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We report accelerated molecular dynamics simulations of a-Synuclein and its complex with two Cu(II) ions
bound to experimentally determined binding sites. Adding two Cu(II) ions, one bound to the N-terminal region
and one to the C-terminus, decreases size and flexibility of the peptide while introducing significant new contacts
within and between N-terminus and non-Af component (NAC). Cu(Il) ions also alter the pattern of secondary
structure within the peptide, inducing more and longer-lasting elements of secondary structure such as p-strands
and hairpins. Free energy surfaces, obtained from reweighting the accelerated molecular dynamics boost po-

tential, further demonstrate the restriction on size and flexibility that results from binding of copper ions.

1. Introduction

a-Synuclein (aS) is a 140-residue protein that has been associated
with Parkinson’s disease (PD), where it has been found to accumulate in
Lewy bodies and other pathological aggregates [1]. Aggregation of aS
has also been reported in Alzheimer’s disease (AD), through the central
hydrophobic non-amyloid-f component (NAC), residues 61-95, Fig. 1
[2]. The spatiotemporal heterogeneity of intrinsically disordered pro-
teins (IDPs) such as aS has been reported to be influenced by environ-
mental factors, with function-related conformations with varied
retention times, depending on the peptide and interactions with binding
partners [3,4]. Promotion of fibrillation of aS has been proposed as a
result of various environmental factors, such as low pH and increased
temperature, owing to a decrease in the diffusivity of the aggregates
[5,6].

Transition metal ions [7-11], which have inspired this study, have
been observed to affect fibril formation. aS has been suggested to
aggregate intracellularly as a response to divalent metal ions (Fe(II), Mn
(ID), Co(ID), Ni(I) and in particular Cu(Il)), bound to the two termini,
with the removal of either coordinated metal resulting in disruption of
aggregation [12,13]. Some reports have been published on the role of
metal ions in the promotion of free-radical mediated oxidative processes
[14-16], with most focusing either on the specific regions interacting
with the ions [8,10,11,17-24], or the possible self-oligomerisation and
aggregation mechanisms involving the metal ions [9,12,25,26]. Studies
employing small-angle X-ray scattering (SAXS), nuclear magnetic
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resonance (NMR), circular dichroism (CD) and electron paramagnetic
resonance (EPR) spectroscopy, on metal ion-aS interactions, implicate
regions M;DVFMKGLSy, V4gAHGVs2 and D119PDNEA;94 as the metal
ion-binding sites [8,10,20,27]. Further research into the specific binding
modes of these metal ions and the aforementioned sites, proposed one of
those to consist of macro-chelation between residues M1, D2 and H50,
and a second site encompassing D119, D121, N122 and E123 [8,11]. We
note that Cu(Il)-coordination at the N-terminus has also been proposed
to occur through either coordination with M1, D2 and H;0, or V49, H50
and Ho0 [28,29]. The former has also been thought to exist in the
membrane-bound form of oS, while the latter has been linked to the
acetylated form of oS [30,31]. In its monomeric WT form, however,
these binding modes have been put into dispute from electron spin-echo
envelope modulation (ESEEM) spectroscopy studies [32-34], thus here
we focus only on the more established macro-chelated coordination
mode [20,32-36]. This coordination mode has also been proposed to
happen in an interpeptide fashion, although that aspect has not been
explored herein [37]. The coordination of the first site occurs in a 3N10
fashion, while the C-terminal binding involves a 40 coordination mode
[8,11,18,38]. These binding modes are presented in Fig. 2. One of the
anchoring residues for metal ions, especially Cu(Il), binding on the
peptide chain is H50. In this context, it is notable that a HS0A mutant
results in quite different aggregation profile on coordination with Cu(II)
compared to the wild type [12,20,39].

Computational studies on the binding of Cu(II) to oS are less prom-
inent in literature compared to experiment, with most of the published
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Fig. 1. Primary structure of oS. The sites involved in metal ion binding include: M1, D2, H50, D119, D121, N122, E123 are highlighted in red. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Schematic of the two metal ion binding sites, in a (A) 3N10 fashion at the N- and (B) 40 at the C-termini.
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Table 1

Force constants and equilibrium distances of coordinating atoms to metal centres, as calculated from B3LYP/6-31G(d) optimisation of the metal sites.

