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Figure 1. Schematic progression of 

proteinaceous lesions in different 

neurodegenerative disorders over 

time obtained from post-mortem 

studies of brains. The cartoon shows 

the putative areas of damage onset.1c 

 

Introduction to Neurodegeneration 



    
 

 

 

Figure 2. Synucleinopathies or tauopathies are characterized by intracellular aggregates of alpha-synuclein or tau proteins that display several 

morphologies of the lesions; in particular, multiple system atrophy (MSA) is neuropathologically identified by the presence of glial cytoplasmatic inclusions, 

while Lewy’s bodies are characteristic of some specific type of dementia. Tuft-shaped astrocytes and astrocytic plaques are detected in tauopathies, such as 

progressive supranuclear palsy (PSP) or corticobasal degeneration (CBD).7a 
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Introduction 

The tight interplay between neuronal proteins, metal ions and phospholipids 

Amyloid-β (Aβ) protein – an overview 



    
 

 

 

 

Figure 1.  APP processing can lead to not-amyloidgenic or amyloidgenic pathways: the combination of α- and γ-secretase cleavages produces 

harmless fragments, while β-secretase together with the activity of γ-secretase generate Aβ peptides that potentially form fibrillary aggregates. 

 

 

 

Figure 2. CuII coordination sphere to amyloid-β 

peptide (Component I). 



    
 

 

 

 

Figure 4. Schematic illustration showing the origin of Lewy bodies and the mechanism of aggregation and toxicity

 

 

Figure 3. CuI coordination sphere to 

amyloid-β peptide. 

 



    
 

 

 

Figure 5. Sequence of Aβ40 with charged amino acid residues highlighted. The graphic below shows its theoretical hydrophobicity. 

 

Figure 6. Structure and properties of sodium dodecyl sulfate. 

Prion (PrP) protein- an overview 



    
 

 

 

 

Figure 7. Schematic illustration of human PrPC protein. The N-terminal signal peptide is removed during the biosynthesis of the protein. The octarepeat 

region (OR) is the metal binding portion and the hydrophobic domain is highlighted. PrP consists of an unstructured N-terminal region and a globular 

C-terminal domain, containing two β-strands and three α-helices. The two glycosylation sites are also shown. A disulfide bond connects two α-helices. 

The C-terminal signal sequence is cleaved off and replaced with a GPI-anchor to the neuronal membrane. 

 

 

Figure 8. Cartoon showing the conformation change 

from cellular PrPc to misfolded PrPSc 

 



    
 

 

  

Figure 9. Main structures of CuII and CuI coordination by prion peptides. 

 



    
 

 

The ternary interaction between amyloid-β, prion and copper ions.  

 

Figure 10. Full-length prion cartoon showing the two regions mainly involved in the interaction with amyloid oligomers. 



    
 

 

Catalytic oxidation of MC by [CuII-peptide] in aqueous and membrane medium 

 

       

ɛ

Figure 11. Schematic reactions involved 

in the conversion of 4-methylcatechol into 

quinonic product. In cells, derivatives of 

catechols can undertake one- or two-

electron redox cycling generating reactive 

oxygen species, such as superoxide and 

hydrogen peroxide via autoxidation or by 

catalysis of enzymes or transition metals, 

like Cu2+ or Fe3+.  

   



    
 

 

Copper reactivity when bound to Prion fragment (76-114) 

Figure 12. Kinetic profiles of 4-MC (3 mM) oxidation with time in 50 mM 

HEPES buffer at pH 7.4 and 20 °C in the presence of CuII (25 μM) without SDS 

(solid green trace), and upon the addition of 1 equiv. PrP76-114 in the absence (solid 

orange)/ presence of SDS (20 mM, dashed grey), and 2 equiv. of prion peptide in 

the absence (solid brown)/ presence of SDS (dashed blue). Autoxidation of 4-MC 

is shown as solid grey trace. 

 

Figure 13.  Kinetic profiles of 4-MC (3 mM) oxidation with time in 50 mM 

HEPES buffer at pH 7.4 and 20 °C in the presence of PrP76-114 (25 μM) and 2 

equiv. of copper(II) (50 μM) without SDS (solid brown trace) and with SDS (20 

mM) (dashed green). 



    
 

 

Copper reactivity when bound to Prion fragment (106-114) 

 

Figure 14. Coordination structure of PrP106-114 to 

CuII. 

          

Figure 15.  Kinetic profiles of MC (3 mM) oxidation with time in 50 mM HEPES buffer at pH 7.4 and 20 °C in the presence of CuII (25 μM) alone 

(solid green trace) and with SDS (20 mM) (dashed orange); A) in the presence of CuII bound to PrP106-114 (50 μM) without SDS (solid brown) and with 

SDS (20 mM) (dashed blue); B) in the presence of CuII bound to PrP106-114 (250 μM) without SDS (solid brown) and with SDS (20 mM) (dashed blue). 

Copper reactivity when bound to Amyloid-  fragments (1-16), (1-28) and (1-40) 

A B 



    
 

 

       

 

Figure 16. Kinetic profiles of 4-MC (3 mM) oxidation with 

time in 50 mM HEPES buffer at pH 7.4 and 20 °C in the 

presence of CuII (25 μM) without SDS (solid green trace) and 

with SDS (20 mM) (dashed orange), and in the presence of 

CuII - Aβ16 (1:2, panel A), CuII -Aβ28 (1:2, panel B), CuII - 

Aβ40 (1:2, panel C), without SDS (solid brown) and with 

SDS (20 mM) (dashed blue).   

 



    
 

 

       

Figure 17. Kinetic profiles of MC (panel A) and DA (panel B) (3 mM) oxidation with time in 50 mM- HEPES buffer at pH 7.4 and 20 °C in the 

presence of CuII (25 μM) (black trace) and Aβ16 (brown), Aβ28 (green) and Aβ40 (blue) (50 μM). 
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⇄







 

Figure 18. Hypothetical representation of the interaction between phospholipids and 

the native prion protein (on the left) and the amyloid-β (1-40) peptide (on the right). The 

hydrophobic Aβ residues in the central region are directed toward the apolar phase, while 

the N-terminus appears to reside free and unstructured outside the membrane. N-

terminal metal ion binding to Aβ is not much affected by the SDS micelles. 

 



    
 

 



 Figure 19. Main Cu coordination spheres with prion peptide at 1:1 molar ratio 

at physiological pH (A, B, and C, for CuII, and D for CuI) 

 

 

Figure 20. Resting states are the main coordination spheres of copper(II) (left) 

and copper(I) (right); at the bottom, a possible redox mechanism not involving 

large reorganization energy to connect the two limit states is shown.18a 



    
 

 

Catalytic oxidation of DA by [CuII-peptide] in aqueous and membrane medium 

Copper reactivity when bound to Prion fragment (76-114) and (106-114) 

Figure 21. Kinetic profiles of DA (3 mM) oxidation with time in 50 mM HEPES buffer at pH 7.4 and 20 °C (autoxidation, grey trace) in the presence 

of CuII (25 μM) without SDS (green) and with SDS (20 mM) (orange dashed), or with CuII-PrP76-114 (1:2, panel A) and CuII-PrP106-114 (1:2, panel B) 

without SDS (brown) and with SDS (20 mM) (blue dashed).  

Copper reactivity when bound to Amyloid-β fragments (1-16), (1-28) and (1-40) 

 



    
 

 

Figure 22. Kinetic profiles of DA (3 mM) oxidation with time 

in 50 mM HEPES buffer at pH 7.4 and 20 °C (autoxidation, grey 

trace) in the presence of CuII (25 μM) without SDS (green) and 

with SDS (20 mM) (orange, dashed), and CuII-Aβ16 (1:2, panel 

A), CuII-Aβ28 (1:2, panel B), CuII-Aβ40 (1:2, panel C) without 

SDS (brown) and with SDS (20 mM) (blue, dashed). 

Catalytic oxidation of DA and MC by ternary complex [CuII-amyloid-β-prion] 



    
 

 

 

Figure 23. Kinetic profiles of MC (3 mM) oxidation with time in 50 

mM HEPES buffer at pH 7.4 and 20 °C in the presence of CuII-Aβ40 (25 

μM, 1:1) in absence (green solid)/ presence of SDS (20 mM, green 

dashed) or CuII-PrP76-114 (25 μM, 1:1) without SDS (brown solid) and 

with SDS (20 mM) (brown dashed). The addition of the ternary 

complex, copper-amyloid-prion (1:1:1), is shown both in aqueous 

medium (orange solid) and in membrane environment (orange dashed).  

 

Figure 24. Kinetic profiles of DA (3 mM) oxidation with time in 50 mM 

HEPES buffer at pH 7.4 and 20 °C A) in the presence of CuII- Aβ40 (25 

μM, 1:1) in absence (green solid)/ presence of SDS (20 mM, green dashed) 

and CuII-PrP76-114 (25 μM, 1:1) without SDS (brown solid) and with SDS 

(20 mM) (brown dashed). The addition of the ternary complex, copper- 

amyloid- prion (1:1:1), is shown both in aqueous medium (orange solid) 

and in membrane environment (orange dashed); B) in the presence of CuII-

Aβ28 (25 μM, 1:1) in absence (green solid)/ presence of SDS (20 mM, green 

dashed) or CuII-PrP76-114 (25 μM, 1:1) without SDS (brown solid) and with 

SDS (20 mM) (brown dashed). The addition of the ternary complex, 

copper- amyloid- prion (1:1:1), is shown both in aqueous medium (orange 

solid) and in membrane environment (orange dashed); C) in the presence 

of CuII-Aβ16 (25 μM, 1:1) in absence (green solid)/ presence of SDS (20 

mM, green dashed) or CuII-PrP76-114 (25 μM, 1:1) without SDS (brown 

solid) and with SDS (20 mM) (brown dashed). The addition of the ternary 

complex, copper- amyloid- prion (1:1:1), is shown both in aqueous medium 

(orange solid) and in membrane environment (orange dashed).  

  



    
 

 

Catalytic oxidation of MC by [CuI-peptide] in aqueous and membrane medium 

Copper(I) reactivity when bound to Prion fragment (76-114) 

Figure 25. Kinetic profiles of MC (3 mM) oxidation with time in 50 mM 

HEPES buffer at pH 7.4 and 20 °C containing SDS (20 mM) and in the 

presence of CuI (25 μM) alone (green trace) or CuI (25 μM) and PrP76-114 (50 

μM) (brown). Copper(I) is generated as previously described.   



