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A B S T R A C T   

We report molecular dynamics simulations of two modifications to α-Synuclein, namely A53T mutation and 
phosphorylation at Ser129, which have been observed in Parkinson's disease patients. Both modifications are 
close to known metal binding sites, so as well as each modified peptide we also study Cu(II) bound to N-terminal 
and C-terminal residues. We show that A53T is predicted to cause increased β-sheet content of the peptide, with a 
persistent β-hairpin between residues 35–55 particularly notable. Phosphorylation has less effect on secondary 
structure but is predicted to significantly increase the size of the peptide, especially when bound to Cu(II), which 
is ascribed to reduced interaction of C-terminal sequence with central non-amyloid component. In addition, 
estimate of binding free energy to Cu(II) indicates A53T has little effect on metal-ion affinity, whereas phos
phorylation markedly enhances the strength of binding. We suggest that the predicted changes in spatial extent 
and secondary structure of α-Synuclein may have implications for aggregation into Lewy bodies.   

1. Introduction 

Parkinson's disease (PD) is one of the most prevalent neurodegen
erative diseases, characterised by dopamine depletion from neuronal 
loss in the midbrain. α-Synuclein (αS) is a 140-residue intrinsically 
disordered protein primarily found in presynaptic terminals of neurons. 
It has long been implicated with the development of the disease, through 
its accumulation in Lewy bodies and other pathological aggregates [1]. 
The protein can be segmented in three main regions (Fig. 1): the N- 
terminal (M1-K60), identified as the site for membrane and ion inter
action; the non-Amyloid-β component (NAC, E61-V95), characterised by 
its hydrophobic nature and contribution to peptide aggregation; and the 
C-terminal (K96-A140), which is highly populated by acidic residues 
and has too been found to bind with metal ions [2,3]. Understanding the 
factors that influence αS aggregation is crucial for unravelling the un
derlying mechanisms of PD and developing potential therapeutic 
strategies. 

In the present work, changes to the wild-type (WT) form, which have 
been prominently associated with the onset of PD are examined. These 
include the first point mutation flagged in the early discovery of the 
peptide's association with PD, A53T [4], and the post-translational 
modification (PTM) reported to be present in 90% of diseased brains, 

phosphorylation at Ser129 (pS129) [5–7]. Considering the documented 
effect of copper ion binding to αS [8,9], the work presented here follows 
previous assessments on the effects of Cu(II) on the WT-αS, published by 
our group [10]. The metal ion-binding sites in αS, were maintained the 
same as the ones described in the unaltered form of the protein, between 
residues M1DVFMKGLS9, V48AHGV52 and D119PDNEA124 [11–14], with 
the two N-terminal sites forming a macro-chelate, centred on the metal 
ion; resulting in interactions with M1, D2 and H50, in the N-terminal 
and D119, D121, N122 and E123, in the C-terminal [10,12,15]. Metal 
ion coordination at the N-terminus has also been proposed to occur 
through coordination with M1, D2 and H2O, and V49, H50 and H2O 
(Fig. 2) [16,17]. 

Despite the high expression of pS129 in patients with PD, as opposed 
to the 4% occurrence in normal brains, studies on the effect of this form 
of αS in its ability to aggregate still have not settled on a definite 
conclusion. In spite of some reports suggesting the promotion of fibril
lation upon phosphorylation at Ser129 [5,18,19], other studies argue 
the phosphorylated form may be an outcome of the disease itself, as a 
result of proteolysis impairment acting as a signal for degradation 
[20,21], with no correlation to its ability to form fibrils, or in certain 
cases inhibiting their expression altogether [20–22]. This potentially 
protective role is of great interest when considering the pathobiology of 
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this disease, as it could provide new insights into its development and 
progression pave the way for novel therapeutic strategies. Given the 
high prevalence of this particular PTM in Lewy bodies of PD-patients, it 
is a significant pathological biomarker for misfolded and aggregated αS 

[7,24]. Notwithstanding the disagreement of studies on the impact of 
pS129 on the aggregation capacities of αS, it has been shown that 
oxidative stress induces phosphorylation at S129 [23]. Recognizing the 
effect of copper coordination to αS, catalysing the production of reactive 
oxidative species (ROS) [25], as well as experimental evidence sug
gesting an increase in the binding affinity of divalent metal ions upon 
phosphorylation of αS [7,26], the Cu(II)-bound pS129-αS was also 
simulated. Experimental studies on the copper-bound pS129-αS report 
higher binding affinity in the C-terminal binding site [11,27,28]. 

