483 

indicator of protein damage [68], our data indicate that significant damage to α–SN may occur 484 

prior to a significant increase in the overall protein carbonyl level. 485 

 486 

4.3. Methionine oxidation occurs rapidly during MCO of α–SN 487 

The amino acid analysis of α–SN carried out at different time points, and with different 488 

concentration of Cu2+, H2O2, and AscH-, confirms the rapid time course of changes in the protein 489 

and the occurrence of different reaction pathways. In the absence of added Cu2+, but with added 490 

H2O2, a slow loss of ~1 Met and formation of 1 mole of Met sulfoxide was detected, consistent 491 

with slow molecular oxidation at a single reactive Met residue (Fig. S5 and Table S6). All other 492 

control samples showed no measurable changes (Fig. S5 and Table S11). In the presence of the 493 

complete oxidation system (but without AscH-) rapid oxidation of two (on average) of the four 494 

Met residues in α–SN (Met–1, Met–5, Met–116, and Met–127) was detected by the 0.1 min time 495 

point. The other two Met residues were consumed more slowly, but oxidation of all the Met 496 

residues was essentially complete by 360 min (Figs. 3A, S6A, S7A, and S8A). This stepwise Met 497 

oxidation can be rationalized by the presence of a high–affinity Cu2+ binding site [32, 69] located 498 

in the N–terminal region of α–SN where Met–1 and Met–5 are located. The formation of oxidants 499 

from H2O2 by Cu2+ bound at this site could result in rapid oxidation of these two N–terminal Met 500 

residues followed by slower oxidation of the C–terminal Met–116 and Met–127 [70]. This 501 

observation is supported by ESI MS analyses (vide infra). However, it is interesting to note that 502 

whilst the mildest oxidation system (condition 1) showed immediate Met oxidation to Met 503 
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sulfoxide (Fig. 3A), increasing the molar ratio of Cu2+ (condition 2; Fig. S6A), and an increased 504 

molar ratio of H2O2 (condition 3; Fig. S7A), as well as increase molar ratio of both Cu2+/ H2O2 505 

(condition 4; Fig. S8A), appeared to slow down the rate of conversion of Met to Met sulfoxide, 506 

possibly due to Cu2+ coordination with either α–SN [71], or products of the initial reaction (e.g. a 507 

sulfoxide–α–SN species). Inter– as well as intra–molecular coordination of multiple Met 508 

sulfoxides with metal ions, have been suggested to alter fibrillation process of α–SN [31, 34]. 509 

Indeed, the more rigid and polar Met sulfoxide may alter protein structures [72] and result in 510 

conformational transitions of the protein [73]. Thus, lower Cu2+ concentrations may favor a more 511 

rapid oxidation of Met residues. Met sulfoxide has also been suggested to disrupt end–to–end 512 

association of α–SN and thus be inhibitory to fibrillation of α–SN [74]. In line with this data, 513 

Cu2+ has been reported to accelerate α–SN aggregation with an inverse relationship to the Cu2+ 514 

concentration; however, the aggregation growth (kapp) is not affected by overall Cu2+ ion 515 

concentration [32].  516 

AscH- is known to exhibit “crossover” effect as pro vs. antioxidant [75] depending on its 517 

concentrations [76].When AscH- was added to the mild oxidation system (condition 1) to give 518 

condition 5, only two Met residues were oxidized over the 360 min (Fig. 3C). Interestingly, a 519 

recent study has reported an intracellular repair mechanism where oxidized N–terminal Met 520 

residues (Met–5 and Met–1) are repaired in a stepwise manner. However, the two C–terminal 521 

species (Met–116 and Met–127) were oxidized to Met sulfoxide [70]. Thus the presence of 522 

AscH- may modulate the overall oxidation process by a continuous recycling of the N–terminal 523 

Met residues. However, an additive effect of Cu2+ and H2O2, with AscH- was seen in condition 6 524 