Metal site Ligating atoms Force constant (kCal/mol-A~2) Equilibrium distance @A)
MET1 (N) 110.6 1.910
N-terminal ASP2 (N) 128.6 1.881
ASP2 (0) 90.70 1.929
HIS50 (N) 127.0 1.913
ASP119 (O) 93.20 1.905
C-terminal ASP121 (O) 117.8 1.879
ASN122 (0) 1.400 2.298
GLU123 (0) 54.20 2.030
Table 2
Literature survey of reported secondary structural characteristics from different experimental methods.
Method Reference  Conditions a-helix B-strand Other
(%) (%) (%)
[78] Untreated aS (0.074 mg/mL), 293.15 K, pH 7.4 2+3 11+7 86 + 22
. [79] aS (0.2 mg/mL), Tris-HCI (25 mM), NaCl (50 mM), 293.15 K, pH 7.4 ~0 31 68
Circular 225 + 46.5 +
Dichroism [80] purified «S from mouse brain (7.5 pM), PBS” (25%), 293.15 K, pH 7.4 15 n/a 12.5
[81] aS (2.0 mg/mL), PBS” (100 mM), NaCl (100 mM), pH 7.4 19+1 n/a n/a
Raman [82] aS (200 pM), Tris-HCI (20 mM), pH 7.5 49 10 41
Spectroscopy [83] aS (300 pM), PBS" (20 mM), pH 7.5 48 15 37
ATR-FTIR 771 Supernatant oS {from lyophilized sample (2-5 mg) dissolved in ddH,0, NaOH (100 mM), pH 10 + 0.5, 35 3 62
Spectroscopy incubated at 293.15 K and centrifuged for 30 min}, HCI (1 mM), Tris-HCI, pH 7.4

2 Phosphate-buffered saline.

ones focusing on modelling the free peptide [17,18,36,40]. One of the
challenges to be addressed is the parameterisation of the metal ion. A
well-established method to approach this issue is the use of density
functional theory (DFT), which properly accounts for the electronic ef-
fects of the metal ion. However, the flexibility of IDPs and requirement
for sampling the many conformations accessible to aS under biological
conditions, mean that the computational overhead of DFT, or even
hybrid QM/MM, becomes prohibitive. A more tractable approach is to

extract molecular mechanics (MM) force field parameters from DFT
calculations [41], and then to use these to perform molecular dynamics
(MD) simulations. The intrinsically disordered nature of the peptide has
to be taken into consideration when choosing the force field [40,42,43].
Here, we employ ff03ws [42] with the Onufriev, Bashford, Case (OBC)
implicit solvent model, having performed an evaluation of the combi-
nation in a previous study involving metal-free a-Synuclein [44],
showing that it reproduces experimental values of size, secondary
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Fig. 3. Predicted Ca chemical shift values per residue, from 1200 frames taken
from the accelerated MD simulations on aS (black). Experimental data (red)
obtained from source [84]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

structure and backbone chemical shift. The choice of implicit solvent
also addressed the generally low radius of gyration (Rg) values reported
both in our prior computational study, but also throughout the litera-
ture, where explicit solvents are used, reporting around 10 A lower
expansion [45] compared to experimental findings [5,46]. A recent
study [47], analysed the MD data amounting to 73 ps produced by the D.
E. Shaw Research (DESRES) group [48], extracting the major confor-
mational components they compared these to experimental results from
single-molecule force spectroscopy [49,50], single-molecule Forster
resonance energy transfer [51] and other experimental and computa-
tional results, concluding the experimental classification of random coil
interactions was the most populated, while the corresponding clusters
from the MD simulations, appeared to underestimate the random coil
and overestimate the strong-interacting experimental populations. The
MD simulations by DESRES were performed in explicit solvent, main-
taining the overestimation of the more restricted conformation of aS,
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when simulated using explicit models [52,53].