    
 

 

Copper(I) reactivity when bound to Prion fragment (106-114) 

Copper(I) reactivity when bound to Amyloid-β fragments (1-16), (1-28) and (1-40) 

 

Figure 26. Kinetic profiles of 4-MC (3 mM) oxidation with time in 50 

mM HEPES buffer at pH 7.4 and 20 °C containing SDS (20 mM) and 

in the presence of CuI (25 μM) alone (green trace) or CuI (25 μM) and 

PrP106-114 (50 μM) (brown trace). Copper(I) was generated in situ by 

reaction of copper(II) nitrate (25 μM) and ascorbate (50 μM) 

anaerobically prior to exposure of the solution to air.  



    
 

 

 

Far-UV and Near-UV Circular Dichroism (CD) of binary complexes in membrane 

Figure 28. Far-UV CD spectra recorded in 5 mM phosphate buffer solution pH 7.4 of PrP76-114 (63 µM) (black trace) and after the addition of 5 (grey), 

10 (brown), and 20 mM SDS (green), and upon the addition of CuII (57 µM) (blue) to the final solution. (cell path 0.1 cm) 

 

Figure 27. Kinetic profiles of MC (3 mM) oxidation with time 

in 50 mM HEPES buffer at pH 7.4 and 20 °C containing SDS 

(20 mM) and in the presence of free CuI (25 mM, green trace) 

and: A) CuI (25 μM) and Aβ16 (50 μM) (brown); B) CuI (25 μM) 

and Aβ28 (50 μM) (brown); C) CuI (25 μM) and Aβ40 (50 mM, 

dissolved in water + 0.02% v/v NH3) (brown). The green dotted 

trace shows the MC oxidation by free copper but with the 

addition of the same amount of ammonia. 

 



    
 

 

Figure 29. Far-UV CD spectra recorded in 5 mM phosphate buffer solution pH 7.4 of PrP76-114 (50 µM) and CuII (45 µM) (black trace) and upon the 

addition of 20 mM SDS (blue trace) (cell path 0.1 cm). 

Figure 30. CD spectra recorded in 5 mM phosphate buffer solution pH 

7.4 of Aβ16 (5.5 µM) (black trace) and after the addition of: 5 (grey), 10 

(brown), and 20 mM SDS (green), and upon the binding with CuII (5 

µM, blue). (cell path 1 cm) 

 



    
 

 

Figure 31. CD spectra recorded in 5 mM phosphate buffer solution pH 7.4 of PrP76-114 (5.5 µM, blue spectrum) after the addition of 20 mM SDS (blue) 

and CuI (5 µM) (grey). Copper(I) was generated in situ by reaction of copper(II) nitrate (5 μM) and hydroxylamine (10 μM) anaerobically. (cell path 1 

cm) 

 

α

 



    
 

 

Figure 32. CD spectra were recorded in 5 mM phosphate buffer solution pH 7.4 of Aβ28 (5.5 µM) (black spectrum), after the addition of 20 mM SDS 

(blue) and CuI (5 µM) (grey). Copper(I) was generated as previously described. 

Figure 33. CD spectra were recorded in 5 mM phosphate buffer solution pH 7.4 of Aβ40 (4.4 µM, dissolved in H2O milliQ + 0.02% v/v NH3) (black 

spectrum), after the addition of 16 mM SDS (blue), CuI (4 µM) (grey) and CuII (green). Copper(I) was oxidized to copper(II) by O2 saturation. 

 

 

 

 



    
 

 

Far-UV and Near-UV Circular Dichroism (CD) of ternary complexes in membrane  

 

Figure 34. CD spectra recorded in 5 mM phosphate buffer solution 

pH 7.4 of: A) Aβ40 (4.2 µM, black spectrum), upon the addition of 

PrP76-114 (4.2 µM, grey) and after the generation of the ternary 

complex with Cu (3.8 µM) (blue trace). After 2h30 incubation time 

at 20°C, the measurement of the last spectrum was repeated (green 

trace); B) Aβ28 (4.2 µM) (black spectra), upon the addition of PrP76-

114 (4.2 µM) (grey) and the generation of the ternary complex with 

Cu (3.8 µM) (blue trace); C) Aβ16 (4.2 µM) (black spectra) and upon 

the addition of PrP76-114 (4.2 µM) (grey) and the generation of the 

ternary complex with Cu (3.8 µM) (blue trace). 



    
 

 

 

Figure 36. CD spectrum in the near-UV/Vis region of the ternary complex 

CuII-Aβ40-PrP76-114 in 5 mM phosphate buffer containing 20 mM SDS. 

Figure 35. CD spectra were recorded in 5 mM phosphate buffer 

solution pH 7.4 of: A) PrP76-114 (3.64 µM) (black spectra, 1.1 equiv.) 

and upon the addition of Aβ40 (3.64 µM, 1.1 equiv.) (grey); B) PrP76-

114 (4.2 µM, 1.1 equiv.) (black spectra) and upon the addition of Aβ28 

(4.2 µM, 1.1 equiv.) (grey); C) PrP76-114 (4.2 µM, 1.1 equiv.) (black 

spectra) and upon the addition of Aβ16 (4.2 µM, 1.1 equiv.) (grey). 

SDS (20 mM, orange) and 1 equiv. of copper(II) (blue) was then added 

to the solutions. When in the presence of Aβ40, the spectra after 2h30 

at 20°C was also recorded (green trace). 



    
 

 

Electron paramagnetic resonance (EPR) spectra of  the ternary complex [Cu-Aβ40-PrP76-114] 

║ ║ 

║ ║ 

║ ║ 

Figure 37. EPR spectra recorded in 5 mM phosphate buffer solution 

pH 7.4 of the binary complex Cu (0.37 mM)-Aβ40 (0.41 mM) (orange 

spectrum) and upon the addition of PrP76-114 (0.41 mM) (blue). SDS (19 

mM) was added to the ternary complex (grey).  

NMR quantification of 4-methylcatechol consumption 



    
 

 

Figure 38. Proton NMR spectrum of 4-MC 

(3 mM, dissolved in D2O) in HEPES buffer 

(5 mM) pH 7.4 at 20 °C. The HEPES buffer 

signal of the CH2–group bound to sulfonic 

acid group (*) was used as internal standard. 

Free copper(II), in aqueous and membrane environment  

Table 1. NMR quantification of remaining catechol with time by copper(II) (25 μM) in only buffer and in the presence of SDS (20 mM). *Δ[MC] is 

concentration of consumed MC after 30 min or 2h30. 

↓

↓

Table 2. NMR quantification of remaining MC with time by only copper(II) (25 μM) in buffer and SDS medium, upon the addition of NH3 (10% 

v/v). *Δ[MC] is concentration of consumed MC after 30 min or 2h30. 

↓

↓

 

  



    
 

 

Copper(II)-peptide complexes, in aqueous and membrane environment  

Table 3. NMR quantification of remaining catechol by CuII-PrP76-114 complex (25 μM) in buffer and upon the addition of SDS (20 mM). *Δ[MC] is 

concentration of consumed MC after 30 min or 2h30. 

↓

↓

↓

↓
 

Table 4. NMR quantification of remaining catechol by CuII-Aβ16 complex (25 μM) in buffer and upon the addition of SDS (20 mM). *Δ[MC] is 

concentration of consumed MC after 30 min or 2h30. 

↓

↓

↓

↓

Table 5. NMR quantification of remaining catechol by CuII-Aβ28 complex (25 μM) in buffer and upon the addition of SDS (20 mM). *Δ[MC] is 

concentration of consumed MC after 30 min or 2h30. 

↓

↓

↓

↓

Table 6. NMR quantification of remaining catechol by CuII-Aβ40 complex (25 μM) in buffer and upon the addition of SDS (20 mM). *Δ[MC] is 

concentration of consumed MC after 30 min or 2h30. 

↓

↓

↓

↓



    
 

 

Table 7. Selected comparative data on MC oxidation, turnover number (TON), and molar ratio of oxidized catechol vs. modified endogenous peptide, 

by CuII-peptide complexes, after 30 and 90 min reaction time, in aqueous buffer and in SDS micelles. The expression Δ[MC]/Δ[peptide] represents the 

ratio between the number of molecules of catechol oxidized vs. the fraction of endogenous peptide undergoing chemical modification at the given time. 

∆[𝑴𝑪]

∆[𝒑𝒆𝒑𝒕𝒊𝒅𝒆]

∆[𝑴𝑪]

∆[𝒑𝒆𝒑𝒕𝒊𝒅𝒆]

Figure 39. Partial 1H NMR spectra (7.0 to 6.4 ppm) of 4-MC aromatic region show catechol consumption with time (blue spectra, t0, 3 mM) in 5 mM 

HEPES buffer pH 7.4 by the following complexes: [CuII-Aβ16] (panel A), [CuII-Aβ28] (panel B), [CuII-Aβ40] (panel C) and [CuII-PrP76-114] (panel D) (25 

μM) in aqueous and SDS environment (20 mM). Red spectra correspond to 4-MC peaks after reaction time of 2h30.  



    
 

 

 

Effect of membrane on the oxidative modification rate of neuronal peptides 

Identification and characterization of modified peptides by HPLC-ESI/MS. 

Figure 40. Chemical structure of covalent adduct generated by 

the attach of quinone to the imidazole of a His residue. 



    
 

 

 Competitive modifications of prion fragment (76-114)  

Table 8. Time-dependent modification of PrP76-114 peptide (50 µM) detected by LC/MS analysis upon reaction of CuII (25 µM)-PrP76-114 and 4-MC (3 

mM) in HEPES buffer (50 mM) pH 7.4 at 20 °C. Reaction mixtures were quenched with sulfuric acid (pH~2). 

Table 9. Time-dependent modification of PrP76-114 peptide detected by LC/MS analysis upon reaction of CuII-PrP76-114 and 4-MC in the presence of SDS 

micelles (20 mM). Reaction mixtures were quenched with sulfuric acid (pH~2). SDS was precipitated after addition of excess KCl and several 

centrifugation/cooling cycles. 



    
 

 

Figure 41. Right panel) HPLC-MS elution profiles of PrP76-114 resulting from the oxidation of 4-MC (3 mM) in 50 mM HEPES buffer pH 7.4 after 30 

min reaction time by: a) CuII (25 µM) and PrP76-114 (50 µM); b) CuII (25 µM) and PrP76-114 (50 µM) in presence of SDS (20 mM). Left panel) HPLC-

MS elution profiles of PrP76-114 peptide resulting from oxidation of DA (3 mM) in 50 mM HEPES buffer pH 7.4 at 60 min reaction time by: a) CuII (25 

µM) and PrP76-114 (50 µM); b) CuII (25 µM) and PrP76-114 (50 µM) in presence of SDS (20 mM). 