Thus far, eight natural point mutations have been identified in the 
Synuclein Alpha (SNCA) gene [29], with the aggregation process shown 
to accelerate through at least five of those mutations. The A53T muta
tion is one of the most common genetic mutations associated with fa
milial forms of PD, and it has been shown to increase the formation of 
protofibrilar intermediates [30,31]. In particular, this substitution has 
been described to decrease the enthalpic barrier for nucleation, effec
tively increasing the formation of nuclei, which are the seeds for fibril 
growth [32,33]. As a result of the faster kinetics of fibrillation, patients 
with the A53T mutation have been associated with an earlier age of 
onset, along with a reported faster progression of PD. [34] This point 
mutation was first found to exist in familial-PD patients of Greek and 
Italian descent [4,35]; while later it was also characterised in patients 
from Sweden [36] and Korea [37]. Several groups have already 
ventured into identifying changes in the structure and dynamics of the 

Fig. 1. Residues in the three main regions of α-Synuclein.  

Fig. 2. The four binding sites described in Cu(II) binding with α-Synuclein.  

Table 1 
Secondary structure content in the three main regions of αS, in its Cu(II)-bound 
and unbound forms.  

Region β character (%) α character (%) Other (%) 

Free-αS (WT) [10] 
N-terminal 2.12 16.30 81.58 
NAC 6.84 14.56 78.61 
C-terminal 0.26 18.05 81.69 
Free-αS (A53T) 
N-terminal 1.14 15.32 83.54 
NAC 3.18 16.19 80.63 
C-terminal 0.14 15.95 83.91 
Cu(II)-αS (WT) [10] 
N-terminal 2.45 9.73 87.82 
NAC 5.10 14.73 80.18 
C-terminal 0.26 14.30 85.44 
Cu(II)-αS (A53T) 
N-terminal 2.83 11.45 85.72 
NAC 4.86 16.08 79.06 
C-terminal 0.15 12.90 86.95  
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protein, as a result of this mutation [38,39]. The novelty here is in the 
interplay between metal binding and the A53T mutation, and the effects 
these could have on the mechanisms underlying PD pathogenesis. In this 
context, it is notable that both modifications are in close proximity to 
metal binding residues, A53T with H50 and pS129 with D119-E123. 

By elucidating the structural and dynamic effects of Cu(II) binding to 
the A53T form of αS, we aim to shed light on the mechanisms underlying 
the enhanced aggregation propensity of this variant. Additionally, the 
work here provides valuable insights into the interplay between metal 
ions and disease-associated mutations in αS, which could have impli
cations for the development of novel therapeutic strategies targeting PD 
and related neurodegenerative diseases. 

2. Computational methods 

The two chains [αS (A53T) and αS (pS129)] examined here were 
modelled in their extended conformation in DommiMOE [40], with the 
ligand-field molecular mechanics (LFMM) force field used for an initial 
minimisation of the systems, both with and without Cu(II). The MCPB. 
py [41] package was used to obtain updated parameters for the metal 

ions and the coordinating atoms, after performing QM calculations on 
fragments of the binding sites through Gaussian09 [42], using B3LYP/6- 
31G(d) [43]. For the molecular dynamics simulations the ff03ws force 
field [44], and Onufriev, Bashford, Case (OBC) modification to the 
generalised Born (GB) model [45–47], were used to parameterise the 
systems and perform the simulations using the AMBER16 package [48]. 
This combination of forcefield and solvent model was extensively tested 
against secondary structure, radius of gyration and chemical shift in 
previous work from our group [49]. Parameters for the pS129 residue 
were obtained from the phosaa10 force field [50,51]. For all simula
tions, three replicates of 100 ns conventional MD were performed to 
equilibrate the systems and obtain average potential energies. These 
were used to extend each of the runs using accelerated MD, by applying 
a bias on the potential energy of the systems, permitting the exploration 
of the extended conformational space. Each run was extended by an 
additional 600 ns aMD, at a 2 fs timestep, resulting in 2.1 μs total 
simulation time for each system under study. All the simulations were 
performed in the NVT ensemble, using the Langevin thermostat, at 310 
K [52]. The SHAKE algorithm was also used, to impose holonomic re
straints on bonds to hydrogen. This parameterisation protocol follows 

Fig. 3. Average secondary characteristics of residues from the wild-type [10] and mutated (A-B) metal-free and (C–D) metal bound α-Synuclein.  
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our earlier work on the wild-type (WT) system [10,49], so alterations 
induced by modification of that form can more easily be identified. 

