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Abstract: Mounting evidence supports the role of amyloidogenesis, oxidative stress, and metal 
dyshomeostasis in the development of neurodegenerative disorders. Parkinson’s Disease is characterized by 
α-Synuclein (αSyn) accumulation and aggregation in brain regions, also promoted by Cu2+. αSyn is modified 
by reactive carbonyl species, including acrolein (ACR). Notwithstanding these findings, the interplay between 
ACR, copper, and αSyn has never been investigated. Therefore, we explored more thoroughly the effects of 
ACR on αSyn using an approach based on LC-MS/MS analysis. We also evaluated the influence of Cu2+ on 
the protein carbonylation and how the ACR modification impacts the Cu2+ binding and the production of 
Reactive Oxygen Species (ROS). Finally, we investigated the effects of ACR and Cu2+ ions on the αSyn 
aggregation by dynamic light scattering and fluorescence assays. Cu2+ regio-selectively inhibits the 
modification of His50 by ACR, the carbonylation lowers the affinity of His50 for Cu2+ and ACR inhibits αSyn 
aggregation both in the presence and in the absence of Cu2+. 
 
Introduction 

Parkinson’s disease (PD) and a group of diseases collectively referred to as the α-synucleinopathies are 
characterized by the progressive loss of neuronal cells and the decline of cognitive and motor functions. 
Biochemical and neuropathological evidence supports the role of α-synuclein (αSyn), oxidative stress, and 
metal dyshomeostasis in the development of these disorders.[1-3] αSyn is a presynaptic protein and in its 
monomeric form is an intrinsically disordered protein with no persistent secondary structure. Although it 
remains unclear how αSyn initiates neuronal death, mounting evidence suggests that the aggregation of αSyn 
to form oligomers and fibrils is a crucial event in the pathogenesis of α-synucleinopathies.[4,5] 
Metal-protein interactions play an important role in αSyn aggregation and might represent a link between the 
pathological processes of protein aggregation, oxidative damage, and neural death. In PD, there is also a 
disconnected set of data that implicate copper dyshomeostasis. Copper is elevated in the cerebrospinal fluid 
of PD patients and is associated with Lewy bodies, the intracellular aggregates of αSyn. [6] Copper regulates 
αSyn intracellular localization and cytotoxicity, and αSyn–copper interaction influences the production of 
Reactive Oxygen Species (ROS).[7,8] αSyn and Cu2+ form different complex species (Figure 1A):[9] at low pH 
(< 6) the first equivalent of Cu2+ binds to the N-terminal amino acids Met1 and Asp2 in a 2N2O (NH2, N-, COO-, 
Owater) «species 1»,[10,11] while at pH 7.4 His50 replaces water forming a 3N1O (NH2, N-, Nim, COO-) «species 
1’»;[12] a second Cu2+ ion binds more weakly[13] to His50 in a 2N2O/3N1O (Nim, N-, N-/O, O) «species 2», while 
the first equivalent occupies species 1.[14] Finally, Cu2+ also binds to a non-specific «site 3» at the C-terminal 
region (loop Asp119-Met127).[15] 
Lipoxidation and carbonylation have also been observed in neurodegenerative diseases.[16,17] αSyn seems to 
induce lipid peroxidation,[18] and, conversely, αSyn carbonylation has been found in PD.[19] Lipoxidation leads 
to the formation of the so-called Reactive Carbonyl Species (RCS), namely α,β-unsaturated carbonyls, such 
as acrolein (ACR, 2-propenal) and 4-hydroxy-nonenal (HNE), and dicarbonyl compounds. In particular, ACR 
and HNE have been reported to affect the aggregation process of αSyn.[20-25] The adducts between αSyn and 
HNE have been extensively characterized by in vitro experiments, and His50 resulted in being the main 
modification site.[26,27] Notwithstanding these findings, the adducts ACR-αSyn have been less explored and 
characterized. Moreover, the interplay between ACR, copper, and αSyn has never been investigated even if 
a mutual influence between copper-binding and carbonylation may exist since His50 is involved in both Cu2+ 
binding and the modification by α,β-unsaturated aldehydes.  
Therefore, we explored more thoroughly the dose- and time-dependent effects of ACR on αSyn using an 
approach based on Ultra Performance Liquid Chromatography (UPLC) coupled with High-Resolution Mass 
spectrometry (HRMS). Moreover, we evaluated the effects of Cu2+ ions on these chemical modifications, and 
the influence of His carbonylation on Cu2+-binding and the following catalytic activity in ROS production drawing 
upon native and His-modified model peptides of αSyn Cu2+-binding species. Finally, we investigated the effects 
of ACR and Cu2+ ions on αSyn aggregation by ThT fluorescence assay and dynamic light scattering (DLS). 



 

Figure 1. A) Schematic structure of the specific Cu2+-binding sites of αSyn. B) Structure of ACR adducts with His and Lys residues. 