 
Figure 42. Schematized chart showing the main modification 

sites on PrP(76-114) sequence in aqueous medium and in 

micelle. 



    
 

 

Figure 43. Schematic oxidation pathway leading to melanins from catecholic 

substrate as the neurotransmitter dopamine and its relate oxidation products. 

Table 10. Modification with time of PrP76-114 peptide detected by LC/MS analysis upon reaction of CuII-PrP76-114 and DA in HEPES buffer pH 7.4 at 

20 °C. Reaction mixtures were quenched with sulfuric acid (pH~2). 

Table 11. Modification with time of PrP76-114 peptide detected by LC/MS analysis upon reaction of CuII-PrP76-114 and DA in the same buffer but in 

presence of SDS micelles. Reaction mixtures were quenched with sulfuric acid (pH~2). Sodium dodecyl sulfate was precipitated after addition of excess 

KCl and same centrifugation/cooling cycles. 



    
 

 

 

Competitive modifications of amyloid-β fragment (1-16) 

Table 12. Modification with time of Aβ16 peptide detected by LC/MS analysis upon reaction of CuII-Aβ16 and 4-MC in 50 mM HEPES buffer pH 7.4 

at 20 °C. Reaction mixtures were quenched with sulfuric acid (pH~2). 

Table 13. Modification with time of Aβ16 peptide detected by LC/MS analysis upon reaction of CuII-Aβ16 and 4-MC in the same buffer but in presence 

of SDS micelles. Reaction mixtures were quenched with sulfuric acid (pH~2). Sodium dodecyl sulfate was precipitated after addition of excess KCl and 

several centrifugation/cooling cycles. 



    
 

 

Table 14. Modification with time of Aβ16 peptide detected by LC/MS analysis upon reaction of CuI-Aβ16 and 4-MC in the same buffer but in presence 

of SDS micelles. CuI was generated by reaction between sodium ascorbate (2 equiv.) and CuII (1 equiv.) anaerobically. Reaction mixtures were quenched 

with sulfuric acid (pH~2). Sodium dodecyl sulfate was precipitated after addition of excess KCl and several centrifugation/cooling cycles. 

Figure 44. At left) LC-MS elution profiles of Aβ16 peptide resulting from oxidation of 4-MC (3 mM) in 50 mM HEPES buffer pH 7.4 at 30 min reaction 

time by: a) CuII (25 µM) and Aβ16 (50 µM); b) CuI (25 µM) and Aβ16 (50 µM) in presence of SDS; c) CuII (25 µM) and Aβ16 (50 µM) in presence of 

SDS. At right) HPLC-MS elution profiles of Aβ16 peptide resulting from oxidation of DA (3 mM) in 50 mM HEPES buffer pH 7.4 at 30 min reaction 

time by: a) CuII (25 µM) and Aβ16 (50 µM); b) CuII (25 µM) and Aβ16 (50 µM) in presence of SDS (20 mM).  



    
 

 

Table 15. Modification with time of Aβ16 peptide detected by LC/MS analysis upon reaction of CuII-Aβ16 and DA in HEPES buffer pH 7.4 at 20 °C. 

Reaction mixtures were quenched with sulfuric acid (pH~2). 

Table 16. Modification with time of Aβ16 peptide detected by LC/MS analysis upon reaction of CuII-Aβ16 and DA in the same buffer but in presence of 

SDS micelles. Reaction mixtures were quenched with sulfuric acid (pH~2). Sodium dodecyl sulfate was precipitated after addition of excess KCl and 

several centrifugation/cooling cycles 



    
 

 

Figure 45. Schematized chart showing the main modification 

sites on Aβ(1-16) sequence in aqueous medium and in micelle. 

Table 17. Modification with time of Aβ16 peptide detected by LC/MS analysis upon reaction of CuII-Aβ16 and 4-MC in HEPES buffer pH 7.4 and 

0.02% ammonia at 20 °C. Reaction mixtures were quenched with sulfuric acid (pH~2). 

Competitive modification on amyloid-β(1-28) fragment 



    
 

 

Table 18. Modification with time of Aβ28 peptide detected by LC/MS analysis upon reaction of CuII-Aβ28 and 4-MC in HEPES buffer pH 7.4 at 20 

°C. Reaction mixtures were quenched with sulfuric acid (pH~2). 

 

Table 19. Modification with time of Aβ28 peptide detected by LC/MS analysis upon reaction of CuI-Aβ28 and 4-MC in the same buffer but in presence 

of SDS micelles. CuI was generated by reaction between sodium ascorbate (2 equiv.) and CuII (1 equiv.) anaerobically. Reaction mixtures were quenched 

with sulfuric acid (pH~2). Sodium dodecyl sulfate was precipitated after addition of excess KCl and several centrifugation/cooling cycles. 



    
 

 

Table 20. Modification with time of Aβ28 peptide detected by LC/MS analysis upon reaction of CuII-Aβ28 and 4-MC in the same buffer but in presence 

of SDS micelles. Reaction mixtures were quenched with sulfuric acid (pH~2). Sodium dodecyl sulfate was precipitated after addition of excess KCl and 

several centrifugation/cooling cycles. 

Figure 46. Left panel) HPLC-MS elution profiles of Aβ28 resulting from the oxidation of 4-MC (3 mM) in HEPES buffer (50 mM) pH 7.4 after 30 min 

reaction time by: a) CuII (25 µM) and Aβ28 (50 µM); b) CuI (25 µM) and Aβ16 (50 µM) in presence of SDS; c) CuII (25 µM) and Aβ28 (50 µM) in presence 

of SDS (20 mM). Right panel) HPLC-MS elution profiles of Aβ28 peptide resulting from oxidation of DA (3 mM) in HEPES buffer (50 mM) pH 7.4 at 

90 min reaction time by: a) CuII (25 µM) and Aβ28 (50 µM); b) CuII (25 µM) and Aβ28 (50 µM) in presence of SDS (20 mM). 

Figure 47. Schematized chart showing the main 

modification sites on Aβ(1-28) sequence in aqueous 

medium and in micelle. 



    
 

 

Table 21. Modification with time of Aβ28 peptide detected by LC/MS analysis upon reaction of CuII-Aβ28 and DA in HEPES buffer pH 7.4 at 20 °C. 

Reaction mixtures were quenched with sulfuric acid (pH~2). 

Table 22. Modification with time of Aβ28 peptide detected by LC/MS analysis upon reaction of CuII-Aβ28 and DA in the presence of SDS micelles. 

Reaction mixtures were quenched with sulfuric acid (pH~2). SDS was precipitated after addition of excess KCl and several centrifugation/cooling cycles 



    
 

 

Competitive modification on amyloid-β (1-40) fragment 

Table 23. Modification with time of Aβ40 peptide detected by LC/MS analysis upon reaction of CuII-Aβ40 and 4-MC in HEPES buffer pH 7.4 at 20 

°C. Reaction mixtures were quenched with sulfuric acid (pH~2). 

Table 24. Modification with time of Aβ40 peptide detected by LC/MS analysis upon reaction of CuII-Aβ40 and DA in HEPES buffer pH 7.4 at 20 °C. 

Reaction mixtures were quenched with sulfuric acid (pH~2). 

Figure 48. HPLC-MS elution 

profiles of Aβ40 peptide resulting from 

oxidation of MC (panel a) or DA 

(panel b) (3 mM) in HEPES buffer 

(50 mM) pH 7.4 at 30 min reaction 

time by CuII (25 µM) and Aβ40 (50 

µM). 



    
 

 

Conclusions 



    
 

 

  



    
 

 

Experimental Notions  

Peptide synthesis and purification 

Figure 49. Comparison of 4-MC (3 mM) oxidation kinetics in HEPES 

buffer (50 mM) pH 7.4 catalyzed by only copper(II) (25 μM) (black, 

dotted trace) and CuII-Aβ16 (50 μM) complex (grey, dotted); the same 

experiment was performed in the presence of NH3 (0.6 mM) in order to 

exclude any possible effect on the reactivity. Black solid and grey solid 

traces show catechol oxidation by CuII with NH3 and CuII-Aβ16 with 

NH3, respectively. 



    
 

 

Kinetic data of 4-methylcatechol oxidation 

ɛ

Kinetic data of dopamine oxidation 

Figure 50. Comparison of DA (3 mM) oxidation kinetics at 475 nm (DAQ, dotted traces) and 570 nm (unknown oligomers, solid traces) in the presence 

of: (A) CuII (25 μM) with SDS (20 mM) in HEPES buffer 50 mM pH 7.4; (B) CuII (25 μM) and PrP76-114 (50 μM); (C) CuII (25 μM) and Aβ28 (50 μM); 

(D) CuII (25 μM) and Aβ16 (50 μM); (E) CuII (25 μM) and PrP106-114 (50 μM); (F) CuII (25 μM) and Aβ40 (50 μM). 



    
 

 

Figure 51. Absorption bands of previous kinetic traces: DA (3 mM) oxidation spectra in SDS (20 mM) (A) in the presence of CuII (25 μM) and (B) 

PrP76-114, (C) Aβ28, (D) Aβ16, (E) PrP106-114 and (F) Aβ40 (50 μM).  

Figure 52. A) Oxidation of DA (3 mM) in the presence of CuII (25 μM) and SDS (20 mM) following at 570 nm (solid trace) and 475 nm (dotted trace). 

B) Related spectra of DA oxidation/time (black lines) and upon the addition of sodium ascorbate after 35 min (blue lines). 



    
 

 

Figure 53. Comparison of UV-vis spectra of DA (3 mM) oxidation with time 

at 37 °C catalyzed by CuII (25 μM) in absence/presence of SDS (20 mM). Solid 

lines show absorption bands in aqueous medium at following times: t0 (black, 

solid line); t 5 minutes (blue, solid); t 30 minutes (green, solid) and t 1h (brown, 

solid). At the same reaction times, dotted lines show absorption bands in the 

presence of SDS.

 

Figure 54. Absorption bands of DA (3 mM) oxidation upon 30 min reaction 

at 37 °C in the presence of CuII (25 μM) before (black, solid line) and after 

(green, solid line) the extraction of SDS (20 mM). 

Figure 55.  A) Oxidation of dopamine (3 mM) at 475 nm (dotted trace) and at 570 nm (solid trace) in the presence of CuII (25 μM) before and after the addition of SDS (20 

mM).  B) Related spectra of DA oxidation/time (black lines) and upon the SDS addition (green lines).  