The binding affinity of the metal ion to fragments of the binding sites 
was also measured, through relaxed potential energy scanning of 
different distances between the metal ion and one of the coordinating 
atoms in the sidechain of ligating residues, using GFN2-xTB [53]. The 
macro-chelate could not be assessed owing to the size of the system and 
the lack of control on the direction for the increasing distance, that 
leaves the copper ion interacting with residues along the whole peptide. 
Instead, a 7-residue fragment (G47-[A/T]53) of the near-range binding 
site involving V49-H50-H2O, also described in the literature [16], was 
modelled as a way of estimating the energy change one can expect from 
the A53T mutation. For the pS129 system, changes in the C-terminal 
binding affinity were assessed on the V118-E130 fragment of the 

protein. Potential energy difference between bound and unbound states 
was corrected for zero point energy (ZPE), enthalpy and entropy effects, 
as an approximation for the missing entropic term, whereby G = E + pV 
+ ZPE-TS, with G = Gibbs free energy, and E = electronic energy [54]. 

The analysis of the trajectories was performed using the cpptraj [55] 
tool, acquiring data on secondary structure, root mean square fluctua
tion (RMSF), hydrogen bonding (for distance between donor and 

Fig. 4. Evolution of secondary structural elements of each of the residues (L38-A53) in the primary hairpin region from the (A) metal-free and (B) copper-bound 
A53T-mutated systems. 

Table 2 
Radius of gyration from the WT10 and A53T forms of α-Synuclein, with and 
without Cu(II).  

System Avg. Rg (Å) SD (Å) Max. (Å) Min. (Å) 

Free-αS (WT) [10] 44.26 4.58 61.50 28.07 
Free-αS (A53T) 50.96 8.94 75.12 29.02 
Cu(II)-αS (WT) [10] 34.94 4.06 62.34 21.93 
Cu(II)-αS (A53T) 46.83 4.99 64.31 31.63  

Table 3 
The two most populated clusters from the trajectories of the WT and A53T- 
mutated systems.  

Cluster # Frames in cluster (out of total 180,000) Avg. Rg (Å) SD (Å) 

Free-αS (WT) [10] 
1 31.1% 44.91 3.27 
2 0.5% 42.19 2.60 
Free-αS (A53T) 
1 6.8% 64.61 2.70 
2 4.2% 52.10 3.76 
Cu(II)-αS (WT) [10] 
1 7.6% 38.15 3.36 
2 3.4% 38.31 2.65 
Cu(II)-αS (A53T) 
1 2.6% 44.81 3.13 
2 2.1% 44.66 4.48  
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acceptor heavy atoms <3.0 Å, and > 5% persistency in the total frames 
of the MD runs) and radius of gyration (Rg). Data reported is over all 
aMD simulation (1.8 μs), with first 100 ns of conventional MD taken as 
equilibration. Clusters were produced using principal component anal
ysis (PCA) of the backbone C's (Cα), through the carma package [56]. 

3. Results and discussion 

3.1. A53T mutation 

Evidence on the differences between the wild-type and A53T forms 
of α-Synuclein have already been published in the literature, both from 
experimental and computational assessments on the systems [38,57]. 
Here, we focus on the novelties our study proposes, which come with the 
introduction of Cu(II)-binding to αS. The possible increase in aggrega
tion from the A53T mutation has been described in the past by an 
annealing MD study, where no change in the characteristics between the 
wild-type and mutated forms of the free-monomer was reported [58]. 
Previous MD simulations on the copper-free wild-type and mutated 
protein suggest increase in β-strand content in all three regions of the 
protein, most notably the N-terminal, as a result of the A53T mutation 
[38]. This increase in the strand content has also been described in a 
Fourier-transform infrared (FTIR) spectroscopy study, where the section 
encompassing residues V40-K60 was characterised by an increased 
presence of β-strand, with a corresponding decrease in the helical con
tent in that same region [57]. 