Two QM/MM studies examined the coordination of Cu(Il) in the N-
terminus of S, one of them looking at the M1-D2-H50 binding site [54],
believed to result in the more stable Cu(I)-complex, owing to the for-
mation of a (5,6)-joined chelate ring from (NH2, N~, f-COO™) [55];
while the other focusing on the V48-H50 region [39], involved in the Cu
(ID-coordination of the N-terminally acetylated aS [56]. One of the
computational studies employing MD simulations to study the copper-
bound peptide involved a fragment of oS, simulating the first 12 resi-
dues, coordinating the copper ion on the first two amino acids and a
water molecule. The temperature replica-exchange molecular dynamics
(T-REMD) simulations performed in that study, employed the ff03,
CHARMMZ27, OPLS-AA and GROMOS43A1 force fields in explicit sol-
vent [24]. Other computational studies on the full peptide have used
coarse-grained molecular dynamics (CG-MD), through scaling seen in
the ff03ws force field applied in SIRAH [17,23], and ab initio [18,22] and
MD simulations using the CHARMM27 in explicit solvent [18]. These
studies have highlighted the high affinity of Cu(II) coordination to
Aspl21 and His50, a feature we have also seen through the ab initio
calculation of force constants (vide infra). Results on the secondary
structure and R from those simulations, present a decrease in the helical
characteristics upon copper binding with a corresponding increase in
random coil, while also noting small changes in R distributions between
unbound and copper-bound peptide.

2. Computational methods

Molecular dynamics simulations were performed using the
AMBER16 package [57]. The two metal sites, where Cu(Il) interacts
with the peptide, were parameterised using the metal centre parameter
builder (MCPB.py) program [41], using angle, bond and charge pa-
rameters obtained through Gaussian09 [58] using B3LYP/6-31G(d)
[59]. The Seminario [60] method and restrained electrostatic poten-
tial (RESP) fitting scheme [61-63], were utilised to obtain harmonic
force constants and atomic charges from DFT calculations. The LEaP
[64] function was then used to combine these with the force field pa-
rameters. The systems were solvated with the Onufriev, Bashford, Case
(OBC) modification to the generalised Born (GB) model [65-67]. The
selection for the implicit solvent was made after considering the un-
derestimation of the effective radii, which may come as a result of using
macromolecules, owing to the treatment of vacuum-filled crevices as
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Fig. 4. RMSD relative to the cMD end-point over accelerated MD simulations, on the (A) free and (B) Cu(I)-aS, with the cumulative average shown in red. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Radius of gyration from aMD simulations on (A) free and (B) copper-bound peptide, with the cumulative average shown in red. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. 2D free energy plot of the radius of gyration (R,) against globularity, from the aMD simulations on the (A) free and (B) copper-bound peptide.
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Fig. 8. p-hairpin structure (yellow) found between residues 38-53 in the (A) unbound and (B) Cu(II)-bound oS and respectively (C-D) between residues 63-72.

Table 3
R, data for free and copper-bound peptides (A).
Mean Rg SD Max Min
. 40 £+ 1[5]
free-aS (Experimental) 35.5 + 0.5[46]
free-aS 44.26 4.58 61.50 28.07
Cu(ID-aS 39.81 4.31 56.53 25.48

Table 4
Maximum time B-hairpins are expressed in the two residue ranges of 38-53 and
63-72.

Maximum time (ns)

Residues 38-53 Residues 63-72

Free-aS 42 54
Cu(ID-aS 72 60

being filled with water, especially where ‘buried” atoms, in the central
region of the peptide, are concerned [67]. The ff03ws force field was
used here, after our group previously assessed its performance on the
unbound a-Synuclein. The use of implicit solvent with this force field
was also evaluated in the same study, where explicit solvent simulations
appeared to not adequately match experimental findings, especially for
radius of gyration, secondary structure and electrostatic interactions
[17,18,36,40,44,68]. Key observations made therein on the folding
characteristics are also discussed here with regards to experimental
evidence on the metal-free system.

The systems studied here were modelled in their extended confor-
mation in MOE, where they were also minimised through the ligand-
field molecular mechanics (LFMM) force field embedded within Dom-
miMOE [69]. Having minimised the two systems, three individual
conventional molecular dynamics (cMD) simulations were performed
each for 300 million steps at a 2 fs timestep. The MD simulations were
performed in the NVT ensemble 310 K, using the Langevin thermostat