(Fig. S13A), where three of four Met residues were fully oxidized by 360 min. Furthermore, the 525 

concentration of Met sulfoxide does not appear constant with this decreasing after 5 min 526 
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incubation (Fig. S13A), consistent with further reaction, possibly to the sulfone. This observation 527 

is in agreement with the detection of Met sulfone under strongly oxidizing conditions [77].  528 

 529 

4.4. Intra- and inter-molecular dityrosine formation is one of the major early events in MCO of 530 

α–SN 531 

It is established that the formation of dityrosine cross-links involves the transient 532 

generation of Tyr-derived phenoxyl radicals by one-electron oxidants [78], whereas Met 533 

sulfoxide can be generated by both two- and one-electron oxidation reactions [79].  The four Tyr 534 

residues at positions 39, 125, 133, and 136 have been implicated in the pathogenesis of PD via 535 

dityrosine covalent cross-linking [26]. However, previous studies have not demonstrated early 536 

conversion of these residues to dityrosine crosslinks. The amino acid analysis reported here 537 

indicate that Tyr loss is an early event, with two Tyr residues consumed after 5 min incubation 538 

(Fig. 3B), and ~3 three Tyr lost after 360 min. The rapid loss of Tyr under conditions 1 – 4, 539 

suggests that the Cu2+ ion concentration is a major molecular driver of damage via Tyr–Tyr 540 

coupling. However, inhibition of dityrosine formation in the presence of AscH- may occur via 541 

removal of tyrosyl radicals. 542 

 543 

4.5. Site-specific oxidation of His–50 in the presence of AscH- 544 

Oxidation of the His residue in α–SN with low Cu2+ concentrations (condition 1) appears to be 545 

slower than for some of the Met and Tyr residues. This may be due to a binding interaction of 546 

His–50 with Cu2+. The imidazole ring of His–50 is one of the Cu2+ binding sites at the N-547 

terminus of α-SN [80]. An explanation for the oxidation of His–50 in the presence of AscH- 548 

(condition 5) could be that, His–50-bound Cu2+ can be reduced to Cu+, which then interacts with 549 
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exogenous H2O2 to oxidize the H50 side chain in a site-specific manner through copper 550 

coordination (Fig. 3D). Another possibility is that, in the presence of AscH- the Fenton-like 551 

reaction of Cu+ with H2O2 would specifically generate diffusible HO•, which then reacts at 552 

diffusion control with nearby residues such as His–50. The redox cycling of His–50–bound Cu2+, 553 

as well as a site-specific oxidation of His–50 in the presence of AscH-, shown in this study, 554 

supports the role of His–50 residues in copper coordination [81].  555 

 556 

4.6. Copper-ion catalyzed oxidation and structural changes in the absence and presence of 557 

AscH-  558 

The CD spectra obtained (Fig. S8) show random coil conformations for all the α–SN 559 

samples examined, with only modest, and poorly informative, differences between the 560 

conditions. More informative data was obtained by SDS–PAGE. Oxidation in the absence of 561 

AscH- resulted in dimer, trimer, tetramer, and pre-fibrillar oligomer formation, with the extent 562 

dependent on the oxidant concentrations (Fig. 4). These bands were shown to contain dityrosine 563 

by Western blotting (Fig. 5). Incubation for 5 min, in the absence of AscH-, was sufficient to 564 

show a marked increase in (non–reducible and heat–stable) dityrosine formation, with the 565 

majority of the staining progressively appearing higher up the gel (i.e. at higher average 566 

molecular masses) with longer incubation times (Fig. S11A), consistent with rapid formation of 567 

dityrosine and pre-fibrillar oligomer assembly. The gradual decrease in overall dityrosine signal 568 

intensity (Fig. S11C) is possibly due to inaccessibility of the antibody to the antigen in the highly 569 

aggregated material.   570 

In contrast, when AscH- was present, no formation of dimer, trimer, tetramer, and pre-571 

fibrillar oligomer bands were detected by either SDS–PAGE gel (Fig. 4C), and Western blotting 572 