Our data (Table 1) indicate very little change in overall secondary 

structure between WT and mutated peptide without copper, while Cu(II) 
binding reduces helical content in the N-terminus in both cases. Fig. 3 
provides more resolution at per-residue level, showing that the α-helical 
characteristics remain relatively unchanged between the WT and 
mutated forms, with the majority of changes observed in the β-character. 
Considering the involvement of residues L38-A(T)53 in the formation of 
a stable β-hairpin structure, here we find a significant increase in the 
strand inclination of that region in the metal-bound peptide. In partic
ular, the mean β-sheet occupancies of residues Tyr39 and Val48, in
crease from 10.9% and 11.0% in the WT-form, to 32.3% and 28.4% in 
the A53T-form. The aromaticity present at Tyr39, was recently sug
gested to be of vital importance to the aggregation of αS [59]. This 
change was found to result in the maintenance of the β-hairpin for 
40,000 frames (67% of a single aMD run), as shown Fig. 4. This, along 
with the expected conformational assembly of the multi-chain α-Synu
clein, with Cu(II) bridging two chains in opposite directions, resulting in 
inter-chain interactions in this region, possibly makes this system very 
susceptible to co-assembly. 

The A53T mutation introduced a significant increase in the Rg values 
for both the metal-free and metal-bound systems, as shown in Table 2; 
much more pronounced in the latter, exhibiting double the size expan
sion seen in the metal-free system. Nevertheless, considering the 
conformational space explored in each case, the copper-bound system 
samples structures with an Rg as low as 29 Å and as high as 75 Å, with a 
standard deviation (SD) of 9 Å, as opposed to the metal-bound system, 
where the SD is more in-line with the sampling range seen in the WT- 
forms, at 5 Å. This overall increase in the expansion of the peptide, is 
in line with another MD study on the mutated system, where an average 
difference of 6 Å was reported, between the WT and A53T forms [39]. 

This increase in the size of the monomer, could suggest the exposure 
of the central hydrophobic region to inter-chain interactions. This could 
also be a result of the greater range of chain sizes sampled – also seen 
from the relatively low-populated clusters of the two systems, Table 3. 
The two most populated clusters from each system, appear to support 
the great increase in the appearance of extended conformations, sug
gestive of a predominantly unfolded ensemble of structures, Fig. S2. 

This increase in the size of the copper-bound peptide, in particular, is 
also reflected by a reorganisation of hydrogen bonding in the region 
surrounding the N-terminal macro-chelate (Table 4). There, long-range 
interactions between the coordinating residues and Glu35/Glu13, have 
now been replaced with hydrogen bonds predominantly with Glu46 – 
resulting in a less constrained area surrounding the macro-chelate. The 
effects of this rearrangement of interactions is illustrated in the 
increased distances observed in the contact map of Cα (Fig. 5) and RMSF 
(Fig. S1). 

The binding free energy of the metal ion to the G47-T53 site 

Table 4 
Newly formed or broken hydrogen bonds due to A53T mutation (maintained for 
>10% of the simulations). Brackets have been added to the instances where 
residues form an additional hydrogen bond through different atoms.  

System Acceptor Donor Retention (%) 

New Hydrogen Bonds 
Free-αS Glu61 Val70 10.3 
Cu(II)-αS Glu46 Met1 24.2 

Glu46 Val49 19.4 
Glu46 His50 13.3 
Gly47 Val40 11.7 
Glu46 Val48 11.6 

Broken Hydrogen Bonds 
Free-αS All broken hydrogen bonds exist for <10% 
Cu(II)-αS Glu35 Val49 28.2 

Glu35 Met1 27.4 
Glu35 His50 21.2 
Glu13 Met1 12.8 (11.0) 
Glu13 His50 11.8 (10.4) 
Glu13 Val52 11.5  