    
 

 

 

Figure 56. Kinetic profiles of DA oxidation with time in HEPES buffer 50 

mM pH 7.4 in the presence of copper(II) (25 µM) and Aβ16 (50 µM) (black 

trace), and upon the addition of SDS (20 mM) (green). Orange and brown 

traces show the kinetic data upon the addition of ~ 960 units/1.6 μl SOD 

enzyme to the mixture in buffer alone or in SDS micelles, respectively. Light 

blue trace corresponds to the oxidation trace after denaturation at 100°C for 15 

min of ~960 units SOD enzyme in the presence of peptide-copper adduct in 

only buffer.  The addition of only 240 units/1.6 μl SOD enzyme is shown by 

the light green trace.

Figure 57. Absorbance profile of KO2 in 18-crown-6 ether (3 mM) in HEPES 

buffer 50 mM pH 7.4 and SDS (20 mM) 

Identification and characterization of modified peptides by HPLC-ESI/MS 



    
 

 

Figure 58. Calibration curve for the quantification of removed sodium dodecyl 

sulfate from LC-MS samples. 

NMR quantification of oxidized catechol 



    
 

 

Secondary structure of copper-peptide complexes determined via CD 
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Effect of membrane mimicking system: Redox 

behavior of copper bound to ALPHA-Synuclein. 
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Introduction 

 

 

 

 

 

Figure 1. Primary sequence of α-synuclein protein, highlighting the N-terminal, NAC and C-terminal regions in light blue, white and red, respectively. 
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Figure 2. Possible modifications of full-length α-Syn; the main sites of phosphorylation, ubiquitination, nitration, and cleavage are indicated. For 

example, α-synuclein trapped in the Lewy Bodies shows high percentage of phosphorylation on specific residues, as Ser87, Ser129, and Tyr125, and is 

massively ubiquitinated on Lys12, Lys21, or Lys23 while the tyrosine residues are very susceptible to oxidation. At the end, the C-terminal region is the 

preferential site for cleavage.3b 

 

 

Figure 3. Schematic representation of copper coordination structures, Site 1 and Site 2. Another C-terminal site associated with Asp121 could exist but 

with a weaker affinity toward the metal. 
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Figure 4. Pathway of aggregation of αSyn from monomeric species to oligomers and fibrils. In PD-affected brains, several morphological species are 

detected: starting from the physiological protein located at synapses, other forms as granular species presenting small aggregates or larger insoluble Lewy 

bodies can be accumulated; pale bodies are similar deposits showing less compacted αSyn. 
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Reactivity of αSyn-copper complex and Oxidative modification of the full-length protein 

 

        

Figure 5. Kinetic profiles of 4-MC (3 mM) oxidation with time in 50 mM HEPES buffer at pH 7.4 and 20 °C in the presence of CuII (25 μM) without 

SDS (green trace) and with SDS (20 mM) (orange), and with the addition of αSyn (50 μM, left panel and 25 μM, right panel) without SDS (brown) and 

with SDS (20 mM) (blue). 
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Figure 6. Kinetic profiles of DA (3 mM) oxidation with time in 50 

mM HEPES buffer at pH 7.4 and 20 °C (autoxidation, grey trace) 

in the presence of CuII (25 μM) (green) and upon the addition of 

αSyn 25 μM in aqueous (orange) or SDS medium (dashed light 

blue) or 50 μM in only buffer (brown) or in presence of SDS (blue 

dashed). 

 

Figure 7. Kinetic profiles of 4-MC (3 mM) oxidation with time in 

50 mM HEPES buffer at pH 7.4 and 20 °C containing SDS (20 

mM) and in the presence of CuI (25 μM) alone (green trace) or CuI 

(25 μM) and α-Syn (50 μM) (brown trace). Copper(I) was generated 

in situ by reaction of copper(II) nitrate (25 μM) and ascorbate (50 

μM) anaerobically prior to exposure of the solution to air.  
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Experimental Notions 

Catalytic oxidation of 4-MC and Dopamine by CuII-αSyn  

Catalytic oxidation of 4-MC by CuI-αSyn in aqueous and SDS environment 

HPLC-ESI/MS analysis of protein modification 
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fragments of tau protein. 
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Figure 1. Scheme of amino acid sequences of the four pseudorepeats in the full-length tau protein. The fragments used in this work are underlined (R1, 

Ac-256VKSKIGSTENLKHQPGGG273-NH2 and R3, Ac-323GSLGNIHHKPGGG335-NH2) and the main coordination sites for copper are evidenced in 

green. 
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Figure 2. Tau protein associated with microtubules forms the cytoskeleton. If the phosphorylated isoform increases, the disassembly of microtubules 

occurs; tubulin forms oligomeric structures bound to p-tau, that generates initial small fibrils and then, neurofibrillary tangles. 
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Figure 3. Histopathological features of Alzheimer’s disease are characterized by the accumulation of neurofibrillary tangles composed of tau and 

ubiquitin within neuronal cells, and by the deposition of amyloid-beta (Aβ) in brain parenchyma as amyloid plaques and in blood vessel walls as cerebral 

amyloid angiopathy. Aβ in amyloid plaques is associated with microglial activation (MA) and reactive astrocytosis (RA). Swollen dystrophic neurons 

(DN) containing tau are associated with many of the amyloid plaques (neuritic plaques).5c 
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Catalytic oxidation of catechols by CuII-tau complexes 

          

Figure 4. Kinetic profiles of 4-MC (3 mM) oxidation with time in 50 mM HEPES buffer at pH 7.4 and 20 °C in the presence of only CuII (25 μM) 

(brown trace) and with 2 equiv. (grey), 4 equiv. (orange) of R1τ peptide or 1 equiv. (light blue), 2 equiv. (blue) and 4 equiv. of R3τ (green). Autoxidation 

of substrate is also shown (black dotted trace). At right, there is an enlargement of the oxidative trend of the R1 complexes. 
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Figure 5. Kinetic profiles of DA (3 mM) oxidation with time in 50 mM 

HEPES buffer at pH 7.4 and 20 °C in the presence of only CuII (25 μM) 

(brown trace) and with 2 equiv. (grey), 4 equiv. (orange) of R1τ peptide 

or 1 equiv. (light blue), 2 equiv. (blue) and 4 equiv. of R3τ (green). 

Autoxidation of substrate is also shown (black dotted trace).  

 

 

Superoxide dismutase activity of copper(II)-tau complexes 



 

Figure 6. Plots of UV-Vis absorbance at 560 nm for the NBT reduction to MF+ by O2
- in the presence of CuII (brown circles) and CuII complexed (blue 

circles) with A) R3τ and B) R1τ. Spectra were taken at 20 °C, in 50 mM phosphate buffer at pH 7.4. 
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Oxidative modifications of tau peptides detected by HPLC-ESI/MS. 

R1τ modification pattern 

Table 1. Modification with time of R1τ peptide detected by HPLC-MS upon reaction of CuII (25 µM), R1τ (50 µM) and 4-MC (3 mM) in 50 mM 

HEPES buffer at pH 7.4 and 20 °C. 

Table 2. Modification with time of R1τ peptide detected by HPLC-MS upon reaction of CuII (25 µM), R1τ (50 µM) and DA (3 mM) in 50 mM HEPES 

buffer at pH 7.4 and 20 °C. 
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Figure 7. HPLC-MS elution profiles 

of R1τ peptide (50 µM) resulting from 

oxidation of MC (panel A) or DA 

(panel B) (3 mM) in 50 mM HEPES 

buffer at pH 7.4 and at several reaction 

time by CuII (25 µM). 

 

R3τ modification pattern 

Table 3. Modification with time of R1τ peptide detected by HPLC-MS upon reaction of CuII (25 µM), R3τ (50 µM) and DA (3 mM) in 50 mM HEPES 

buffer at pH 7.4 and 20 °C. 

Table 4. Modification with time of R1τ peptide detected by HPLC-MS upon reaction of CuII (25 µM), R3τ (50 µM) and DA (3 mM) in 50 mM HEPES 

buffer at pH 7.4 and 20 °C. 
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Figure 8. HPLC-MS elution 

profiles of R3τ peptide (50 µM) 

resulting from oxidation of MC 

(left panel) or DA (right panel) (3 

mM) in 50 mM HEPES buffer 

at pH 7.4 and at several reaction 

time by CuII (25 µM).  
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Experimental Notions  

Synthesis of tau fragments   

 

Kinetic data of DA and MC oxidation   

LC-MS modification pattern of R1 and R3   
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Superoxide dismutase activity   

Recrystallization of partially oxidized 4-MC   
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Introduction  

 

 

Figure 1. A) Neuronal atrophy. On the left, the section of the hemibrain of AD patients and, on the right, a healthy control brain. The affected brain 

evidences marked atrophy, dilation of the lateral ventricle, and a reduced hippocampus. B) Neurofibrillary tangles (blue) and neuritic plaques (violet) in 

the hippocampus. C) β-amyloidosis in the frontal lobe, showing some diffuse plaques (red), a cored plaque (green), and cerebral amyloid angiopathy 

(yellow). D) Neurofibrillary tangles (blue) and neuritic plaques (violet) in the frontal lobe.3 
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Figure 2. A) Main copper(II) coordination geometry and B) Most stable coordination sphere for CuI upon the binding with amyloid-β peptides. 

 

 

Figure 3. Proposed copper coordination sphere, known as 

“in-between state”, by amyloid-β peptides. 
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Oxidation of catechols by Cu -β-amyloid fragments  

          

Figure 4. Kinetic profiles of DA (3 mM, left panel) and MC (3 mM, right panel) oxidation with time in 50 mM HEPES buffer at pH 7.4 and 20 °C 

(autoxidation, brown trace) in the presence of CuII (25 μM) (orange) and with 1 eq. Aβ16 (light green), 2 eq. Aβ16 (green), or 1 eq. Ac-Aβ16 (grey) and 2 

eq. Ac-Aβ16 (blue). 

 

Figure 5. Kinetics traces of 4MC oxidation in the presence of Cu alone (panel A) or Cu-peptide complex in 1:1 molar ratio, 25 μM: copper-Aβ16 (panel 

B) and copper-Ac-Aβ16 (panel C). The concentration of substrate varies from 0.3 to 4.0 mM. Panel D: Dependence on [MC] of the initial oxidation rates 
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(indicated as r = rates/[catalyst]). The substrate oxidation is performed in only buffer (white triangles) and in the presence of copper alone (black circles), 

copper-Aβ16 (white circles) and Ac-Aβ16 (black triangles). The data for the not-catalytic oxidation were obtained assuming a Cu concentration of 25 μM. 