[70]. The SHAKE algorithm [71] was used to impose holonomic re-
straints on bonds to hydrogen, restricting them to their equilibrium
length. The ¢cMD simulations are not reported here, since we previously
established the superiority of the simulations performed using acceler-
ated MD (aMD) in this system [72]. The boost potential was calculated
from the mean total potential energy, imposing a bias in the simulations,
pushing the peptides out of local minima in which they may get stuck in
cMD simulations. Three individual aMD simulations were performed for
600 ns each, starting from the final conformation and velocity from each
of the cMD trajectories. The parameters of the simulations were other-
wise kept identical to the cMD simulations. Free energy landscape plots
were constructed through reweighting [72], and the carma package [73]
was used to obtain clusters from principal component analysis (PCA) of
the cartesian coordinates of Ca, and the FindGeo [74] tool was used to
assess possible geometries around the metal centres. The rest of the
analysis performed using the cpptraj [75] tool, acquiring data on sec-
ondary structure, root mean square fluctuation (RMSF), salt bridges,
hydrogen bonding, RMSD and radius of gyration (Rg), without
reweighting of the trajectories.

3. Results and discussion
3.1. Parameterisation of metal sites

The metal sites of the modelled peptide were parameterised using the
MCPB.py tool [41], after establishing the metal ion binding sites from
literature survey of experimental in vitro and in silico studies on the co-
ordination of Cu(Il) [8,10,11,22,76]. DFT calculations were then per-
formed to assign harmonic bonds between the metal ions and the atoms
involved in their coordination.

Looking at the values from the QM calculations, Table 1 and
Table S1, a relatively consistent force is imposed on the ligating atoms in
the N-terminus. This is not the case, however, in the C-terminal metal
site, where smaller force constants are found for N122 and E123. This
allowed greater flexibility of the ligating atoms in these residues,
yielding closer distances to the metal centre during the MD simulations,
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Fig. 9. Secondary structure distribution per residue after 1.80 ps aMD of the (A) free and (B) Cu(I)-aS. The p-sheets are denoted with red (parallel) and black
(antiparallel), and the a-helices with grey (31), blue («) and purple (). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

Table 5
Detailed secondary structure percentages of the three main regions of oS.

Region B character (%) o character (%) Other (%)

free-aS

N-terminal 2.12 16.30 81.58

NAC 6.84 14.56 78.61

C-terminal 0.26 18.05 81.69

Cu(IN-oS

N-terminal 2.45 9.73 87.82

NAC 5.10 14.73 80.18

C-terminal 0.26 14.30 85.44
Table 6

Secondary structure percentages for the free and copper-bound peptide systems.

B character (%) a character (%) Other (%)

2.47
2.23

16.55
12.43

80.98
85.33

free-aS
Cu(ID-aS

albeit with more fluctuations in the bond distance, compared to the
other coordinating atoms, Table S3. The stability of the distance of
atoms in the metal-coordination sites, can be seen from Fig. S2, where
the distances are maintained within bonding length; even for the O from
Asn122, where the lowest force constant is seen, the bond distance is
seen fluctuating at a high degree at the beginning of one out of the three
trajectories.

3.2. Accelerated MD on free and copper-bound aS

The MD simulations presented here were performed using the ff03ws
force field in combination with the OBC implicit solvent. The evaluation
of the folding characteristics in the simulations of the metal-free system
against experimental evidence, Table 2, suggested the suitability of this
combination for the simulation of aS over alternative force fields and
explicit solvents, as seen in our previous assessment of such systems
[44]. From the survey presented in that table, it can be seen that there is
no collective agreement in the literature regarding the folding charac-
teristics of this peptide, even within each of the studies, in certain cases
reporting a great potential deviation from their reported secondary
structure percentages. We do, however, see good agreement between
our calculated values and those from the ATR-FTIR experiment [77],

where a 3% p-sheet character is reported and with the helicity at 35%. A
more in-depth discussion of our results on the secondary structures of
the simulated systems is given further below. Additionally to the sec-
ondary structure propensities reported in the experiments cited below,
we further include a comparison of Ca chemical shifts, Fig. 3, where we
find a mean deviation of 1.42% from experiment, hinting towards a
great similarity in the local covalent interactions of the experimental
and simulated systems. Considering these remarks, we are confident in
the capacity of our chosen force field and solvent in providing accurate
predictions of the two systems we examine.