Fig. 5. Contact maps of the distance between the backbone-C in the (A) metal-free and (B) Cu(II)-bound A53T peptides.  
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presented only very small change in the energy value from the metal ion 
in the WT form (G47-A53), as shown in Fig. 6. The binding energy 
decreased from − 85.39 kcal/mol to − 85.58 kcal/mol in G47-T53. This 
could be due to the lack of interactions with residue A(T)53, seeing as it 
is the last residue in the fragment, along with the minimal effect on the 
distanced residues from the addition of a methyl and a hydroxyl group 
by the substitution of Ala with Thr. Whatever the cause, the mutation 
does not seem to affect the binding of the metal ion to H50. The energy 
values presented here, deviate from experimentally-expected values by 
quite a significant degree, given the N-terminal binding energies have 
been described in the range of − 7.5 to − 12.5 kcal/mol [16,60]. We 
attribute this difference in the missing deprotonation energies of the two 
backbone N, upon coordination of the metal ion. An attempt was made 
at obtaining the deprotonation energy, using QM optimisation calcula
tions in Gaussian09 (B3LYP/6-31G(d,p)+), on the protonated and 
deprotonated 3-residue V48-H50 system, and using a solvated proton 
free energy of − 273.07 kcal/mol, from a previous QM study, using the 
same functional [61]. The deprotonation free energy obtained from 
these calculations was +67.19 kcal/mol, increasing the binding free 
energies within reasonable agreement to experiment, to − 18.20 kcal/ 
mol and − 18.39 kcal/mol, for G47-A53 and G47-T53. This is by no 
means an extensive assessment of the system, but it is evidence of the 
small effect of A53T mutation on the binding energies. 

Overall, the findings presented here revealed a significant increase in 
the Rg values of the mutated systems, especially in the presence of 

copper ions. The contact maps and RMSF presented increased distances 
between the residues, as well as higher fluctuations in the N-terminal of 
the mutated systems. The greater expression of transient β-hairpin 
structures in the copper-bound mutated peptide, could suggest a greater 
aggregation propensity of this system, especially considering the 
involvement of this region in inter-chain interactions. 

3.2. pS129 modification 

Experimental observations on phosphorylated αS system have pro
posed parallels between the aggregation capabilities of the WT-αS and 
its pS129 modification, with evidence suggesting fibril formation is not 
affected by phosphorylation at S129 [20–22]. From what has been re
ported in the literature, however, phosphorylation appears to increase 
the binding affinity of the C-terminal to divalent metal ions [7,26]. The 
distribution of Rg in the metal-free phosphorylated system, Table 5, 
exhibits similar characteristics to the mutated system, seen above, where 
the range of conformations sampled is much broader than in the WT- 
form. Overall, an increase in the expansion of the peptide is seen here, 
with the greatest change from the WT-form found in the copper- 
coordinated system, with a ca. 10 Å increase in the Rg. In fact, the 
changes observed in the average Rg here, are in line with those observed 
in the A53T system, only differing by 1–2 Å. Before exploring further 
what could constitute the reason for this increase in the size of the 
systems, we will first consider the changes in the secondary structure 
characteristics. 

Below, the secondary structure distribution of the WT and pS129 
systems is shown, Fig. 7. The majority of the characteristics here are 
similar, except for a decrease in the β-sheet content from 2.5% and 2.2% 
in the metal-free and Cu(II)-bound WT-form, to 1.5% in the pS129-form. 
This drop in the metal-free system comes from the NAC region, similarly 
to the A53T system. This is not the case, however, for Cu(II)-αS where 
the decrease is from the N-terminal of the peptide, going from 2.5% in 
the WT-form to 0.6% in pS129-αS, Table 6. This overall reduction in the 
β-content of the systems, could hint towards a decrease in the 

Fig. 6. Relative binding energy of Cu(II) to fragments G47-A53 (WT) and G47-T53 (A53T). The distance is defined between the metal ion and Nδ from the imidazole 
ring of H50. 

Table 5 
Radius of gyration from the WT10 and pS129 forms of α-Synuclein, with and 
without Cu(II).  

System Avg. Rg (Å) SD (Å) Max. (Å) Min. (Å) 

Free-αS (WT) [10] 44.26 4.58 61.50 28.07 
Free-αS (pS129) 49.24 8.00 71.39 28.43 
Cu(II)-αS (WT) [10] 34.94 4.06 62.34 21.93 
Cu(II)-αS (pS129) 44.49 5.75 65.38 27.17  
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aggregation propensity of the peptide, as a result of the phosphorylation 
at S129, restricting the inter-peptide interactions that could form. This is 
further supported by experimental evidence, using a Thioflavin-T 

Fig. 7. Average secondary characteristics of residues from the wild-type [10] and pS129-modified (A-B) metal-free and (C–D) metal bound α-Synuclein.  