Results and Discussion 

ACR forms covalent adducts with αSyn 
It is well-known that ACR and other lipoxidation products lead to covalent protein modifications targeting the 
nucleophilic side chains of cysteine,[28] His,[29] and Lys residues.[30] In particular, αSyn does not contain any 
cysteine residue but includes only one His residue (His50) and as many as fifteen Lys residues. 
To explore the molecular mechanisms of interaction between ACR and αSyn, we performed a series of 
experiments using an approach based on a UPLC- HRMS system. 
The reactivity between αSyn and ACR was initially evaluated by performing a kinetic measurement of the 
covalent adducts formed upon the reaction between ACR and αSyn (Figure 1B). Spectra deconvolution 
analysis allows identifying the formation of Michael and Schiff base adducts between αSyn and ACR (Figure 
1B and Table S1).  
When the [αSyn]:[ACR] molar ratio is 1:10, the 1:1 adduct (αSyn+ACR) was observed after 1.5 h, but also the 
1:2 adduct (αSyn+2ACR) was appreciably formed (Figure S1). Their content, as well as the formation of other 
carbonylated αSyn species, increased over time. However, the signals resulting from unmodified αSyn did not 
disappear, and unmodified αSyn was the main species at 21 h (Figure S1). 
A dose-dependent effect of ACR on the reaction with αSyn was also observed (Figure S2). The data show that 
after 6 h, significant modification occurred from ratios greater than 1:1. Many high-molecular-weight adducts 
were observed at αSyn:ACR 1:50 ratio. Therefore, the extent of αSyn modification also depends on αSyn:ACR 
molar ratio.  
Based on these data and in order to characterize the early stages of the carbonylation of αSyn, we chose to 
set the αSyn:ACR molar ratio and the maximum reaction time as 1:10 and 90 min, respectively. After the 
carbonylation process, the reaction samples were treated with NaBH4 to quench the excess of ACR and 
stabilize the αSyn-ACR adducts, thus preventing further secondary and cross-linking reactions. The trypsin 
digestion yielded several peptides, analyzed by UPLC-HRMS. The high accuracy of the detected m/z values 
related to the most abundant peptides ions, coupled to their MS/MS acquisition allowed to identify the peptide 
sequence (Table S2). All the detected ACR-linked peptides derived from the formation of Michael adducts 
between ACR and the side chain amino groups of Lys and His, whereas covalently linked ACR-peptides based 
on Schiff base conjugates were not detected. 
Figure 2 reports the formation of the main αSyn tryptic peptides that do not contain any missed-cleavage, as 
a function of the incubation time with ACR. The non-carbonylated peptides have similar intensity, except for 
the smaller tryptic peptide αSyn1-6, suggesting that they have similar ionization properties. Moreover, their 
formation was not significantly affected by the ACR reaction, thus confirming the low percentage of αSyn 
modification. αSyn46-58 carbonylated at the His residue is the only tryptic peptide without missed-cleavages 
whose formation significantly increases in a time-dependent manner. The chromatogram of the ACR-modified 
αSyn46-58 shows two distinguished peaks (Table S2, RT 14.73 and 14.92 min), related to isobaric peptides (m/z 
677.3724). The fragmentation pattern depicted by the MS/MS spectra of both the isomers (Figure S3) confirms 
that, in both cases, the His residue is covalently linked to ACR. Two different Nπ- and Nτ-substituted regio-
isomers could be hypothesized as previously observed in the case of HNE and N-acetyl-His.[31] 



 

Figure 2. Formation of the main αSyn tryptic peptides that do not contain any missed-cleavage. Bars related to each peptide are reported 
as a function of the incubation time with ACR. The carbonylated residue (H50) is shown in parentheses. 

 
 
The involvement of His on the αSyn-ACR reaction is therefore confirmed, but the reactivity of the Lys residues 
cannot be analyzed from these data (Figure 2). Indeed, the trypsin-mediated digestion close to the basic 
residues of αSyn (Lys residues) is inhibited if the side-chain of the Lys group is covalently linked to ACR. 
Therefore, the analysis of tryptic peptides containing missed-cleavages is necessary to examine the formation 
of ACR modifications on the Lys residues. In the presence of ACR, only two tryptic peptides containing missed-
cleavages (αSyn59-80 and αSyn81-97) were not modified by ACR (Figure S4). However, their intensity was much 
lower than that formed without missed-cleavages (Figure 2), and their amount rapidly decreased during the 
ACR-αSyn reaction. 
On the contrary, the formation of the ACR-linked tryptic peptides containing missed-cleavages (Figure S4, right 
side bar graph) was promoted by the reaction with the aldehyde. Ten out of the fifteen Lys residues are involved 
by the ACR modification, although an evident scale of reactivity cannot be drawn from the data. It is worth 
pointing out that the ACR-modified tryptic peptides αSyn44-58 and αSyn46-60 have the same molecular weight 
and encompass His residue. The MS/MS characterization of these peptides (Figures S5 and S6) allowed to 
assign the correct sequence to each LC signal and also revealed that the carbonylated site was the internal 
Lys residue (K45 and K58). 
 