Equilibration of the MD simulations performed here, was assessed
from the RMSD plots, given in Fig. 4, with the cumulative average
settling to a plateau, despite the fluctuations observed in the RMSD
values over the length of the simulations. This, along with the length of
the cMD trajectories, where the aMD simulations were extended from,
are enough to ascertain the stability of the systems.

Analysis of the Cu(Il) coordination sites (Fig. S2, Table S2 and
Table S3) confirm that Cu-L distances and L-Cu-L angles are stable over
the course of the entire trajectory. For the assessment of the most
prominent geometry expressed by the peptide, clusters were created
using the cartesian coordinates of the Ca — the different clusters are
given in Table S5. The coordination of ligating atoms in each of the
metal sites, from the average cluster structure obtained from cartesian
PCA analysis, is shown below.

The conformational assembly of the metal sites, seen in Fig. 5 and
Table S4, correlates with experimental observations, detecting a dis-
torted square planar arrangement of atoms, with the high affinity N-
terminal coordination site maintaining a geometry that is not strongly
distorted from idealised square planar [8,20,22,85]. Interaction with
atoms neighbouring the ligands, distorts the geometry in each of the
sites, exerting repulsion on the equatorial positions. These atoms are
from a sidechain oxygen of Glu35, and the second oxygen in the Glu123
sidechain. The coordination of Asp2 in a bidentate fashion, adds to the
strain on the geometry of the first metal site, further distorting the
square planar geometry.

R; values over the aMD trajectories, are shown in Fig. 6, along with
the cumulative average. The rolling standard deviation (with a 25 ns
window) of the simulations were also plotted, Fig. S3, showing change of
SD over time, providing further evidence of equilibration over the
course of each run. From these plots, it is evident that the system fluc-
tuates between a range of Ry values, with a SD for the free peptide of
4.58 A and for the copper-bound at 4.31 A. The distribution plots of the
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Fig. 10. Representation of the most populated a-helical regions (red), between residues 57-62 in the (A) unbound and (B) Cu(II)-bound aS and respectively (C—D)
between residues 87-101. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

R; for each of the runs, are given in Fig. S4, where all runs are seen
exhibiting peak values close to the average; thus presenting three
correlating trajectories, for each system.

Upon comparison of the Ry data, an overall increase in the
compactness of the peptide is seen upon metal ion binding, with the Cu
(ID-aS being 4.5 A smaller when compared to the free-aS. The standard
deviation in Rg, as well as maximum and minimum values, are also
smaller in the Cu-bound peptide, indicating a more compact and less
flexible trajectory in the presence of two metal ions. This comes as a
result of the closer contacts developed within the peptide, especially
from the macro-chelation formed with the coordination of the first two
residues and His50 in the first metal site. This increase in the intra-
molecular interactions is seen not only in the Ca contact maps (vide infra
Fig. 15), but also in the slightly increased sphericity of the copper-
coordinated system, Table S6. The sphericity of the system was
assessed after calculating the globularity, by dividing the smallest by the
largest diagonalized eigenvalues of the R, tensor, whereby Globularity =
Ax/2z. This is also seen at the free energy landscape of Rg against glob-
ularity, Fig. 7, where the free peptide, although visiting conformations
up to 0.5, on average displayed lower globularity values. The copper-
bound peptide appears to have a more constrained sampling of the
conformational space, owing to the increased ordering of residues bound
to metal centres, decreasing flexibility of the overall system.

A significant contribution to the secondary structural characteristics
of aS is attributed in or around motifs of repeating residue regions KTK
(E/Q)GV, found between residues 32-37, 43-48 and 58-63. These re-
peats start in the N-terminus and extend into the NAC region of aS, and
have been implicated before to be involved in the ordered arrangement
of the peptide [86-88]. Within these repeats, p-hairpin structures have
been found in aMD trajectories for both the unbound and metal-bound
peptide, corroborating the results found by Yu et al. [89], on the re-
gion where these are observed (residues 38-53) through the formation

of anti-parallel p-sheets; Fig. 8 shows the presence of these folding ele-
ments from the clustered structures. An experimental study looking at
the nucleation capacities of different regions within a-Synuclein, has
reported the region encompassing residues 37-61 to act as a nucleation-
promoter, possibly as a result of the f-hairpin assemblies [90]. More
recently, Y39 has been the focus of an experimental study, that
concluded in the importance of the aromaticity in the folding mechanics
of that region of the peptide [91]. Here, we find that these structures
appear more frequently in the Cu(Il)-bound o-Synuclein trajectory
compared to the unbound one, Fig. S5 and Fig. S6. Another region where
B-hairpin structures have been found here, is between residues 63-72,
expressed almost in twice as many frames as in the hairpin found be-
tween residues 38-53. The maximum time these have been found to last
in each of the cases, are given in Table 4, with the copper-bound system
exhibiting the greatest persistency in both of these regions. Potential
intramolecular interactions, such as salt bridges between lysine and
glutamine residues within these repeats, are discussed in more detail
below.