Table 6 
Secondary structure content in the three main regions of αS, in its Cu(II)-bound 
and unbound forms.  

Region β character (%) α character (%) Other (%) 

Free-αS (WT) [10] 
N-terminal 2.12 16.30 81.58 
NAC 6.84 14.56 78.61 
C-terminal 0.26 18.05 81.69 
Free-αS (pS129) 
N-terminal 1.54 16.05 82.41 
NAC 3.41 16.03 80.56 
C-terminal 0.17 16.60 83.23 
Cu(II)-αS (WT) [10] 
N-terminal 2.45 9.73 87.82 
NAC 5.10 14.73 80.18 
C-terminal 0.26 14.30 85.44 
Cu(II)-αS (pS129) 
N-terminal 0.65 10.95 88.40 
NAC 4.62 16.61 78.77 
C-terminal 0.30 13.61 86.09  

Table 7 
Newly formed or broken hydrogen bonds in the pS129 systems (maintained for 
>10% of the simulations). Brackets have been added to the instances where 
residues form an additional hydrogen bond through different atoms.  

System Acceptor Donor Retention (%) 

New Hydrogen Bonds 
Free-αS All newly formed hydrogen bonds exist for <10% 
Cu(II)-αS Asp119 Val118 12.8  

Glu131 Asn122 11.5 (11.3) 
Broken Hydrogen Bonds 
Free-αS All broken hydrogen bonds exist for <10% 
Cu(II)-αS Glu35 Val49 28.2 

Glu35 Met1 27.4 
Glu35 His50 21.2 
Glu13 Met1 12.8 (11.0) 
Glu13 His50 11.8 (10.4) 
Glu13 Val52 11.5  
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fluorescence binding assay, which showed a decrease in the aggregation 
of the phosphorylated αS [22]. The increased size of the copper-bound 
protein, appears to be influenced by this drop in the β-character of the 
N-terminal, as this is the region where the most significant expansion 
originates, Table S5. 

Looking at the newly formed hydrogen bonds, Table 7, their 
appearance in the C-terminal is rationalised by the 2 Å reduced Rg 
compared to WT, Table S5, as well as the decreased end-to-end distance 
of that region, from 60 in the WT to 56 Å in the pS129-αS. The hydrogen 
bonds that are broken have eased the strain around the Cu(II)-binding 
site, with the structural geometry now more in line with the bond an
gles expected in a square planar conformation, Table S3. 

The drop in the C-terminal end-to-end distance of the metal-bound 
system indicates a tendency for the residues in this region to ‘envelop’ 
more closely around the metal, suggesting the greater submission of the 
residues to the electrostatic effects from the metal ion. Further evidence 
comes from the C-terminal binding energy for each of the systems, which 

was obtained from semiempirical measurements, after increasing the 
distance between the metal ion and O from the carboxyl group of D121, 
in V118-E130. Fig. 8, displays the relative binding energy of the metal 
ion to this site, where an overall increase in affinity is observed in the 
pS129 system. The binding free energy here decreases from − 107.85 
kcal/mol to − 131.20 kcal/mol, going from the WT to pS129 system. 
These results appear to support experimental observations, where a 
small increase in the binding affinity to the C-terminal is seen, upon 
phosphorylation of Ser129, from − 10.49 kcal/mol to − 10.63 kcal/mol 
[7,26]. The great difference between the binding energies from the 
semiempirical calculations and the experimental values, was something 
also observed in the mutated system above; although no further cor
rections were made to the values calculated from the semiempirical 
approach here, which are mainly believed to arise from the desolvation 
of Cu(II) upon coordination with the four carboxylate sidechains. 
Nevertheless, it is unlikely that these would significantly alter the 
overall trend in the binding energies and the relative increase in the 
binding affinity of the metal ion to the C-terminal, which admittedly is 
expected to be larger than what is observed experimentally. 