(Fig. 5B) or direct fluorescence measurements (Fig. S11B and S11C). This is consistent with 573 
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rapid repair of Tyr phenoxyl radicals by AscH- [82, 83], and suggests a key role for AscH- in 574 

limiting modification of α–SN.  575 

The ESI–MS analysis confirmed the rapid oxidation α–SN in both the absence and 576 

presence of AscH-. The data obtained are consistent with limited and very rapid modification of 577 

Met residues within the first fraction of a minute. Subsequent formation of dityrosine cross-links 578 

in the absence of AscH- as indicated by the loss of one to three or two H atoms (1–3 Da), 579 

indicative of both inter– or intramolecular cross-links (Table S14). Also in the absence of AscH-, 580 

the Western blotting data suggest that inter–molecular linkages are more prevalent, with most of 581 

the staining detected in oligomer bands. However, in the presence of AscH-, only very low-582 

intensity dityrosine bands as detected by Western blotting (Fig. 5B, lanes 6 – 10). The amino acid 583 

analysis (Fig. 3) also suggest that Met sulfoxide may not be the final product arising from 584 

oxidation of this residue in the presence of AscH-, though with only slow conversion of Met 585 

sulfoxide (+16 Da) to sulfone (+32 Da). The MS results from the 0.1, 5 and 15 min samples in 586 

the presence of AscH- (Fig. 7, Table S15) indicate that there are 1 – 6 oxygen species attached to 587 

protonated α–SN. Even at 0.1 minute oxidation the highest intensity is the peak with m/z values 588 

of 1036.6 (+ 47 Da; + 3O – 1H), consistent with very rapid conversion of Met residues to Met 589 

sulfoxide.  590 

4.7. Physiological relevance of copper-ion catalyzed oxidation of α–SN in the absence and 591 
presence of AscH- 592 
 593 
The pathogenesis of Parkinson’s disease includes compromised cell membrane integrity, 594 

mitochondrial stress, synaptic dysfunction, and general cellular toxicity [84]. However, the 595 

primary pathogenic agents in these conditions are thought to be the prefibrillar species that are 596 
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intermediates during the self-assembly of α-SN, and toxic effects of such prefibrillar been have 597 

reported [85]. 598 

Collectively, our studies shows that brief exposure of α-SN to a Cu2+/H2O2 system 599 

without AscH- leads to a rapid and complete oxidation of two crucial amino acid residues; i.e.; 600 

methionine and tyrosine (Figs. 3A and 3B), which are implicated in the toxicity of α-SN. 601 

Oxidation of methionine and tyrosine residues are known to inhibit fibrillation of α-SN and 602 

thereby formation of stable soluble α-SN oligomers [86]; which are central to PD pathogenesis 603 

[85]. In vitro and in vivo studies have shown that the oxidation of methionine in α-SN i) impairs 604 

its degradation by the 20S proteasome [87], ii) decreases its affinity for membranes [88], and iii) 605 

promotes the formation of cytotoxic α-SN oligomers [89]. Furthermore, C-terminal methionine 606 

sulfoxides are suggested to reduce the phosphorylation of Tyr125 by tyrosine kinase Fyn; which 607 

has been linked to age- and disease-dependent decline of Tyr125 phosphorylation both in a 608 

Drosophila PD model and in humans [90]. Previous work has also revealed that Lewy bodies in 609 

PD patient brain tissues contain dityrosine cross-linked α-SN oligomers [26]. Studies using 610 

animal models have suggested that the dityrosine cross-linked dimers may play an important role 611 

in oligomer toxicity [91]. Furthermore, seeding experiments with dityrosine cross-linked dimers 612 

are found to accelerate α-SN fibril growth indicating dityrosine cross-linked dimeric α-SN 613 

species to rate-limiting step in the nucleation of α -syn fibrils [92]. In line with previous 614 

observations, our data demonstrate the formation of SDS- and heat-stable dityrosine cross-linked 615 

α-SN oligomers and the oxidation of methionines within 5 min (Figs. 4 and 5). These species are 616 

potential early intermediates in the formation of toxic prefibrillar α-SN oligomers.  617 