Cu2+ binding reduces the extent of His50 modification  
The effect of copper ions on αSyn modification by ACR was evaluated, monitoring the extent of tryptic peptides 
modification over reaction time by exploring several Cu2+:αSyn molar ratios. The staked area graph reported 
in Figure 3A compares the modification percentage of the main ACR-modified tryptic peptides after 90 min 
reaction (containing or not missed cleavages) as a function of the Cu2+:αSyn molar ratio. Without copper ions 
(Cu2+:αSyn 0:1), it is clear that the αSyn46-58 modified at the His residue shows the higher fraction percentage 
of ACR-linked peptides (Table S3). Such a result highlights that the higher reactivity of His towards the ACR 
modification, compared to that of the Lys residues, greatly counterbalances the disfavoured His:Lys number 
ratio (1:15). As the Cu2+ concentration increases, the ACR-modified αSyn46-58 is significantly reduced. All the 
other carbonylated peptides at the Lys residue are affected to a much lower extent comparing to the 
modification at His50. Such a regioselective effect of Cu2+ towards the ACR reaction can also be observed 
after 30 or 60 minutes (Figure S7). 
This different effect can be explained by the different involvement of Lys residues and His50 in the Cu2+ binding. 
In particular, His50 binds to the Cu2+ in Cu2+-αSyn (1:1) at pH 7.4 (species 1’), but it is not involved in the Cu2+ 
binding at lower pH values (pH 6, species 1). In order to assess that the Cu2+ coordination by His50 accounts 
for the inhibition of the ACR carbonylation on the same residue, the influence of the pH was also evaluated 
(Figure 3B). Experiments were hence performed at pH 6, where imidazole protonation hinders Cu2+-binding to 
His50. Under acidic condition and without the addition of copper ions (Cu2+:αSyn 0:1 molar ratio), the extent 
of the carbonylation is significantly lower than that detected at physiological pH, because of the protonation 
state of His side-chain; furthermore, the dose-dependent inhibition effect of Cu2+ reported at pH 7.4 is almost 
totally abolished at pH 6.0. The determining role of pH confirms that Cu2+ modulates the His reactivity towards 
ACR only when it is in species 1’ (Cu2+:αSyn 1:1, pH 7.4) or species 2 (Cu2+:αSyn 2:1, pH 7.4), whereas it 
does not if Cu2+ is bound to species 1 (pH 6). Overall, the ACR reaction with His depends on the pH and the 
Cu2+:αSyn ratio. 
 
Characterization of a His-modified αSyn model peptide 
To evaluate whether the modification of His influences the Cu2+-binding, we resorted to short peptides that are 
considered suitable models of αSyn Cu2+-binding sites.[10,14] Hence, we synthesized two minimal model 
peptides, αSyn1-5 (NH2-MDVFM-NH2), and Ac-αSyn46-50 (Ac-EGVVH-NH2), hereafter called P1 and P2, 
respectively, so that species 1 is modeled by Cu-P1, species 2 by Cu-P2 and species 1’ by the ternary complex 
Cu-P1-P2. Cu-P1 (species 1), Cu-P2 (species 2), and Cu-P1-P2 (species 1’) show CD and EPR signatures 
analogous to those reported in the literature (Figure S8),[14] making them suitable models of αSyn Cu2+-binding 
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sites. Then, a carbonylated form of the model peptide P2, P2ACR, was synthesized. ESI-MS analysis of the 
resulting P2ACR showed five protonated species (Table S4), the mono- ([P2+ACR]), and bis-modified 
([P2+2ACR]) adducts, and their hydrated forms ([P2+ACR+H2O], [P2+2ACR+H2O], [P2+2ACR+2H2O]). 
However, the mono-adducts, both hydrated or not, are the main product of P2 modification. Among all the 
MS/MS peptide fragments of the species [P2+ACR+H2O]·H+ (Table S5), only those containing the His-ACR 
adducts were detected as hydrated forms. NMR analysis (Figure S9A) also shows the hydrated mono-modified 
species as the primary component (signal at 4.95 ppm can be attributed to the methine hydrogen of the geminal 
diol group, –CH(OH)2), together with a lower percentage of mono-carbonylated peptide (aldehyde proton signal 
at 9.58 ppm). The modification of P2 by ACR is also confirmed by the downfield shift of His protons signals 
compared to P2. Besides, NOESY spectrum shows the correlation of the protons of the methylene group 
attached to His nitrogen (4.20 ppm) with both His protons (7.31 and 8.60 ppm), suggesting that the propanal 
group is attached to the His N nitrogen (Figure S9B). 
 