The RMSF values, Fig. 9, did not present any significant changes in 
the fluctuation of the residues, going from the WT to the pS129 systems, 
overall maintaining the same trend, with a maximum difference of ca. 6 
and 4 Å in the metal-free and Cu(II)-bound systems, respectively. These 
differences are expressed between residues E130-A140 in the former, 
and A11-V16 in the latter. In the case of the metal-bound system, the 
difference comes from an increase in the fluctuations, which appears to 
be a result of the overall breakage of hydrogen bonds in the N-terminal, 
Table 7. The decrease in the fluctuations in the metal-free peptide, are in 
line with the motion seen in the phosphorylated metal-bound system. 
However, the inherently unstructured nature of the C-terminal of αS, 
makes it difficult to associate the changes in the fluctuations to a specific 
structural feature in that region, and could instead be a result of the 
carrying effect from the less noticeable drop in the motion of residues in 
the NAC region. 

Considering the evidence presented here, phosphorylation of αS at 
S129 does not alter the conformation and dynamics of the protein in a 
significant manner to elicit a notable change in fibril formation, with 
minor reduction in the β-content and overall size of the chains. Never
theless, an increase in the binding affinity of the C-terminal to Cu(II) is 
observed, which could potentially lead to stabilisation of the folding 
structures in that region, also seen by the increase in the amount of helix 
and strand content. 

4. Conclusions 

Post translational modifications and mutations to the WT-αS have 
long been identified as potential factors in the development of PD. Here, 
the effects of two such modifications, namely the phosphorylation of 
S129 and A53T mutation, were examined in the context of the metal-free 
and Cu(II)-bound αS. These two alterations were selected, as their 
presence has been recorded in diseased brains, raising interest on their 
effects in the structure and aggregation properties of the protein. In 
particular, pS129 has been identified as the primary phosphorylation 
site, exhibited in the majority of patients with PD [7], while the A53T 
mutation has been linked with familial cases of PD. [4] 

Each of the modifications to the WT-αS examined here, introduce 
their own alterations to the initial state of the system. The most signif
icant of those changes, appear to occur in the A53T Cu(II)-bound system, 
where the β-hairpin region between residues L38-A(T)53 was found to 
be maintained for almost the entirety of one of the runs, and ca. 22% of 
all recorded frames, compared to 4% in WT (population of L38-A(T)53 
β-hairpin in the metal-free αS, out of all the frames in A53T: 6%; WT: 
2%) [10]. Significant contribution to the β-strand content in that region, 
came from residues Y39 and V48, which almost tripled the persistency of 
β-characteristics observed in the WT-form. The former residue has been 
reported to greatly contribute in the aggregation capacities of this 

Fig. 8. Relative binding energy of Cu(II) to the C-terminal binding site of the 
WT and pS129-αS, calculated on the V118-E130 fragment. The distance is 
defined between the metal ion and O from the carboxyl group of D121. 

Fig. 9. RMSF of the residues in the metal-free and Cu(II)-bound peptides, in the 
pS129 system. 
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protein [59]. This, along with the expansion of the NAC region, in
creases the prospect for inter-peptide interactions to form and oligo
merisation to occur. 

Despite the great expression of the pS129 PTM in patients with PD 
system, the data presented here suggest a likely decrease in the aggre
gation capacities of the protein, from a reduced β-sheet content in both 
the unbound and Cu(II)-bound systems. The C-terminal of the pS129- 
systems display a reduced size, which has been attributed to an 
increased affinity for the metal ion in that site, seen from the reduced 
binding free energy, whereas the peptide as a whole exhibits signifi
cantly greater spatial extent when phosphorylated in both metal-free 
and copper-bound cases. 
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[28] N. González, T. Arcos-López, A. König, L. Quintanar, M. Menacho Márquez, T. 
F. Outeiro, C.O. Fernández, Effects of alpha-synuclein post-translational 
modifications on metal binding, J. Neurochem. 150 (2019) 507–521. 

[29] L. Gadhe, A. Sakunthala, S. Mukherjee, N. Gahlot, R. Bera, A.S. Sawner, P. Kadu, S. 
K. Maji, Intermediates of α-synuclein aggregation: implications in Parkinson’s 
disease pathogenesis, Biophys. Chem. 281 (2022) 106736. 