When α–SN was exposed to the Cu2+/H2O2/AscH- mixture, more limited oxidation of two 618 

Met residues and one Tyr residue was detected (Fig. 3C and 3D), with a near total absence of 619 

dityrosine-containing cross-linked dimer, trimer, tetramer, and pre-fibrillar oligomer bands as 620 
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judged by SDS–PAGE and Western blot analysis (Figs. 4C and 5B). However, significant His–50 621 

oxidation was detected under these conditions in a site-specific manner (Fig. 3D). To counteract 622 

the oxidative imbalance leading to intracellular damages to the proteins, several subcellular 623 

compartments contain sophisticated repair machinery including AscH- [93, 94]. AscH- is a strong 624 

reducing agent, which can reduce transition metal ions including Cu2+. AscH- is also known to act 625 

as pro- and antioxidant depending on its concentrations [75, 93]. Remarkably, when α-SN was 626 

exposed to Cu2+/H2O2/ AscH- system, oxidation of only two methionines was observed (Fig. 3C). 627 

Met–5 and Met–1 at the N-terminus constitutes the major Cu2+ binding site of α-SN [80]. Thus 628 

the presence of AscH- in the reaction (condition 5) may lead to the site-specific oxidation of Met–629 

5 and Met–1. However, at any given time interval only two Met were oxidized to Met sulfoxide 630 

(Fig. 3C). AscH- is also known to efficiently repair protein-thiol and protein-Tyr radicals [95, 631 

96]. At this point, we can only speculate that the two C–terminal Met (Met–116 and Met–127) 632 

remain fully oxidized as Met sulfoxide. This observation is further supported by a previous study 633 

where intracellular repair enzyme, methionine sulfoxide reductase (MSR) failed to repair Met–634 

116 and Met–127 [70]. Irrespective of the AscH- concentration used in this study, the 635 

experiments showed consumption of on average about one Tyr residue (Fig. 3D, Fig. S13B). This 636 

observation indicates that i) the oxidation of Tyr residues may not involve site-specific reactions 637 

as these residues are not involved in copper coordination [97] and ii) AscH- may prevent 638 

oxidative damage to specific Tyr residues. It has been shown that Tyr phenoxyl radicals (reaction 639 

VI), a precursor of dityrosine, react rapidly with both the superoxide radical anion (reaction VII) 640 

[98, 99] and also AscH- (reaction VIII) [100]. Thus, AscH- can both accelerate the decay of Tyr 641 

phenoxyl radicals consistent with the repair of protein radicals and inhibit the formation of these 642 

species in a concentration-dependent manner [94]. These reactions are consistent with the 643 

complete disappearance of dityrosine formation in the presence of AscH- [99]. 644 
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 645 

(VI) Tyr-H + HO• Tyr• + H2O 646 

 647 

(VII) Tyr• + O2
-• + H+ Tyr-H + O2 648 

 649 

(VIII) TyrO• + AscH-  TyrOH + Asc-• 650 

 651 

In summary, this is the first systematic study providing experimental evidence of early 652 

molecular events related to oxidatively -damage to α-SN. Using the Cu2+/H2O2 oxidation system 653 

we have demonstrated that both Met and Tyr oxidation precedes significant carbonyl formation 654 

and the oxidation of Met and Tyr residues can be observed as early as 5 min; leading to a rapid 655 

Met sulfoxide formation and dityrosine cross-linked pre-fibrillar oligomer assemblies. Such pre-656 

fibrillar species of α-SN have been suggested to exert damaging effects, via both intra- and extra-657 

cellular mechanisms [85]. In contrast, the Cu2+/H2O2/AscH- oxidation system resulted in an 658 

“oxidative burst” with early carbonylation and site-specific oxidation of His–50. However, the 659 

dityrosine cross-linked pre-fibrillar oligomer assemblies were completely inhibited in the 660 

presence of AscH- and only limited amounts of Met sulfoxide was formed. This indicates a 661 

potential protective role of AscH- against oxidatively generated damage to α-SN. Our results 662 

highlight the early events leading to α-SN oxidation and may advance our understanding of the 663 

pathogenesis of other protein conformational diseases such as Alzheimer’s and Prion disease. 664 