Table 1. Kinetic constants calculated via the interpolation of the data shown in Figure 5D through Michaelis-Menten-like equation.  

 

 

Figure 6. Kinetics traces of DA oxidation in the presence of Cu alone (panel A) or Cu-peptide complex in 1:1 molar ratio, 25 μM: copper-Ac-Aβ16 (panel 

B) and copper-Aβ16 (panel C). The concentration of substrate varies from 0.3 to 4.0 mM. Panel D: Dependence on [DA] of the initial oxidation rates 

(indicated as r = rates/[catalyst]). The substrate oxidation is performed in only buffer (white triangles) and in the presence of copper alone (black circles), 

copper-Aβ16 (white circles) and Ac-Aβ16 (black triangles). The data for the not-catalytic oxidation were obtained assuming a Cu concentration of 25 μM. 
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Figure 7. Kinetic profiles of N-acetyl-dopamine (3 mM) oxidation with 

time in 50 mM HEPES buffer at pH 7.4 and 20 °C in the presence of 

CuII (25 μM) (orange) and with 2 eq. Aβ16 (green) or 2 eq. Ac-Aβ16 

(blue).  

 

 



 
Figure 8. Chemical structures of all catecholic substrates used in the following experiments, highlighting the different chemical properties. 
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Figure 9. Kinetic profiles of oxidation of several catecholic substrates (0.3 mM) with time in 50 mM HEPES buffer at pH 7.4 and 20 °C in the presence 

of CuII (25 μM) (brown trace) and with 1 eq. Aβ16 (orange) or 1 eq. Ac-Aβ16 (green): A) L-DOPA; B) N-acetyldopamine; C) L-DOPA methyl ester, 

followed at 475 nm and 321 nm; D) 3,4-dihydroxyhydrocinnamic acid; E) dopamine; F) 4-methylcatechol; G) 4-tert-butylcatechol 
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Figure 10. Kinetic profiles of dopamine (0.3 mM) oxidation with time 

in 50 mM HEPES buffer at pH 7.4 and 20 °C in the presence of [CuII-

Aβ16] (25 μM) (orange trace) and [CuII-Ac-Aβ16] (green). The same 

experiment was performed upon saturation of buffer solution with pure 

oxygen (brown, [CuII-Aβ16] and blue, [CuII-Ac-Aβ16]) 
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Figure 11. Kinetic profiles of dopamine (0.3 mM) oxidation with time 

in 50 mM HEPES buffer at pH 7.4 and 20 °C in the presence of CuI (25 

μM, green trace), [CuI-Aβ16] (25 μM, orange) and [CuI-Ac-Aβ16] (blue) 
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Figure 12. Kinetic profiles of DA (0.3 mM) oxidation with time in 50 mM HEPES buffer at pH 7.4 and 20 °C in the presence of copper(II) (25 μM) 

alone (orange trace), and the following complexes (25 μM): CuII-NH2-Aβ16 (green and panel A), CuII-Ac-Aβ16 (blue and panel B), CuII-Ac-Aβ9 (light green 

and panel C) and CuII-NH2-Aβ9 (grey and panel D). The autoxidation of DA is shown as brown trace. 

   

 

 

  

Figure 13. Absorbance changes with time during DA (0.3 mM, at the left and 0.3 mM, at the right) oxidation in 50 mM HEPES buffer at pH 7.4 and 

20 °C in the presence of copper(II) (25 μM) alone (brown trace), and the following complexes (25 μM): CuII-NH2-Aβ16 (solid green, and spectrum A), 

CuII-Ac-Aβ16 (dashed green, and spectrum B), CuII-NH2-Aβ16 [H6A] (solid blue, and spectrum C), CuII-Ac-Aβ16 [H6A] (dashed blue, and spectrum D), 
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CuII-NH2-Aβ16 [H13A] (solid orange, and spectrum E) and CuII-Ac-Aβ16 [H13A] (dashed orange, and spectrum F). The autoxidation of DA is shown as 

grey trace. 





 

Table 1. HPLC quantification of consumed MC (0.3 mM) obtained from oxidation by copper alone (25 µM), CuII-NH2-Aβ16, CuII-Ac-Aβ16, CuII-NH2-

Aβ16[H13A], CuII-Ac-Aβ16[H13A], CuII-NH2-Aβ16[H6A] and CuII-Ac-Aβ16[H6A] complexes (25 μM, 1:1) in 50 mM HEPES buffer at pH 7.4 and 25 °C. 
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Figure 14. Absorbance changes with time during MC (3 mM) oxidation in HEPES buffer (50 mM) at pH 7.4 and 20 °C in the presence of copper(II) 

(25 μM) alone (brown trace), and the following complexes (25 μM): CuII-NH2-Aβ16 (solid green, and spectrum A), CuII-Ac-Aβ16 (dashed green, and 

spectrum B), CuII-NH2-Aβ16 [H6A] (solid blue, and spectrum C), CuII-Ac-Aβ16 [H6A] (dashed blue, and spectrum D), CuII-NH2-Aβ16 [H13A] (solid 

orange, and spectrum E) and CuII-Ac-Aβ16 [H13A] (dashed orange, and spectrum F). The autoxidation of DA is shown as grey trace. 
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Figure 15. Abs changes with time of CuI-Ac-Aβ16 complex (1:1, 25 µM) generated upon vacuum/Argon cycles and the addition of tetrakis 

(acetonitrile)copper(I) hexafluorophosphate (starting point as violet spectrum). 4-cholorocatechol (0.3 mM) was then added in Argon atmosphere (black 

spectrum) and then the solution was exposed to oxygen (blue spectrum, t0 and green spectrum (t15min). Panel A shows the region 230-400 nm while panel 

B corresponds to the full spectrum with and enlargement of the spectral region in which oxidative products are detected. 

                   

Figure 16. Abs changes with time of CuI-Ac-Aβ16 complex (1:1, 25 µM) generated upon vacuum/Argon cycles and the addition of ascorbate (2 equiv, 50 

µM) (starting point as violet spectrum). 4-cholorocatechol (0.3 mM) was then added in Argon atmosphere (black spectrum) and then the solution was 

exposed to oxygen (blue spectrum, t0 and green spectrum (t15min). Panel A shows the region 230-400 nm while panel B corresponds to the full spectrum 

with and enlargement of the spectral region in which oxidative products are detected. 

                   

Figure 17. Abs changes with time of CuII-Ac-Aβ16 complex (1:1, 25 µM, violet spectrum) and upon the addition of 4-cholorocatechol (0.3 mM, black 

spectrum, t0 and green spectrum, t 15min) 
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Figure 18. Kinetic profiles of DA (0.3 mM) oxidation with time in 50 

mM HEPES buffer at pH 7.4 and 20 °C in presence of CuII (25 μM) 

alone (orange and, upon the addition of 20 µl DMSO, shown as brown 

trace) and with 1 equiv. NH2-Aβ16 (green and, with DMSO, light 

green) and 1 equiv. Ac-Aβ16 (blue and, with DMSO, light blue).

           

Figure 19. Kinetic profiles of DA (0.3 mM) oxidation with time in 50 mM HEPES buffer at pH 7.4 and 20 °C performed as follows and studied in the 

presence of sodium azide (0.1 mM, panel A) or KI (0.1 mM, panel B). The catalysis is promoted by CuII (25 μM) alone (orange and, upon the addition 

of NaN3 or KI, shown as brown trace) and with 1 equiv. NH2-Aβ16 (green and, upon the addition of NaN3 or KI, light green) and 1 equiv. Ac-Aβ16 (blue 

and, upon the addition of NaN3 or KI, light blue). 
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Figure 20. Kinetic profiles of DA (0.3 mM) oxidation with time in 50 mM 

HEPES buffer at pH 7.4 and 20 °C in the presence of CuII (25 μM) alone (orange 

and, upon the addition of catalase enzyme (500 units/1.6 mL), shown as brown 

trace) and with 1 equiv. NH2-Aβ16 (green and, upon the addition of catalase, light 

green) and 1 equiv. Ac-Aβ16 (blue and, upon the addition of active enzyme, light 

blue or denatured enzyme, grey). 

 

 

Figure 21. Kinetic profiles of DA (0.3 mM) oxidation with time in 50 mM 

HEPES buffer at pH 7.4 and 20 °C in the presence of CuII (25 μM) alone (orange 

and, upon the addition of SOD enzyme (500 units/1.6 mL), shown as brown trace) 

and with 1 equiv. NH2-Aβ16 (green and, with SOD, light green) and 1 equiv. Ac-

Aβ16 (blue and, upon the addition of active enzyme, light blue or denatured 

enzyme, grey). 

                

Figure 22. Abs changes with time of CuI-Ac-Aβ16 complex (1:1, 25 µM) generated upon vacuum/Argon cycles and addition of tetrakis 

(acetonitrile)copper(I) hexafluorophosphate (starting point as violet spectrum). 4-methylcatechol (0.3 mM, black spectrum) and then H2O2 (0.25 mM, blue 

spectrum) were added in Argon atmosphere (black spectrum). The reaction was followed for 15 min in anaerobic conditions (final spectrum shown in 

green). 
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Figure 23. Abs changes with time of CuI-Ac-Aβ16 complex (1:1, 25 µM) generated upon vacuum/Argon cycles and addition of tetrakis 

(acetonitrile)copper(I) hexafluorophosphate (starting point as violet spectrum). Dopamine (0.3 mM, black spectrum) and then H2O2 (0.25 mM, blue 

spectrum) were added in Argon atmosphere (black spectrum). The reaction was followed for 15 min in anaerobic conditions (final spectrum shown in 

green). Panel A shows the region 230-400 nm while panel B corresponds to the full spectrum with and enlargement of the spectral region in which oxidative 

products are detected. 

 

Figure 24. Kinetic profiles of DA (0.3 mM) oxidation with time in 50 

mM HEPES buffer at pH 7.4 and 20 °C in presence of CuII (25 μM) 

alone (orange trace), H2O2 alone (0.25 mM, black) and in the presence 

of both reagents (brown), while the catalysis obtained in the presence of 

1 equiv. Ac-Aβ16 bound to copper alone, copper and peroxide, or 

hydrogen peroxide alone are shown as light blue, blue and grey traces, 

respectively. The autoxidation of substrate is shown as green trace. 