 

Figure 3. A) Modification percentage of the main ACR-linked tryptic peptides after 90 min reaction, as a function of the Cu2+: αSyn molar 
ratio. The carbonylated residues are shown in parentheses. B) Effect of the pH on the copper-dependent formation of the tryptic peptide 
αSyn (46-58) modified by ACR at the H50 residue. 

His modification affects species 1’ formation 
The impact of His derivatization on copper binding was then evaluated through spectroscopic techniques. In 
particular, we compared the spectral features of the complexes Cu–P2ACR and Cu–P1–P2ACR to those of the 
native complexes. Cu-P2 and Cu–P2ACR show very similar CD, EPR, and FTIR spectra (Figures 4A, 4B, and 
4C), leading to conclude that His modification by ACR does not affect the formation of species 2. Indeed, FTIR 
spectra given in Figure S10 show upon Cu2+-binding to P2/P2ACR the appearance of a band at 1185/1188 cm-

1 (Nτ-C2 stretching), which is an indicator of His binding to Cu2+ via Nπ.[32] Thus, Cu2+ binds to Nπ in the complex 
Cu-P2ACR as in the native complex Cu-P2 (Figures 1 and S11). 
On the contrary, the EPR spectrum of Cu-P1-P2ACR appears to be slightly shifted downfield with respect to that 
of Cu-P1-P2 (Figure 4D): in particular, it shows g// values intermediate between those of Cu-P1 and Cu-P1-P2 
(Figure 4 and Table S6), suggesting that P2ACR His binds only partially. Indeed, this spectrum is well-fitted by 
a linear combination of Cu-P1 and Cu-P1-P2 spectra in a 1:1 ratio (Figure S12A and Table S6). Moreover, the 
addition of a 2.4-fold excess of P2ACR gave rise to a spectrum (Figure 4D) closer to that of Cu-P1-P2 complex 
(Table S6), which fits conveniently with the linear combination of Cu-P1 and Cu-P1-P2 spectra in about 1:3 
ratio (Figure S12B and Table S6). Hence, the modified His of P2ACR shows affinity in binding to Cu-P1 lower 



affinity than P2 in binding to Cu-P1. Based on previous studies,[33,34] we speculate that His binds Cu2+ via the 
more exposed N in the ternary complex Cu-P1-P2, whereas N−modified His binds Cu2+ through Nπ in the Cu-
P1-P2ACR complex. The higher steric hindrance of the modified His could account for the lower affinity 
observed. In summary, His N modification by ACR seems not to influence species 2, but it may reduce the 
affinity of His in species 1’. 
 

 

Figure 4. CD (A), normalized EPR (B) and FTIR (C) spectra of Cu-P2 (blue), and Cu-P2ACR (orange). Conditions: A) [Cu2+] = [peptides] = 

480 µM, HEPES 50 mM, pH 7.4 ; B) [Cu2+] = 1 mM, [peptides] = 1.2 mM, HEPES 50 mM, pH 7.4, glycerol 10% v/v, 100 K; C) [Cu2+] = 0.9 

mM, [peptides] = 1 mM, HEPES 50 mM, pH 7.4. D) Normalized EPR spectra of Cu-P1 1:1.2 (red), Cu-P1-P2 1:1.2:1.2 (green), Cu-P1-

P2ACR 1:1.2:1.2, and Cu-P1-P2ACR 1:1.2:2.4 (black). Conditions: [Cu2+] = 1 mM, HEPES 50 mM, pH 7.4, glycerol 10% v/v, 100 K. 

 

His modification does not influence ROS production by Cu2+-αSyn model peptides 
The redox activity of Cu-αSyn has raised as a possible pathological factor in PD, as it influences ROS 
production and the oxidation of αSyn itself.[35-38] The Cu-catalysed ROS production in the presence of 
ascorbate (Figure 5A) can be spectroscopically monitored through the consumption of the substrate, reduced 
ascorbate (AscH-). Therefore, the effect of His modification on the ability of Cu2+-complexes to catalyze ROS 
production in the presence of ascorbate was evaluated (Figures 5B and 5C). Cu-P1-P2 and Cu-P1-P2ACR show 
the same activity (in the experimental error) as Cu-P1. The activity is much lower than free Cu and Cu-
P2/P2ACR, in line with the higher Cu2+-affinity of P1 and hence little free Cu2+ present at the beginning. The fact 
that binding of P2 and P2ACR has no impact can be due to the following reasons. The affinity of P2/P2ACR to 
Cu-P1 is relatively low, so that at micromolar concentration used in this assay ([Cu2+]=1 µM) species 1 is 
present rather than species 1'. Moreover, these considerations are limited to the main Cu2+ state, but the Cu+ 
is also relevant as it is the dominant state in presence of ascorbate. Cu+ binds differently from Cu2+, probably 
only to the P1 Met1-X3-Met5 motif and not to His of P2.[39] Moreover, during redox cycling Cu ions are likely 
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coordinated differently.[40] In conclusion, ACR-modified His in P2ACR did not significantly impact the ROS 
production under the present conditions. 