Taken together, our data presented here using Cu2+/H2O2 oxidation provide increasing evidence 665 

that oxidative stress plays a mechanistic role in the onset/progression of PD and related 666 

synucleinopathies. Although AscH- can show both pro- and anti-oxidant effects, the majority of 667 

the literature supports an antioxidant effect in vivo. Anti-oxidant effects of AscH- could, decrease 668 
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Cu-mediated oxidative damage to α-SN, and may be an effective strategy against PD and related 669 

disorders [93, 94]. Further studies are underway to investigate the transient formation of α-SN 670 

dimers and oligomers to assess their toxicity and cell permeability. 671 
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 680 

Figure 1. Cu2+/H2O2–mediated oxidation of α–SN in the absence and presence of ascorbate (AscH-). 681 

Overlayed time-dependent capillary electrophoresis (CE) electropherograms of control and oxidized α–682 

SN. (A) 57.6 μM of α–SN subjected to oxidation using a Cu2+/H2O2 system with a molar ratio of 1:2.3:7.8 683 

between α–SN: Cu2+: H2O2 (Condition 1). (B) 57.6 μM of α–SN subjected to Cu2+/H2O2 / AscH– oxidation 684 

using a molar ratio of 1:2.3:7.8:7.8 between α–SN: Cu2+: H2O2: AscH- (Condition 5). Except for the 0.1 685 

min sample, all other reaction mixtures were incubated at 37 °C for the time shown in the figure. 686 
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 687 

Fig. 2. Time-dependent formation of carbonyls on α–SN induced by Cu2+/H2O2–mediated oxidation 688 

in the absence and presence of AscH-. Time–course of protein carbonyl formation resulting from 689 

oxidation of α–SN (57.6 μM) in the absence and presence of AscH-; (A) Condition 1 (black) with molar 690 

ratio of 1:2.3:7.8:0, condition 2 (red) with molar ratio of 1:4.7:7.8:0, Condition 3 (blue) with molar ratio of 691 

1:2.3:15.6:0, Condition 4 (pink) with molar ratio of 1:4.7:15.6:0. (B) Cu2+/H2O2/AscH- mediated oxidation 692 

(condition 5) (green) with molar ratios 1:2.3:7.8:7.8, and condition 6 (blue) with molar ratio of 693 

1:4.7:15.6:15.6. Protein carbonyl levels are given as moles carbonyl/mole protein, and the data points and 694 

error bars represent the means and standard deviation of three independent experiments. Except for 0.1 695 

min samples, all other reaction mixtures were incubated at 37 °C for the time intervals shown. 696 
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Fig. 3. Changes in composition of Met, Tyr, His and Met sulfoxide on α–SN induced by Cu2+/H2O2–

mediated oxidation in the absence and presence of AscH-.  Bar graphs showing normalized values for 

the loss of Met, Tyr, His and production of Met sulfoxide. (A and B) Condition 1 with molar ratio of 

1:2.3:7.8:0 between α–SN : Cu2+ : H2O2. (C and D) Condition 5 with molar ratio of 1:2.3:7.8:7.8 between 

α–SN: Cu2+: H2O2: AscH-. Data shown are for five–time points 0.1 min (red), 5 min (blue), 15 min (pink), 

60 min (green), and 360 min (navy blue), whereas black color bar represents composition of respective 

residues and Met sulfoxide in the native α–SN; for details, see Materials and methods. Except for 0.1 min 

sample, all other reaction mixtures were incubated at 37 °C for the time intervals indicated. 
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Fig. 4. SDS–PAGE analyses of control and oxidized α–SN exposed to various concentrations of Cu2+ and H2O2, without and with 