Green, grey and black profiles are overlapped. 
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Figure 25. Schematic pathway of CuII-Aβ complex showing the formation of a CuI-bis(histidine) species involved in the interaction with dioxygen only 

upon the binding with catechol. The linear, two-coordinate CuI species is unreactive to O2 and requires the interaction with substrate to promote the oxidase 

reaction.  
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Experimental Notions  

Peptide synthesis and purification 

 

Oxidation kinetics at sub-saturating and saturating concentration of substrate.  
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Figure 26. Kinetic profiles of DA (0.3 mM) oxidation with time in 

phosphate buffer solution (50 mM) at pH 7.4 and 20 °C in the presence 

of copper(II) (25 μM) alone (orange trace), and the following complexes 

(25 μM): CuII-NH2-Aβ16 (green) and CuII-Ac-Aβ16 (blue). The 

autoxidation of DA is shown as brown trace.  

 

 

                        

Figure 27. DA oxidation (4 mM) in the presence of constant [catalyst], 

Cu-Ac-Aβ16 complex (1:1, 25 μM, solid blue trace) or Cu-Aβ16 (solid 

brown trace) in 50 mM HEPES buffer at pH 7.4. Upon saturation of 

buffer with pure oxygen the same experiment was repeated (dotted blue 

for Ac-Aβ16 and dotted brown for Aβ16).  
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Figure 28. Kinetic profiles of MC (left panel) and DA (right panel) (3 mM) oxidation with time in 50 mM HEPES buffer at pH 7.4 and 20 °C in the 

presence of Cu-Aβ16 complex 1:1 (25 μM, solid brown trace) and upon the addition of 2-phenylethylamine (3 mM, dotted brown) or with Cu-Ac-Aβ16 

1:1 (solid blue) and upon the addition of the mimicking molecule (dotted blue).  

 

 

Figure 29. Kinetic profiles of DA (0.3 mM) oxidation with time in 50 

mM HEPES buffer at pH 7.4 and 20 °C in the presence of Cu-Aβ16 

complex 1:1 (25 μM, dotted blue trace) and upon the addition of 2-

phenylethylamine (3 mM, solid blue) or with Cu-Ac-Aβ16 1:1 (dotted 

brown) and upon the addition of the mimicking molecule (solid brown).  
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Figure 30. Kinetic profiles of dopamine (0.3 mM) oxidation with time 

in 50 mM HEPES buffer at pH 7.4 and 20 °C in the presence of [CuII -

Aβ16] (25 μM) (green trace) and [CuII-Ac-Aβ16] (grey). The same 

experiment was performed in the presence of sodium acetate at 0.5 mM 

concentration (light blue for [copper-Aβ16] and yellow for [copper-Ac-

Aβ16]) and at 3 mM, only in the presence of the acetylated isoform 

(orange trace). 

Substrate-dependence kinetics.  

 

1) ● Fast Reaction 
2) ⇄         Fast Equilibrium 
3) Slow Reaction 
4) ● Fast Reactions 
5) ● Chromophore Formation 
6) Oligomerization 

ൣ ൧

[ ]

[ ]
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●

Further investigation of CuI-intermediate and ROS production. 

 
Figure 31. Chemical structure of 

tetrakis(acetonitrile) copper(I) hexafluorophosphate 

[Cu(CH3CN)4]PF6 (MW 372.72)  

Synthesis of N-acetyldopamine (NADA) 

Esterification of the carboxyl-side chain of Aspartate and Glutamate of Aβ16 
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Figure 32. 1H and COSY spectra of native Aβ16 peptide and upon the esterification of carboxyl groups (red spectrum).   

             

        
Figure 33. Kinetic profiles of dopamine (panel A), L-DOPA (panel B) and L-DOPA methyl ester (panel C) (0.3 mM) oxidation with time in 50 mM 

HEPES buffer at pH 7.4 and 20 °C in the presence of CuII (25 μM) (brown trace) and the following complexes: [CuII -Aβ16] (25 μM) (orange) and [CuII-

Aβ16-OMe] (green). Panel D shows the same kinetic data obtained from the L-DOPA methyl ester oxidation but following its oligomerization at 320 nm. 
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Figure 34. Kinetic profiles of dopamine (0.3 mM, left panel and 3 mM, right panel) oxidation with time in 50 mM HEPES buffer at pH 7.4 and 20 

°C in the presence of CuII (25 μM) (brown trace) and the following complexes: [CuII –Ac-Aβ16] (25 μM) (orange trace) and [CuII-Ac-Aβ16-OMe] (green). 

HPLC quantification of MC consumption.  

Table 2. Qualitative characterization of the oxidative products generated by the reaction of MC with copper(II) alone or complexed with β-amyloid 

peptides; each peak numbered in the HPLC chromatograms was analyzed through ESI-MS and, when possible, by 1H-NMR. 
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Figure 32. HPLC chromatograms corresponding to the consumption 

of 4-MC (0.3 mM) with time in 50 mM HEPES buffer at pH 7.4 and 

25 °C in the presence of copper(II) (25 μM) alone (panel A), and the 

following complexes (25 μM): CuII-NH2-Aβ16 (panel B), CuII-Ac-Aβ16 

(panel C), CuII-NH2-Aβ16 [H13A] (panel D), CuII-Ac-Aβ16[H13A] (panel 

E), CuII-NH2-Aβ16 [H6A] (panel F) and CuII-Ac-Aβ16[H6A] (panel G). 

Kojic acid (0.1 mM) is eluted after 12.5 min and it was used to quantify 

the peak of substrate (r.t. 26.5 min). The time points 0, 5 and 30 min 

are shown as black, pink and blue profiles, respectively.  
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 N-terminal cleavage of Amyloid-β peptide: The 

effects on binding stability and redox behavior of 

COPPER-β-AMYLOID. 
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Introduction  

 
Figure 1. The main N-truncations as result of some enzymatic activities are shown; NEP is the primary enzyme responsible of the cleavage between 

Arg-2 and Glu-3 or between Glu-3 and Phe-4, while plasmin prefers a cleavage after basic residues, preferentially cutting after Arg-5. Moreover, the 

activity of ACE is usually directed at Asp-7, slowing down the aggregation and the deposition of amyloid-β. MBP is another protease able to degrade Aβ 

peptides cutting between Phe-4 and Arg-5; finally, BACE1, besides its activity required to produce Aβ 1-x, is also able to generate fragments upon the 

cleavage between Tyr-10 and Glu-11. 
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Figure 2. Schematic structure showing the typical coordination geometry of 

CuII bound to ATCUN motif. 
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Figure 3. Similarity between the amino acids sequences of CTR-1, Hst-5 and Aβ(4-x), showing the presence of the N-terminal ATCUN site and the 

bis-His tandem domain. 8e, 8f, 8g 
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Redox efficiency and oxidative modification of Aβ(4-x) and Aβ(1-x) bound to Cu   

 

      

      

Figure 4. Kinetic profiles of DA (panel A, 0.3 mM and panel C, 3 mM) and MC (panel B, 0.3 mM and panel D, 3 mM) oxidation with time in 50 

mM HEPES buffer at pH 7.4 and 20 °C in the presence of CuII (25 μM) (brown trace) and with 1 eq. Aβ16 (orange), 2 eq. Aβ16 (green), or 1 eq. Aβ4-16 

(blue) and 2 eq. Aβ4-16 (grey).  
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Figure 5. The spectra show the oxidative reaction toward dopamine (0.3 mM, panel A and B and 3 mM, C and D) in the presence of two equiv. of Aβ4-

16 (panel A and C) and Aβ1-16 (panel B and D). 

 

           
Figure 6. Kinetic profiles of DA (3 mM, panel A) and MC (3 mM, panel B) oxidation with time in 50 mM HEPES buffer at pH 7.4 and 20 °C 

(autoxidation, brown trace) in the presence of CuII (25 μM) (orange) and upon the addition of 1 eq. Aβ16 (light green), 2 eq. Aβ16 (green), or 1 eq. Aβ4-16 

(grey) and 2 eq. Aβ4-16 (blue). 
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Figure 7. Kinetic profiles of DA (panel A, 0.3 mM and panel C, 3 mM) and MC (panel B, 0.3 mM and panel D, 3 mM) oxidation with time in 50 

mM HEPES buffer at pH 7.4 and 20 °C in the presence of CuII (25 μM) (orange trace) and with 1 eq. Aβ28 (green), 2 eq. Aβ28 (light green), or 1 eq. Aβ4-

28 (blue) and 2 eq. Aβ4-28 (grey).  The autoxidation of substrate is shown as brown trace. 
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Figure 8. Kinetic profiles of MC (0.3 mM) oxidation with time in 50 

mM HEPES buffer at pH 7.4 and 20 °C in the presence of CuII alone (25 

µM, orange trace) and with the addition of 1 equiv. Aβ4-28 dissolved in 

water (25 µM, solid blue) or 1 equiv. (25 µM, dotted blue) or 1.2 equiv.  

Aβ4-28 (30 µM, light blue) treated with HFIP for 3h to avoid the presence 

of oligomeric species in solution. 

 

 

Figure 9. LC-MS elution profiles of Aβ4-28 peptide (25 µM) in 50 mM HEPES buffer at pH 7.4 with DA (3 mM, at left) or MC (3 mM, at right) in the 

presence of copper (25 µM). The reaction was analyzed at different reaction times: 15 min (panel a), 25 min (panel b), 35 min (panel c) and 60 min (panel 

d).   
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Table 1. Oxidative modification with time of Aβ4-28 peptide (25 µM) detected by LC/MS analysis upon the reaction with MC (3 mM) and copper (25 

µM) in 50 mM HEPES buffer pH 7.4 at 20 °C. 

 

Table 2. Oxidative modification with time of Aβ4-28 peptide (25 µM) detected by LC/MS analysis upon the reaction with DA (3 mM) and copper (25 

µM), in 50 mM HEPES buffer pH 7.4 at 20 °C. 

 

      

       

Figure 10. The spectra show the oxidative reaction toward dopamine (panel A and B) and 4-methylcatechol (panel C and D) in the presence of two 

equiv. of Aβ4-28 (panel A and C) and Aβ28 (panel B and D). 
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Figure 11. Kinetic profiles of ascorbate (0.15 mM) consume with time 

in 50 mM HEPES buffer at pH 7.4 and 20 °C in the presence of CuII 

(25 μM) (brown trace) and with 1 eq. Aβ16 (orange), 2 eq. Aβ16 (green), 

or 1 eq. Aβ4-16 (blue) and 2 eq. Aβ4-16 (grey). 