 

Figure 5. A) Mechanism of Cu-catalysed ROS production in the presence of ascorbate (AscH-) and dioxygen. B) Initial molar rate (B) and 
kinetics plot (C) of ascorbate oxidation catalysed by “free” Cu2+ (black), Cu-P1 (red), Cu-P2 (blue), Cu-P1-P2 (green), Cu-P2ACR (orange), 
and Cu-P1-P2ACR (magenta), monitored by ascorbate consumption at λ = 265 nm. Conditions: [Cu2+] = 1 µM, [peptides] = 3 µM, HEPES 
50 mM, pH 7.4. 

 

ACR and Cu2+ affect αSyn aggregation 
It is well established that αSyn aggregation is involved in the formation of Lewy bodies, a pathological hallmark 
in PD.[4,5] To obtain more information about the association/aggregation state of αSyn during the incubation in 
the presence and absence of ACR and Cu2+, the hydrodynamic diameter (dH) of the protein at the early stages 
of aggregation was determined by dynamic light scattering (DLS) measurements. In particular, the derived 
count rate (DCR) of scattered photons (a function of both the number of the scatterers and their size), the 
intensity and volume distribution, were monitored over time (Figure 6). The DCR of unmodified αSyn remained 
constant for ~72 h. Then it increased exponentially, suggesting the formation of aggregates as expected. 
Instead, when αSyn was incubated with ACR, the formation of large aggregates was inhibited in the measured 
timescale.  
The addition of Cu2+ to αSyn, instead, caused an increase of the DCR, which then did not significantly change 
over time (Figure 6A). Similarly, the concomitant presence of ACR determined an enhanced DCR, which then 
remained fairly constant. However, ACR reduced the effect of Cu2+, giving rise to DCR values in between the 
initial αSyn/αSyn–ACR ones and those of Cu2+–αSyn (Figure 6A).  
The described trends can be better explained by the analysis of the volume distribution (Figures 6B and 6C). 
In the beginning, unmodified and ACR-incubated αSyn showed a dH = 6.3 ± 0.3 nm, corresponding to the 
monomeric natively unfolded αSyn, as previously reported in other studies.[41,42]  

A

B

C



 

Figure 6. Scattered intensity as a function of time for αSyn alone and the mixtures αSyn:ACR 1:10, αSyn:Cu2+ 1:2, αSyn:ACR:Cu2+ 1:10:2. 
The incubation was performed at 37°C for 144 h in MOPS (pH 7.4). The concentration of αSyn for all samples was 100 μM. The volume 
distribution of αSyn alone (B) and the mixture αSyn:ACR 1:10 (C) at different times. 

After 72h, in line with the trend given in Figure 6A, untreated αSyn revealed the presence of aggregates at t = 
120 h together with the signal resulting from the αSyn monomer. At 144 h, DLS measurements were not able 
to reveal the presence of monomers, but populations of aggregates were detected. When αSyn was incubated 
with ACR, the formation of large aggregates was completely inhibited (Figure 6C). The dH value slightly 
increased within a period of 24 h, and it can also be noted the presence of a small percentage of aggregates 
with a mean diameter of 26 nm that potentially represents small oligomers such as dimers, trimers, and 
tetramers of αSyn. A similar trend has been previously reported in the presence of ACR but also in the case 
of nitrated forms of αSyn.[22,41,43] In particular, the formation of αSyn species corresponding to αSyn dimers and 
trimers in the presence of ACR have been observed by western-blot analysis both in vitro and in vivo 



samples.[21-23] These small oligomers could cause the inhibition of the fibrillation similarly to other dimers of 
αSyn.[44]  
Instead, the addition of Cu2+ to a αSyn solution instantly caused the formation of a small percentage of 
aggregates with a mean diameter of 44 ± 3 nm (Figure S13). The size and relative population of small 
oligomers did not change significantly during the incubation. However, the main population was centered to 
6.8 ± 0.2 nm indicating that the main species was probably the monomer until the end of the incubation. 
However, the concomitant presence of ACR sharply reduced the formation of these aggregates, as also 
suggested by the DCR plot.  
The ability of ACR to modulate the αSyn oligomerization also has a substantial effect on the formation of 
amyloid fibrils, which we monitored by the ThT-based assay (Figure S14). The fluorescence intensity had a 
sigmoid-type trend, thus confirming the behavior of αSyn to show an amyloid-type aggregation. The co-
incubation with ACR had not any significant effect on the aggregation extent (the maximum fluorescence gain 
during the aggregation process), but significantly delayed the incipit of the fibril formation, almost doubling the 
lag phase value (79.6 ± 0.6 h) with respect to that showed by αSyn alone (43.8 ± 0.7 h). On the contrary, Cu2+ 
speed up the amyloid-type aggregation of αSyn (Figure S15), as already reported.[42] When Cu2+ and ACR are 
co-incubated with αSyn, the aggregation process is abolished within the timeframe of the experiment, 
confirming the trend reported by the DLS measurements. 
Overall, ACR inhibited the aggregation process of αSyn both in the presence and in the absence of Cu2+. Only 
the formation of small oligomers could be observed in the presence of ACR.  
 