AscH-. Samples were prepared as indicated in the Materials and methods. (A) Control samples; lane M, molecular mass markers; lane – 1,  

native α–SN; lane – 2,  α–SN incubated at 37 °C for 360 min; lane – 3,  α–SN incubated with Cu2+ at 37 °C for 360 min; lane – 4,  α–SN 

incubated with H2O2 at 37 °C for 360 min; lane – 5,  α–SN incubated with AscH- at 37 °C for 360 min; lane – 6, α–SN incubated with EDTA 

at 37 °C for 360 min. (B) Oxidation with condition 1, and (C) oxidation with condition 5 with the following samples: lane M, molecular 

mass markers; lane – 1, oxidation for 0.1 min; lane – 2, oxidation for 5 min; lane – 3, oxidation for 15 min; lane – 4, oxidation for 30 min; 

lane – 5, oxidation for 60 min; lane – 6, oxidation for 180 min; lane – 7, oxidation for 360 min. 
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Fig. 5. Detection of dityrosine on oxidized α–SN by Western–blotting. Oxidized α–SN samples 

(22µM) were electrophoresed and transferred to nitrocellulose membranes as described in the Materials 

and methods. (A) Controls organized as follows; lane M – molecular mass markers; lane – 1, native α–SN; 

lane – 2, α–SN incubated at 37 °C for 360 min; lane – 3, α–SN incubated with Cu2+ at 37 °C for 360 min; 

lane – 4, α–SN incubated with H2O2 at 37 °C for 360 min; lane – 5, α–SN incubated with AscH- at 37 °C 

for 360 min. Lanes 6 – 10 are samples of α–SN oxidized under condition 1 for 0.1 min, 5, 15, 60 and 360 

min, respectively. (B) Lanes 1–5: as lanes 6–10 of (a) except with oxidation under condition 2 (higher 

Cu2+ concentration) for 0.1 min, 5, 15, 60 and 360 min. Lanes 6–10: with oxidation under condition 5 

(presence of AscH-) and oxidation for 0.1 min, 5, 15, 60 and 360 min. Lane 11 in both images is a positive 

control consisting of 3 mg mL-1 glucose–6–phosphate dehydrogenase exposed to 1O2 generated using 10 

µM Rose Bengal and visible light, for 90 min at 4°C [48]. 
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Fig. 6. Positive ion ESI–MS spectra of Cu2+/H2O2–oxidized α–SN in the absence of AscH- (condition 

1) with using molar ratios of 1:2.3:7.8 for α– SN: Cu2+: H2O2. (A) Native α–SN, (B) oxidized for 0.1 

min, (C) oxidized for 5 min and, (D) oxidized for 15 min. The m/z values indicated are monoisotopic 

masses. 
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Fig. 7. Positive ion ESI–MS spectra of Cu2+/H2O2–oxidized α–SN in the presence of AscH- (condition 

5) using molar ratios of 1:2.3:7.8:7.8 between α– SN: Cu2+: H2O2: AscH-. (A) Native α–SN, (B) 

oxidized for 0.1 min, (C) oxidized for 5 min and, (D) oxidized for 15 min. The m/z values indicated are 

monoisotopic masses.  
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 Table 1: Concentrations and molar ratios of reagents employed to initiate oxidation of α–SN. 

 

 

 

 

 

 

 

Reaction set–up for five control samples at two-time intervals (0.1 min and 360 min) are described in Table S2. 

2 mM EDTA was added to terminate the MCO reaction after each time interval as described in the Materials and methods.  

 

Samples 
Final concentrations in reaction mixture (µM) Molar ratios 

α–SN CuCl2 H2O2 AscH- (α–SN: Cu2+: H2O2: AscH-) 

Condition  1 57.6 135 450 0 1:2.3:7.8:0 

Condition  2 57.6 270 450 0 1:4.7:7.8:0 

Condition  3 57.6 135 900 0 1:2.3:15.6:0 

Condition  4 57.6 270 900 0 1:4.7:15.6:0 

Condition  5 57.6 135 450 450 1:2.3:7.8:7.8 

Condition  6 57.6 270 900 900 1:4.7:15.6:15.6 
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