The secondary structure characteristics of the peptide are shown in
Fig. 9, Table 5 and Table 6. The amounts of the different structures in the
systems indicate the ratio of p-characteristics in the different regions of
the peptide remains consistent with experimental observations, with the
highest percentage of sheets present in the NAC region [92]. Despite the
lack of experimental data on the secondary characteristics of the copper-
bound peptide, an in-depth evaluation of the free peptide, simulated
here, has been given both in our past works [44], as well as the intro-
duction of this section, with experimental findings from CD [78-81],
Raman [82,83] and ATR-FTIR [77] spectroscopic techniques, and NMR
data on the chemical shifts of the Ca within this system [84]. Our
findings showed agreement with values reported from the ATR-FTIR
study (o-helices: 35%; f-sheets: 3%) [77], and a-helical percentages
reported from CD experiments (a-helices: 19 + 1% [81] and 22.5 +
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Fig. 11. Free energy landscape plots of Rg against a- and p-characteristics present in the (A-B) unbound and (C—D) Cu(I)-bound peptide.

1.5% [80]). The level of agreement between the free-peptide secondary
structure found here and the experimental values, permits the assess-
ment of the differences between the two systems, with relative confi-
dence in their reliability. The NAC region of the peptide has long been
thought to be involved in the pathogenesis of PD, owing to the formation
a hydrophobic p-sheet intermediate in that particular region [93]. The
secondary structure in NAC is almost unaffected by binding of Cu(ID),
with a decrease in B-sheet, possibly owing to the pull exerted on the
residues comprising the NAC region, from coordination of His50 to Cu
(ID), but also from the increased preference for long-range interactions,

upon binding of the metal ion, seen both in the increased compactness of
the system, Fig. 15 and Table 3, but also in the lack of 3;¢-helices, as
opposed to the metal-free peptide, where such structures make up most
of the a-character in the system.

Conversely, a decrease in the a-helical character is observed in the
residues involved in the copper interactions, in both N- and C-termini.
This decreased helicity, may in turn influence the membrane binding
affinity of the peptide, especially considering the higher affinity lipid
membrane binding region is in the N-terminus [94]. Experimental evi-
dence have also reported oxidation of Met residues in that region of the
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Fig. 13. 2D free energy plot of the end-to-end distance against the radius of gyration (Rg), from the aMD simulations on the (A) free and (B) copper-bound peptide.

peptide results in a decreased membrane affinity [95,96], as well as the
possible modulation of aS, as a result of protein interactions in that re-
gion [97]. This drop in the percentage of a-helices, particularly in the N-
terminus of the Cu(Il)-aS system, suggests the possible hampering of the
binding affinity with lipid membranes upon coordination of the metal-
ion, as this region has generally been linked with the ability of oS to
form such interactions [98], aiding in the physiological activity of aS
and as a way of balancing between the normal and aberrant forms [99].
The dampening of these interactions in the Cu(Il)-coordinated system
may therefore act as a mechanism for the formation of toxic oligomers.
The community is divided on the possible effects of membrane coordi-
nation, with arguments on both sides: regulation of misfolding and
oligomerization upon membrane binding [100], and promotion of ag-
gregation [101]. Since we do not study the membrane interactions of
these systems here, as well as the documented effect of membrane
curvature [102], these can only act as speculations on the possible ef-
fects when these systems do in fact bind. We would therefore direct
readers to a recently published experimental study on the possible
mechanisms that take place upon interaction of S with lipid membranes

in the presence of Cu(II), where two possible hypothesis are presented:
(1) an increased affinity of Cu(Il) interactions to the N-terminal of
monomeric aS, thus increasing oligomerization in-solution and
decreasing upon membrane-binding; (2) free-aS membrane binding re-
sults in extended helical formation increasing the affinity of Cu(Il) as-
sociation with the C-terminal binding site [94].