          

Figure 12. Kinetic profiles of DA (0.3 mM, panel A) and MC (0.3 mM, panel B) oxidation with time in 50 mM HEPES buffer at pH 7.4 and 20 °C 

in the presence of only CuII (25 μM, brown trace) and upon the addition of [Cu-Aβ4-16] at 1:1 molar ratio (25 µM) exposed to the air (orange) and after 

saturation with pure dioxygen (blue) and [Cu-Aβ16] at 1:1 molar ratio (green) and with O2-enrinchment (grey). The autoxidation of substrate is shown 

as black trace. 
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Figure 13. Kinetic profiles of DA (0.3 mM) oxidation with time in 50 mM 

HEPES buffer at pH 7.4 and 20 °C in the presence of [Cu-Aβ4-16] (brown trace) 

and [Cu-Aβ16] (orange) adducts at 1:1 molar ratio (25 µM) generated by the 

direct addition in the reaction medium, or after the pre-incubation of peptide 

with Cu, [Cu-Aβ4-16] (blue) and [Cu-Aβ16] (green).   

            

Figure 14. Abs changes with time of a solution of 4-methylcatechol (3 mM) in 50 mM HEPES buffer at pH 7.4 in the presence of the N-truncated 

peptide (4-16) and copper(II), at 1:1 molar ratio (25 µM) (violet spectrum). Upon few seconds of oxidation, ascorbate (50 µM) was added to the reaction 

mixture (grey spectrum) and the kinetics was followed for 300 sec (final spectrum- blue). At left, the kinetic profiles obtained at 300 nm (blue trace), 400 

nm (violet), and 500 nm (green) are shown before and after the addition of ascorbate.  



 | page 122 
 
 

 

            

Figure 15. Abs spectra of 4-clorocatechol (0.3 mM) oxidation with time in 50 mM HEPES buffer at pH 7.4 and 20 °C in the presence of [Cu-Aβ4-16] 

(25 µM, panel A) and [Cu-Aβ16] (25 µM, panel B). 

          

Figure 16. Kinetic profiles of 4-ClCat (0.3 mM) oxidation with time in 

50 mM HEPES buffer at pH 7.4 and 20 °C in the presence of only CuII 

(25 μM, violet trace) and upon the addition of [Cu-Aβ4-16] at 1:1 molar 

ratio (25 µM) exposed to the air (orange) and after saturation with pure 

dioxygen (blue) and [Cu-Aβ16] at 1:1 molar ratio (green) and with O2-

enrinchment (grey).  

 

Characterization of the secondary His-tandem binding site 
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Figure 17. Kinetic profiles of MC (panel A, 0.3 mM and panel B, 3 mM) oxidation with time in 50 mM HEPES buffer at pH 7.4 and 20 °C in the 

presence of only CuII (25 μM, brown trace or 50 μM, orange) and with the following complexes: [Cu-Aβ16] at 1:1 molar ratio (25 µM, blue), [Cu-Aβ16] 

at 2:1 molar ratio (grey), [Cu-Aβ4-16] at 1:1 molar ratio (green) and [Cu-Aβ4-16] at 2:1 molar ratio (light blue). 

 

 

Figure 18. Kinetic profiles of MC (3 mM) oxidation with time in 50 mM 

HEPES buffer at pH 7.4 and 20 °C in the presence of only CuII (25 μM, brown 

trace) and upon the addition of Aβ4-16: [Cu-Aβ4-16] at 1:1 molar ratio (25 µM, 

green), [Cu-Zn-Aβ4-16] at 1:1:1 molar ratio (orange) generated in cell or after 
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incubation of ZnII with the peptide followed by the addition of copper before the 

analysis (grey).  

 

Figure 19. Kinetic profiles of MC (0.3 mM) oxidation with time in 50 mM 

HEPES buffer at pH 7.4 and 20 °C in the presence of only CuII (25 μM, brown 

trace) and upon the addition of Aβ4-16: [Cu-Aβ4-16] at 1:1 molar ratio (25 µM, 

green), [Cu-Ni-Aβ4-16] at 1:1:1 molar ratio (orange) and [Cu-Ni-Aβ4-16] at 2:1:1 

molar ratio (grey). 

 

Figure 20. Competitive titration of NiII-Aβ4-16 adduct at 1:1 ratio (0.5 

mM, blue spectrum) by the addition of 0-0.50 mM CuII (final point as 
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violet spectrum) in 5 mM phosphate buffer solution at pH 7.4. The pink 

spectrum corresponds to the absorption of NiII alone. 

 

Figure 21. Titration of CuII-Aβ4-16 adduct at 1:1 molar ratio (0.5 mM, 

blue spectrum) by the addition of NiII (0-0.5 mM, final point as violet 

spectrum) in 5 mM phosphate buffer solution at pH 7.4. 

                              

Figure 22. Abs spectra with time of: A) Ni-Aβ4-16 adduct (1:1, 0.24 mM) at time 0 (thin blue spectrum), 1 min (dotted blue), 5 min (dashed blue), 30min 

(solid blue) and 1h (dark grey); the effect of the addition of 1 equiv. CuII (black) was followed after 30 min (light blue), 3h (light grey) and 24h (violet). NiII 

alone is shown as pink trace. B) Cu-Aβ4-16 adduct (1:1, 0.20 mM) at time 0 (thin blue spectrum), 5 min (dotted blue), 30 min (dashed blue), and 1h (dark 

grey); the effect of the addition of 1 equiv. NiII (black) was followed after 30 min (light blue), 3h (light grey) and 24h (violet). CuII alone is shown as pink 

trace. 
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Figure 23. Titration of NiII-Aβ4-16 complex at 1:1 ratio (blue spectrum, 0.5 mM) 

by the addition of copper (0-0.5 mM) in 5 mM phosphate buffer solution at pH 

7.4. The solid light blue spectrum shows the effect of the addition of 0.55 mM 

ascorbate and the dotted one corresponds to the acquisition after 2h of the same 

reaction mixture.   

 

CD and NMR characterization of metal binding in the N-truncated fragments 

                   

Figure 23. Far-UV CD spectra of Aβ4-16 (1.1 equiv., 10 µM, panel A) and of Aβ4-28 sequences (1.1 equiv., 5.5 µM, panel B) in 5 mM phosphate buffer 

solution at pH 7.4 (blue spectrum) and with the addition of 1 equiv. copper (light blue) and of 1 equiv. dopamine (pink). 
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Figure 24. Far-UV CD spectra of Aβ1-16 (1.1 equiv., 10 µM, panel A) and Aβ1-28 sequences (1.1 equiv., 5.5 µM, panel B) in 5 mM phosphate buffer 

solution at pH 7.4 (blue spectrum) and with the addition of 1 equiv. copper (light blue) and of 1 equiv. dopamine (pink) 

 

 

Figure 25. Far-UV CD spectra of Aβ4-16 sequence (10 µM) in 5 mM 

phosphate buffer solution at pH 7.4 (blue trace) with the addition of NiII 

(9.5 µM), registered upon few seconds of incubation (light blue) and 15 

min (green).  1 (pink) and 2 equiv. CuII (grey) were then added to the Ni-

complex.  

Figure 26. Far-UV CD spectra of Aβ4-16 sequence (1.1 equiv., 10 µM) 

in 5 mM phosphate buffer solution at pH 7.4 (blue traces) with the 

addition of CuII (1 equiv., light blue) and after 15 min incubation (green). 

 



 | page 128 
 
 

 

          

Figure 27. Panel A) Visible CD spectra of CuII (2 mM) alone in 5 mM phosphate buffer solution at pH 7.4 (grey trace), with the addition of 1 equiv. Aβ4-

16 sequence (2 mM, pink) and of 1 equiv. of NiII to the binary copper-adduct (blue). Panel B) Visible CD spectra of NiII (2 mM) alone (grey trace) with the 

addition of 1 equiv. Aβ4-16 sequence (2 mM, pink) and of 1 equiv. of copper(II) to the binary Ni-complex (blue). 

 

Figure 28. Chart of the amyloid sequence 4-16 with the assignment of each proton of all amino acids.  
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Figure 29. 1H-NMR spectrum (panel A) and 1H-COSY 

(panel B) of Aβ4-16 sequence (8.6 mM) in deuterated 

phosphate buffer solution at pH 7.4. The assignment of each 

signal (view Figure 28) is also shown.  
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// 
 
//

Figure 31. 1H-NMR spectrum in the aliphatic protons of Aβ4-16 sequence (8.6 mM, 1.1 equiv., blue spectrum) in phosphate buffer solution at pH 7.4 with 

the addition of 1 equiv. nickel(II) (green spectrum) and 0.01 equiv. copper(II) (pink spectrum). Panel A, B, C, D and E show the proton signals more 

perturbed by the metals.
 

 

Figure 30. 1H-NMR spectrum of the 

aromatic protons of Aβ4-16 sequence (8.6 

mM, 1.1 equiv., blue spectrum) in phosphate 

buffer solution at pH 7.4 and after the 

addition of 1 equiv. nickel(II) (green 

spectrum) and 0.01 equiv. of copper(II) (pink 

spectrum). Panels A and B show the His 

signals significantly affected by the presence 

of metals. 
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Figure 32. 1H-NMR spectrum of [Ni-Cu-Aβ4-16] complex at 1 : 0.01 : 1.1 molar ratio in phosphate buffer solution at pH 7.4 (spectrum A) and after 6 

(spectrum B) and 12 hours (spectrum C).  
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Conclusions  
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Figure 33. Schematic representation of the reaction mechanism followed by Cu-Aβ(4-x) peptides in the presence of catechols. 
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Experimental Notions  

Peptide synthesis and purification 

 

 

 

 Ascorbate consumption promoted by the redox efficiency of each complex.  

Figure 34. Ascorbate consumption (in only buffer, grey) promoted 

by copper(II) (brown) and nickel(II) alone (green), and upon the 

addition of Cu-Aβ4-16 complex (1:1, orange), Ni-Aβ4-16 complex (1:1, 

light blue) and further addition of 1 equiv. copper (blue) 

Oxidation of dopamine, 4-methylcatechol and 4-chlorocatechol 
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Figure 35. Kinetic profiles of MC (0.3 mM) oxidation with time in 

50 mM HEPES buffer at pH 7.4 and 20 °C with atmospheric oxygen 

(solid traces) and upon dioxygen saturation (dotted traces) in the 

presence of [Cu-Aβ4-16] at 1:1 molar ratio (25 µM, orange), [Ni-Aβ4-

16] at 1:1 molar ratio (25 µM, green) and upon the addition of copper 

before the analysis (blue).  