Conclusions 
 
In this work, the combined effects of Cu2+ coordination and ACR-mediated carbonylation towards αSyn were 
thoroughly investigated through several techniques and approaches. The experimental approach based on 
LC-MS/MS was useful to assess that i) ACR targets the unique His residue and most of the Lys residues of 
αSyn in a dose and time-dependent manner, ii) Cu2+ regio-selectively inhibits the ACR modification to the 
His50 and iii) such an effect is related to the Cu2+ coordination properties of the His residue. The spectroscopic 
studies of Cu2+ complexes with model peptides encompassing the binding sites of αSyn revealed that the 
modification by ACR decreases His affinity for Cu2+ in species 1’. This species may arise from both an 
intramolecular macro-chelate or Cu2+-bridged oligomers.[45] In both scenarios, the decreased affinity of species 
1’ in ACR-modified αSyn might impact the metal-induced protein aggregation. Indeed, it could influence the 
morphology of αSyn aggregates, as His50-dependent macrochelation has been shown to modulate αSyn 
aggregates polymorphism,[46] and it could interfere with the formation of Cu2+-bridged oligomers. In this study, 
we show that ACR modification of αSyn inhibits the protein aggregation process, both in the absence and 
presence of Cu2+ ions. Overall, the data reported here highlight the effects of Cu2+ coordination and ACR 
modification on αSyn and its aggregation. The potential synergistic effects of these two factors might play a 
role in the onset and progression of Parkinson’s disease and other α-synucleinopathies. 

Experimental Section 

Chemicals and stock solutions 

Commercially available reagents were used directly unless otherwise noted. ACR was prepared by hydrolysis 
of the related diethyl acetal (10 mM) in 0.1 M HCl for 1 h at room temperature. Stock solutions of Cu2+ salts 
were prepared in Milli-Q water. Stock solutions of MOPS (3-(N-morpholino) propane sulfonic acid) and HEPES 
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffers (500 mM, pH 7.4) were prepared dissolving free 
acids in Milli-Q water and adjusting the pH with NaOH. The stock solution of sodium ascorbate (50 mM) was 
daily prepared in Milli-Q water. 

αSyn expression and purification 

Human αSyn was overexpressed and purified as previously reported,[47] with few modifications. Briefly, the E. 
Coli strain (BL21(DE3) was transformed with pRK172-αSyn plasmid. The cells were grown using Luria-Bertani 
(LB) medium in the presence of Ampicillin (0.1 mg/ml). Isopropyl β-D-1-thiogalactopyranoside (IPTG, 0.5 mM) 
was used to induce the protein expression at 37°C for 5 hours. The harvested cells were resuspended in a 
lysis buffer (50 mM Tris, 30 mM NaCl, 2 mM EDTA, 0.1% Triton-X 100, pH 8.6) in the presence of lysozyme 
(0.3 mg/ml). After 40 min at 37°C, the pH was adjusted to 3.5 with HCl before the centrifugation of the cell 
debris (SL40R centrifuge, Thermo scientific, F15-6X100y rotor, 20,000 g, 1 hr, 4°C). The αSyn content of the 
supernatant was purified by using an FPLC instrument (Bio-Rad Biologic Duo flow) throughout desalting and 
ion-exchange chromatographic steps (Hiprep 26/10 desalting, Hiprep DEAE FF 16/10, BioRad UNO Q1). 
Finally, size exclusion chromatography (Supradex 200 increase 10/30) was applied to isolate the monomer 
species of αSyn. The purity and the identity of the protein sample were ensured by SDS-PAGE (BoltTM 10% 
Bis-tris plus gel) and LC-MS characterization, respectively. 



αSyn-ACR reaction 

αSyn (20 μM) was first incubated with a freshly prepared ACR solution (200 μM) in 100 mM MOPS buffer (pH 
7.4 at 37 °C). The reaction was stopped after 1.5, 4, and 21 hours by incubating with NaBH4 (5mM) for 10 
minutes at room temperature. In a dose-dependent experiment, several amounts of ACR (αSyn:ACR 1:1, 1:10 
and 1:50) were tested, and the reaction was stopped after 1.5 hours. The effect of Cu2+ on the αSyn 
modification by ACR was evaluated adding a standardized CuSO4∙5H2O solution to obtain 1:1, 1:2 or 1:3 
αSyn:Cu2+ molar ratio before the addition of ACR. In order to structurally characterize αSyn-ACR conjugates, 
the protein content of the reaction mixture was digested with trypsin at 37°C overnight at 1:20 trypsin:αSyn 
molar ratio. The reaction was stopped by diluting the sample with 5% acetonitrile and 0.05% TFA in water, 
before the nanoLC-HRMS analysis 