A closer evaluation of helical characteristics implicates residues
Glu57-GIn62 and Ser87-Gly101 as the regions with most helical popu-
lation, in both the unbound and Cu(II)-bound peptides. The latter region
was found to exhibit the greatest mean a-character occupancy both in
the free, at 38.31%, and Cu(ID)-aS, at 38.61%, while the former region
presented mean occupancies of 34.55% and 33.18%, respectively.
Representations of the structure in each of these regions is given in
Fig. 10. A thing to note here is that the region between residues Ser87-
Glyl01 is split between residues Ala91-Phe94, by coiled structures,
resulting in two short helices between residues Ser87-Ala90 and Val95-
Leul00. This happens for the majority of the conformations, despite
instances of a long continuous helix, steric hindrance restricts the con-
servation of such structures. The observations here are in line with
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experimental results, suggesting the importance of the central NAC re-
gion in fibrillation of aS, having the first major helical region occupying
the border of the N-terminal, extending to the NAC region, and the
second starting in the NAC and extending in the C-terminal.

The two regions reported above, represent the two most populated
helical regions, occurring around at least 1/3rd of the total trajectory,
and at least consist of 6 residues. A further four regions where notable
helices occur between 4 residues are found in: Ser9-Lyle1 (free-aS:
35.50%; Cu(I)-aS: 24.13%), Glu20-Thr23 (free-aS: 35.00%; Cu(Il)-aS:
22.83%), Gly111-Glul14 (free-aS: 29.36%; Cu(I)-aS: 28.66%), Pro120-

! This region may be further extended to include residues Phe4-Leu8,
resulting in an overall helical population of 29.65% for the free-aS and
16.92% for the Cu(I)-aS system.

10

Glul23 (free-aS: 35.07%; Cu(II)-aS: 0.48%). Thus, our data suggests an
increased presence of helices in the N-terminal, but an overall decrease
of these structures, as a result of the Cu(II) coordination.

Below, Fig. 11, displays the reweighted free energy landscape of Ry
vs. two elements of secondary structure characteristics in the two sys-
tems. The potential of mean force (PMF) energies in Fig. 11, display the
lowest values at 0% f-character, with ca. 16% and 10% a-character, for
the free and copper-bound systems, respectively. The free peptide may
also be seen sampling a greater conformational space, as explained
before, possibly due to the increased flexibility of the system. The local
minima °with the lowest energy values appear to be between Ry values
35-45 A in both cases, something to be expected considering the
experimental and average R, values, shown above.

The flexibility of each residue is shown by their root mean square
fluctuation (RMSF), Fig. 12. From that, it is evident that adding the
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metal ions to the peptide restricted the motion of the residues in the N-
terminal, while the mobility of His50 and neighbouring residues is also
reduced. This is due to the macro-chelation of Cu(Il) by N-terminal
residues and His50, in which the metal ion restricts the motion of
neighbouring residues. In contrast, metal ion binding does not strongly
affect the motion of NAC or C-terminal residues: indeed, RMSF of the Cu
(II) bound system is actually higher in metal binding residues when
compared to the free peptide. However, the very large RMSF seen at the
C-terminus is reduced from almost 40 A to below 30 A when Cu(ID) is
bound.

The free energy landscape associated with a combination of Rg and
end-to-end distance, Fig. 13, illustrates the smaller size found in the Cu
(ID-aS, when compared to the unbound peptide, with the former
exploring conformations where the end-to-end distance was maintained
below 165 A, with an average of 97.5 + 20.6 A, as opposed to the free
peptide, which went as high as 210 A, averaging 117.1 + 27.2 A.