Metal binding titrations 

 

Figure 36. UV-Vis spectrophotometric titrations in 5 mM 

phosphate buffer solution at pH 7.4 of Aβ4-16 (0.5 mM) against copper 

(0-1 mM) in quartz cell of 1 cm path length.
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Figure 37. Plots of the absorbance values registered at 750 nm (left panel, corrected at 466 nm) and 530 nm (right panel, corrected at 466 nm) and 

obtained from the previous titration, in which Aβ4-16 (0.5 mM) was titrated against copper (0-1 mM) in 5 mM phosphate buffer solution at pH 7.4.

LC-MS modification pattern of N-truncated Aβ peptides   

CD and NMR characterization of metal-Aβ complexes  
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Introduction 

 

Figure 1. Oxygenase like cytochrome P450 requires that the central iron ion is in a reduced form as ferrous ion (Fe2+) for the binding with molecular 

oxygen. Upon the interaction with O2, the oxy-complex, known as ferric-superoxide (Fe(III)-OO−·) is generated. A second electron transfer results in the 

reduction of superoxide to peroxide. At this point the P450 and peroxidase mechanisms are similar. The protonation of the distal oxygen atom allows the 

heterolytic cleavage of the O-O bond with the loss of one water molecule and resulting in the generation of species in which the O-atom presents only 6 

valence electrons. An electronic rearrangement leads to the formation of the real oxidant species.1b 
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Figure 2. Cartoon of heme-Aβ complex, showing the interaction 

between the metal and the N-terminus of the peptide. The catalytic 

mechanism probably views the involvement in one axial position of one 

amyloid peptide and the coordination of a second peptide that exposes 

Arg-5 and Tyr-10 residues to allow the catalysis. 

 

𝜋



 | page 144 
 
 

 

 

 

 

 

 

 

Figure 3. Schematic representation of the alteration of serotonin levels 

and neurotransmitter oxidation. The unregulated peroxidase activity of 

heme-Aβ leads to extensive damage in the neurotransmission pathways. 
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Reactivity of ferric heme complexed with beta-amyloid peptide  

 

β

ABTS oxidation in neutral and acid medium 

 
Figure 4. Simplified reaction mechanism of peroxidase enzyme. 

A indicates the substrate while A•+ corresponds to its radical 

products.7 
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Figure 5. Kinetic profiles of ABTS (3 mM) oxidation with time in 50 mM phosphate buffer solution at pH 7.4 and 37 °C in presence of hydrogen 

peroxide (2.5 mM) (brown trace) and hemin (2 μM, orange) and upon the addition of 2 µM (light green), 10 µM (green), 40 µM (light blue) and 200 

µM Aβ16 (blue). 

 

 

Figure 6. Kinetic profiles of ABTS (3 mM) oxidation with time in 50 mM phosphate buffer solution at pH 7.4 and 37 °C in presence of hydrogen peroxide 

(2.5 mM) (brown trace) and hemin (2 μM, orange) and upon the addition of 2 µM (light green), 10 µM (green), 40 µM (light blue) and 200 µM Aβ40 

(blue). 

 

 

 

Figure 7. Kinetic profiles of ABTS (3 mM) oxidation with time in 50 mM phosphate buffer solution at pH 6.3 and 37 °C in presence of hydrogen 

peroxide (2.5 mM) (brown trace) and hemin (2 μM, orange) and upon the addition of 2 µM (light green), 10 µM (green), 40 µM (light blue) and 200 

µM Aβ16 (blue).  
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Figure 8. Kinetic profiles of ABTS (3 mM) oxidation with time in 50 mM phosphate buffer solution at pH 6.3 and 37 °C in presence of hydrogen 

peroxide (2.5 mM) (brown trace) and hemin (2 μM, orange) and upon the addition of 2 µM (light green), 10 µM (green), 40 µM (light blue) and 200 

µM Aβ40 (blue).  

Figure 9. Kinetic profiles of ABTS (3 mM) oxidation with time in 50 

mM phosphate buffer solution at two pH value, 7.4 (green trace) and 6.3 

(orange) at 37 °C in presence of hemin (2 μM), hydrogen peroxide (2.5 

mM) and 2 µM Aβ16. 

 

Figure 10. Kinetic profiles of ABTS (3 mM) oxidation with time in 50 

mM phosphate buffer solution at pH 7.4 in the presence of hemin (2 μM), 

hydrogen peroxide (2.5 mM) and upon the addition of Aβ16 10 µM 

(orange solid and dashed, at 25°C and 37°C, respectively) and 200 µM 

(green solid and dashed, at 25°C or 37°C, respectively) 

Dopamine oxidation in neutral and acid medium 
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Figure 11. (Left) Kinetic profiles of DA oxidation with time in 50 mM phosphate buffer solution at pH 7.5 and 37 °C in presence of hemin (2 μM), 

hydrogen peroxide (2.5 mM), A16 (10 μM), and varying concentration of DA (0.2 mM, blue trace; 0.5 mM, brown; 1 mM, green; 2 mM, orange and 

3 mM, light green). (Right) Dependence of the reaction rates of dopaminochrome formation on the concentration of DA.  

Figure 12. Kinetic profiles of DA (3 mM) oxidation with time in 50 mM phosphate buffer solution at pH 7.4 and 37 °C in presence of hemin (2 μM) 

(brown trace) or hydrogen peroxide (2.5 mM, black), after the addition of both hemin and peroxide (orange) and upon the addition of 2 µM (light green), 

10 µM (green), 40 µM (light blue) and 200 µM Aβ16 (blue). The autoxidation trace is shown as grey curve. 

Figure 13. Kinetic profiles of DA (3 mM) oxidation with time in 50 mM phosphate buffer solution at pH 7.4 and 37 °C in presence of hemin (2 μM) 

(brown trace) or hydrogen peroxide (2.5 mM, black), after the addition of both hemin and peroxide (orange) and upon the addition of 2 µM (light green), 

10 µM (green), 40 µM (light blue) and 200 µM Aβ40 (blue). The autoxidation trace is shown as grey curve 
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Figure 14. Kinetic profiles of DA (3 mM) oxidation with time in 50 mM phosphate buffer solution at pH 7.4 in the presence of hemin (2 μM), hydrogen 

peroxide (2.5 mM) and upon the addition of Aβ16 10 µM (orange solid and dashed, at 25°C and 37°C, respectively) and 200 µM (green solid and 

dashed, at 25°C or 37°C, respectively). 

 

 

 

Figure 15. Kinetic profiles of DA (3 mM) oxidation with time in 50 mM phosphate buffer solution at pH 6.3 and 37 °C in presence of hemin (2 μM) 

(brown trace) or hydrogen peroxide (2.5 mM, black), after the addition of both hemin and peroxide (orange) and upon the addition of 2 µM (light green), 

10 µM (green), 40 µM (light blue) and 200 µM Aβ16 (blue). The autoxidation trace is shown as grey curve.  

 

Figure 16. Kinetic profiles of DA (3 mM) oxidation with time in 50 mM phosphate buffer solution at pH 6.3 and 37 °C in presence of hemin (2 μM) 

(brown trace) or hydrogen peroxide (2.5 mM, black), after the addition of both hemin and peroxide (orange) and upon the addition of 2 µM (light green), 

10 µM (green), 40 µM (light blue) and 200 µM Aβ40 (blue). The autoxidation trace is shown as grey curve. 
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Figure 17. Kinetic profiles of DA (3 mM) oxidation with time in 50 mM phosphate buffer solution at two pH value, 7.4 (green trace) and 6.3 (orange) 

at 37 °C in presence of hemin (2 μM), hydrogen peroxide (2.5 mM) and 2 µM Aβ16.  

 Oxidation of Dopamine in the presence of Hemin-Gly-His adduct 

β

Figure 18. Structure of Hemin-GH showing the distortion of the synthetic chain 

and the coordination of histidine to the iron core. 
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Figure 19. Kinetic profiles of DA (3 mM) oxidation with time in 50 mM phosphate buffer solution at pH 6.3 and 37 °C in presence of hemin-GlyHis (2 

μM) (brown trace) or hydrogen peroxide (2.5 mM, black), after the addition of both hemin and peroxide (orange) and upon the addition of 2 µM (light 

green), 10 µM (green), 40 µM (light blue) and 200 µM Aβ16 (blue). The autoxidation trace is shown as grey curve. 

 

 

Figure 20. Kinetic profiles of DA (3 mM) oxidation with time in 50 mM phosphate buffer solution at pH 6.3 and 37 °C in presence of hemin-GlyHis 

(2 μM) (brown trace) or hydrogen peroxide (2.5 mM, black), after the addition of both hemin and peroxide (orange) and upon the addition of 10 µM 

Aβ40 (green). The autoxidation trace is shown as grey curve. 

 

 

Figure 21. Kinetic profile of DA (3 mM) oxidation with time in 50 mM phosphate buffer solution at pH 7.4 (green trace) and 6.3 (orange trace) and 

37 °C. The concentration of catalysts was kept at 2 μM hemin-GlyHis, 2.5 mM hydrogen peroxide and 2 µM Aβ16. 
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Figure 22. Reaction mechanism of the catalytic activity of ferric heme-Aβ40, probably analogous to the peroxidase pathway assumed by the hemin-Aβ16 

adducts. SH indicates the substrate molecule, while the three pathway A, B and C show the three mechanisms that lead to the generation of hemin alone, 

hemin bound to one peptide or chelated in both axial positions by the equivalent of beta-amyloid peptide. 

 

β
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Amyloid-β(1-16) modification pattern detected by HPLC-MS  

β

 

Table 1. Modification with time of Aβ16 peptide detected by HPLC-MS upon reaction of hemin (6 µM), Aβ16 (30 µM), hydrogen peroxide (1 mM) and 

DA (3 mM) in phosphate buffer solution (50 mM) pH 7.4 at 37 °C. 

Table 2. Modification over incubation time of Aβ16 peptide detected by HPLC-MS upon reaction of hemin (6 µM), Aβ16 (30 µM) and hydrogen peroxide 

(1 mM) in phosphate buffer (50 mM) pH 7.4 at 37 °C. 
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β

 

Figure 23. LC-MS chromatograms showing Aβ16 modification percentage upon 30 min (left panel) / 2 h (right panel) of incubation at 37°C in the 

presence of DA (3 mM), H2O2 (1 mM) and hemin (6 µM).   

 

Figure 24. Oxidative pathway for dityrosine generation. 
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Conclusions 

Figure 25. Chart of the possible forms of hemin when in co-presence of amyloid peptides, in which an initial equilibrium between the monomeric and 

dimeric forms can occur, while, upon the addition of peptide, the mono-His and bis-His adducts can be generated.    
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Experimental section 

General procedure and Peptide synthesis 

ABTS and Dopamine oxidation  

Amyloid-β 16 modification detected by LC-MS 
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