UPLC-HRMS and data analysis 

All protein samples (enzymatically digested or not) were analyzed using a Q Exactive hybrid quadrupole-
Orbitrap mass spectrometer (Thermo Scientific) coupled to an Ultimate 3000 HPLC RSLCnano system (Dionex 
Thermo Scientific) through an EASY-Spray source (Thermo Scientific). The instrumental parameters were set 
up as previously reported.[48] The extracted ion chromatogram (XIC) of the most abundant charged species of 
each protein species or peptide fragment was enlisted for peak detection. MagTran software [49] was used to 
deconvolve the mass spectra of the αSyn-ACR conjugates, whereas MaxQuant software[50] identified the 
MS/MS analyzed tryptic digested peptides through their XIC. Data from the MS and MS/MS (HCD) spectra 
were useful in identifying the peptide fragments and the modified residues. 

Peptides synthesis 

MDVFM-NH2 (P1, αSyn1-5) and Ac-EGVVH-NH2 (P2, αSyn46-50) peptides were synthesized manually through 
a standard 9-fluorenylmethoxycarbonyl (Fmoc)/tert-Butyl (tBu) solid-phase peptide synthesis. In order to obtain 
C-terminal-amidated peptides, a Fmoc-Rink amide aminomethyl-polystyrene resin (Fmoc-Rink-Amid AM 
Resin from Iris Biotech, 0.74 mmol/g loading, 100-200 mesh) was used as the solid support. HBTU (3-
[bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-oxide hexafluorophosphate) was used as the coupling 
agent, DIEA (N,N-diisopropylethylamine) as the base and DMF (N,N-dimethyl-formamide) as the solvent. 
Protected amino acids used were Fmoc-Met-OH, Fmoc-Asp(tBu)-OH, Fmoc-Val-OH, Fmoc-Phe-OH, Fmoc-
Glu(tBu)-OH, Fmoc-Gly-OH, Fmoc-His(Trt)-OH). The coupling reactions were performed in a syringe with filter 
frit by using a 4-fold excess of protected amino acid, a 3.9-fold excess of HBTU, and an 8-fold excess of DIEA 
for 1 hour under mixing. After coupling, the presence of unreacted N-terminal free amine was checked with 
TNBS (2,4,6-trinitrobenzenesulfonic acid) reagent, and the coupling was repeated in case of a positive test. 
Capping of the unreacted free amine group was carried out using 5% acetic anhydride and 10% DIEA in DMF 
for 5 min. N-terminal Fmoc deprotection was carried out using 20% piperidine in DMF. P2 N-terminal 
acetylation was carried out with 5% acetic anhydride and 10% DIEA in DMF for 15 minutes. Peptides were 
cleaved and side-chain deprotected at the same time by treatment with 95% TFA (trifluoroacetic acid), 2.5% 
H2O and 2.5% TIS (triisopropylsilane) for 90 min. The crude mixture was directly concentrated under vacuum 
or precipitated with cold ether. Crudes were purified by RP-HPLC on a C18 column (XBridge Peptide BEH 
C18 OBD Prep Column from Waters, 19 mm x 150 mm, pore size 130 Å, particle size 5 µm) using a LaPrep 
Sigma (VWR International) instrument with UV-vis detection at 214 nm. The purity and identity of the peptides 
were assessed by analytical HPLC and ESI-MS. Stock solutions were prepared in DMSO or milli-Q water for 
P1 and P2 respectively. Carbonylation of P2 was achieved by overnight incubation of the peptide (500 µM) 
with ACR (10 mM) in HEPES buffer (pH 7.4) at 37° C under mixing. The carbonylated peptide (P2ACR) was 
purified by RP-HPLC.  

NMR spectroscopy 

1H NMR spectra were recorded in D2O at 25 °C with a Varian Unity Plus 500 spectrometer at 499.9 MHz using 
standard pulse programs from the Varian library. Two-dimensional (2D) experiments were acquired using 1 K 
data points and 256 increments. Spectra were referred to the solvent signal. 

CD Spectroscopy  

CD spectra of Cu2+ complexes ([Cu2+] = [peptides] = 480 µM) in HEPES buffer (50 mM, pH 7.4) were recorded 
in a 1 cm path cuvette with a Jasco J-810 spectropolarimeter in the 230-800 nm range using a scanning speed 
of 50 nm/min and 3 accumulations. CD spectra were smoothed using the Savitzy-Golay method, and the blank 
was subtracted after the sample measurement. 