[30] H.A. Lashuel, B.M. Petre, J. Wall, M. Simon, R.J. Nowak, T. Walz, P.T. Lansbury, А- 
Synuclein, especially the Parkinson’S disease-associated mutants, forms pore-like 
annular and tubular Protofibrils, J. Mol. Biol. 322 (2002) 1089–1102. 

[31] N. Bengoa-Vergniory, R.F. Roberts, R. Wade-Martins, J. Alegre-Abarrategui, Alpha- 
synuclein oligomers: a new hope, Acta Neuropathol. 134 (2017) 819–838. 

[32] G.A.P. de Oliveira, J.L. Silva, Alpha-synuclein stepwise aggregation reveals 
features of an early onset mutation in Parkinson’s disease, Commun. Biol. (2023), 
https://doi.org/10.1038/s42003-019-0598-9. 

[33] T. Ohgita, N. Namba, H. Kono, T. Shimanouchi, H. Saito, Mechanisms of enhanced 
aggregation and fibril formation of Parkinson’s disease-related variants of 
α-synuclein, Sci. Rep. 12 (2022) 1–13. 

[34] M. Perni, A. van der Goot, R. Limbocker, T.J. van Ham, F.A. Aprile, C.K. Xu, 
P. Flagmeier, K. Thijssen, P. Sormanni, G. Fusco, S.W. Chen, P.K. Challa, J. 
B. Kirkegaard, R.F. Laine, K.Y. Ma, M.B.D. Müller, T. Sinnige, J.R. Kumita, S.I. 
A. Cohen, R. Seinstra, G.S. Kaminski Schierle, C.F. Kaminski, D. Barbut, A. De 

L. Savva and J.A. Platts                                                                                                                                                                                                                       

https://doi.org/10.1016/j.jinorgbio.2023.112395
https://doi.org/10.1016/j.jinorgbio.2023.112395
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0005
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0005
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0010
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0010
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0010
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0010
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0015
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0015
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0015
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0015
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0020
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0020
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0020
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0020
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0020
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0020
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0025
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0025
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0025
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0030
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0030
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0030
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0030
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0030
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0030
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0035
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0035
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0035
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0040
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0040
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0040
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0045
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0045
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0050
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0050
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0050
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0055
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0055
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0055
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0055
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0060
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0060
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0060
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0060
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0065
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0065
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0065
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0065
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0070
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0070
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0070
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0075
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0075
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0075
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0080
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0080
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0080
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0080
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0085
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0085
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0085
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0090
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0090
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0095
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0095
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0100
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0100
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0100
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0100
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0105
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0105
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0105
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0110
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0110
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0110
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0110
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0110
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0110
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0115
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0115
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0115
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0115
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0120
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0120
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0120
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0120
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0120
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0125
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0125
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0125
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0130
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0130
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0130
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0130
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0135
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0135
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0135
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0135
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0140
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0140
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0140
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0145
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0145
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0145
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0150
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0150
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0150
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0155
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0155
https://doi.org/10.1038/s42003-019-0598-9
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0165
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0165
http://refhub.elsevier.com/S0162-0134(23)00277-5/rf0165


Journal of Inorganic Biochemistry 249 (2023) 112395

10

Simone, T.P.J. Knowles, M. Zasloff, E.A.A. Nollen, M. Vendruscolo, C.M. Dobson, 
Comparative studies in the A30P and A53T α-synuclein C. elegans strains to 
investigate the molecular origins of Parkinson’s disease, Front. Cell Dev. Biol. 
(2023), https://doi.org/10.3389/fcell.2021.552549. 

[35] A. Athanassiadou, G. Voutsinas, L. Psiouri, E. Leroy, M.H. Polymeropoulos, A. Ilias, 
G.M. Maniatis, T. Papapetropoulos, Genetic analysis of families with Parkinson 
disease that carry the Ala53Thr mutation in the gene encoding α-synudein [1], Am. 
J. Hum. Genet. 65 (1999) 555–558. 

[36] A. Puschmann, O.A. Ross, C. Vilariño-Güell, S.J. Lincoln, J.M. Kachergus, S. 
A. Cobb, S.G. Lindquist, J.E. Nielsen, Z.K. Wszolek, M. Farrer, H. Widner, D. van 
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