In the intramolecular interactions of the two systems, binding of two
Cu(Il) ions does not strongly alter the pattern of salt bridges within the
peptide, Fig. 14. The sole exception is Asp2, which is bound directly to
copper and so is not available for interaction with Lys6. This is true even
for the repeat sequences where hairpins were observed, highlighting the
transience of these elements of secondary structure. Hydrogen bonds are
more strongly affected by metal ions (Fig. 16), especially in the N-ter-
minal region, where a significant number of “off-diagonal” H-bonds are
found in the Cu(II)-bound form. This again appears to be related to the
macro-chelation of Cu(Il), which brings His50 and neighbouring resi-
dues into close contact with N-terminal ones, closely interacting with
residues Glu35 and Glul3. As a result of these contacts, neighbouring
residues to His50 are also seen forming H-bonds with more distanced
ones, such as Val49-Glu35 and Metl-Glu35. The most significant
hydrogen bond formed in the copper-bound system, is seen intra-residue
in Glul23 (at ca. 83% of frames). This is also evident in maps of close
contacts between residues (Fig. 15): the free peptide only shows contact
close to the diagonal, but the Cu(Il)-bound peptide has close contact
throughout the N-terminal region, extending as far as residue 70, i.e. into
the NAC. It should be noted, however, that the intrinsically disordered
nature of o-Synuclein means that occupancy of all salt-bridge and
hydrogen bond contacts is low, typically under 10% of the overall
trajectory.

Research on the behaviour of a-Synuclein in its monomeric form has
shown that it adopts no lasting secondary characteristics, instead they
are rather transient, owing to its natively disordered nature, favoring
unfolded and extended conformations [82,103]. The role of copper ions
in the aggregation propensity of a-Synuclein has been studied exten-
sively in the scientific community, with evidence suggesting that it in-
duces aggregation of the peptide [12]. This could be attributed, in part,
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to restriction of the peptide’s structure, allowing it to maintain the fol-
ded conformation when interacting with the metal ions, possibly owing
to the restriction in flexibility introduced by metal coordination [104].
Evidence for this may be seen in the increased contacts between the
residues, Fig. 15, presenting a more populated region where the Cu(Il)-
interactions occur. The Ry data from the accelerated MD simulations,
provide further evidence of this upon binding of two Cu(Il) ions,
showing a decrease in the R of 4.5 A. The secondary structure charac-
teristics exhibit a decrease in defined characteristics going from the
unbound peptide to Cu(I)-aS, show that the compactness gain in the
bound peptide is a direct result of the binding to the metal ions,
increasing the intramolecular interactions, as evident by the increased
presence of hydrogen bonds, Fig. 16.

4. Conclusions

The effect of copper ions on the structure of the peptide has not been
extensively studied computationally. Analysis of aMD trajectories,
encompassing radius of gyration, RMSF and secondary structure, pro-
vide evidence of an average increased compactness and rigidity of the
peptide upon the binding of two copper ions at the sites established by
experimental studies. The data collected here corroborates previous
reports that suggest an increase in stabilization of folding characteristics
upon the binding of Cu(Il) to aS, seen here from the RMSF and Ry of the
copper-coordinated system, exhibiting a decreased flexibility, despite
the lower amount of secondary structure present [9]. The more promi-
nent o-helical character in the C-terminus of the free peptide, has been
reported before [105] and also seen in the present work, although this is
reduced in the copper-bound system, possibly owing to the coordination
of the metal ion with residues in this site.

The contribution of the KTKEGV repeats, extending from the N-ter-
minal region into the NAC, in the secondary structure and thus folding of
the peptide has also been reported here and validates past observations
[86]. Two p-hairpin regions have also been found here, between residues
38-53 and 63-72, with the former being sustained for longer, especially
where the 38-53 residues are concerned, in the Cu(Il)-bound peptide,
where they are maintained for up to ca. 72 consecutive ns, as opposed to
the ca. 42 ns in the unbound one. Copper binding leads to loss of some
B-characteristics in the NAC region, when compared to the unbound,
possibly owing to the macro-chelation of a copper ion in the N-terminal
region, restricting the adoption of a folded conformation in the neigh-
bouring region. The RMSF of the residues involved in the copper ion
interactions are significantly reduced, decreasing from ca. 20-30 A to
10 A in the N-terminal and from ca. 40 A to 30 A in the C-terminal. The
effect of binding two Cu(II) ions on the RMSF appears to carry changes in
the NAC region, restricting the motion of the constituting residues by 5
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A. The higher flexibility of the free peptide is also evident from the free
energy landscape plots of globularity and end-to-end distances, showing
a greater conformational space explored by the unbound peptide, as well
as reaching more spherical conformations compared to the copper-
bound case.
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