EPR spectroscopy 

EPR spectra were recorded on a continuous-wave X-band EMX-plus spectrometer (ca. 9.4 GHz, Bruker 
Biospin GmbH, Germany) equipped with a high sensitivity resonator (4119HS-W1, Bruker Biospin GmbH). 
The g factor calibration was achieved in the experimental conditions by using Bruker standard (strong pitch) 
with a known isotropic g factor of 2.0028. All samples were supplemented by 10% v/v glycerol to ensure 
homogenous protein distributions and avoid water crystallization-induced phase separation. Samples were 



introduced to 4 mm outer diameter quartz tubes (Wilmad-Labglass) and freeze-quenched into liquid nitrogen 
before their introduction into the pre-cooled cavity (100 K, achieved by continuous flow liquid nitrogen cryostat). 
The main experimental parameter values were: microwave power ca. 0.1 mW; modulation amplitude 5 G; 
conversion time and time constant were setup at ca. 200 and 80 ms, respectively; 1500 G were swept in 5 
min, and several spectra were accumulated to ensure a good signal-to-noise ratio (S/N). All experimental EPR 
spectra were analyzed through computer simulation using lab-made scripts based on the Easyspin toolbox 
under Matlab (Mathworks) environment.[51] 

FTIR spectroscopy 

Peptide samples for FTIR were subjected to several cycles of TFA-/Cl- counter-ion exchange via dissolution 
in HCl and lyophilization. The FTIR spectra of P2/P2ACR (1 mM) before and after Cu2+ (0.9 mM) binding in 
HEPES (50 mM, pH 7.4) were recorded on a Vertex 70 spectrometer (Bruker Optics, Karlsruhe) equipped with 
a diamond-ATR unit. 2.5 µL of samples were deposited on the ATR crystal and left to dry for a few minutes. 5 
Spectra of 64 scans each recorded at a scan rate of 20 kHz with a spectral resolution of 4 cm-1 were averaged 
for each sample. 

Kinetics of ascorbate oxidation 

Ascorbate oxidation ([AscH-] = 100 μM) was monitored by UV-Vis absorption at λ = 265 nm in HEPES buffer 
(50 mM, pH 7.4) on a Clario Star plate reader inside a 96-wells plate. After monitoring ascorbate oxidation for 
10 min, free Cu2+ or Cu2+-peptides solution was added ([Cu2+] = 1 μM, [peptide] = 3 µM). Kinetic measurements 
of ascorbate oxidation were performed three times in different days with different fresh ascorbate solutions. 
The molar ascorbate oxidation rate (μM min-1) was obtained by dividing the initial slop of Abs265(t) by the 
extinction coefficient of AscH- (ε265 = 14500 M-1cm-1). 

DLS measurements  

Samples were analyzed on a Zetasizer Nano ZS (Malvern Instruments Ltd., UK) equipped with a λ = 633 nm 
He-Ne laser and a Peltier temperature controller set at 37 °C temperature. The protein samples were 
prepared at 100 µM (αSyn monomer equivalents) and buffered in MOPS (pH 7.4). The effect of ACR and/or 
Cu2+ on the aggregation of αSyn was evaluated adding a freshly prepared ACR and/or a standardized 
CuSO4∙5H2O solution to obtain αSyn:ACR 1:10 and/or αSyn:Cu2+ 1:2 molar ratios. Disposable, solvent 
resistant microcuvettes were used for size measurements, which were conducted at a scattering angle of 173°. 
Each DLS measurement was run by using automated, optimal measurement times and laser attenuation 
settings. All samples were measured 5-10 times using 15–40 accumulated scans to give averaged dH values. 

Aggregation assay 

The aggregation assays of αSyn were carried out by using a turn-on dye (ThT) sensitive to the amyloid-type 
fibrils. ThT (40 μM), αSyn (70 μM) and ACR (αSyn:ACR 1:10) or Cu2+ (αSyn:Cu2+ 1:2) were incubated in MOPS 
buffer (2 mM pH 7.4) containing NaCl (100 mM) within a 96-well plate (Nalge–Nunc, Rochester, NY) for 5 days 
at 37°C in the Varioskan plate reader (Thermo Scientific) under continuous shaking (600 rpm). The fluorimetric 
measurements were carried out by monitoring the ThT emission at 482 nm, exciting at 440 nm. All the amyloid-
type kinetic measurements were carried out in three different experiments (n=3), and the experimental data 
were fitted to Equation (1), in which the fitted parameters are the starting (F0) and final (Fmax) fluorescence 
emissions of the amyloid aggregation process, the elongation rate constant (1/k) and the time at which the 
amplitude of ThT emission is 50% of the Fmax – F0 value (t½). The last two parameters contribute to calculate 
(Equation 2) the lag time (tlag), defined as the intercept between the time axis and the tangent of the curve with 
slope k from the midpoint of the fitted sigmoidal curve. 

  (Eq. 1) 

 

                  (Eq. 2) 

The kinetic parameters were expressed as means ± SEM of three different experiments (n=3). 
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