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ABSTRACT 

For the discovery of treatments against synucleinopathies, it is necessary to unravel 
and fully understand the mechanism of fibrillation of the proteins involved. Among 
them, α-synuclein (αS) plays a key role in the development of these diseases through 
its aggregation into oligomers found in Lewy bodies. However, its structural disorder as 
an intrinsically disordered protein (IDP) makes its characterization by experimental 
techniques arduously difficult. Atomistic simulations aim to provide insights into this 
blank canvas and, fortunately, some studies have already suggested promising 
mechanisms. Still, it is urgent to consider the IDP features in simulations, so recently a 
lot of force fields designed to deal with IDPs have been developed. In this study we 
have carried out a total of 12 µs simulation of the αS core fragment using the popular 
ff14SB AMBER force field, and the ff14IDPSFF variation that includes a grid-based 
energy correction maps (CMAP) method. The predicted chemical shifts from the 
simulations and those measured from the αS protein in NMR solution indicate that 
ff14IDPSFF reproduces more accurately the experimental data. Moreover, the 
structural analysis exhibits opposite trends between secondary structure propensities. 
The ff14SB force field preserves the α-helices found in the micelle-bound αS structure, 
which is used as initial conformation, while the ff14IDPSFF stands out with increased 
structural disorder and the formation of β-sheet, which suggests that the IDP-specific 
force field can capture more suitable conformations representing possible 
intermediate states of the fibrillation process. 

 

 



1. INTRODUCTION 

Parkinson's disease (PD) is the second most common neurodegenerative 
disorder in the world population, especially in the population over 60 years of age.1,2 
The development of PD is mainly attributed to the aggregation of misfolded α-
synuclein (αS) protein in Lewis bodies that ultimately leads to the loss of dopaminergic 
neurons.3–5 To date, no definitive cure for the disease has been found. The first stages 
of the mechanism of formation of these fibrils from αS monomers are still unrevealed, 
which in turn hinder drug design to treat the disease. So far, micelle-bound αS 
monomers6,7 or fibril oligomers8 have been characterized, but structures of the protein 
freely in solution or intermediate conformations of the fibrillation process have not yet 
been reported. The difficulty of identifying the intermediates of fibrillation is due to 
the transient nature of αS as an intrinsically disordered protein (IDP). IDPs are notable 
for their structural disorder and their ability to perform interconversion between 
conformational states over time, which is key to their biological functions. Some 
experimental techniques, such as nuclear magnetic resonance (NMR), small-angle X-
ray scattering (SAXS) or far-UV dichroism8–13, can capture the structural properties, but 
restricting only to properties obtained from time-averaged conformations of the 
protein. Then, computational studies come into play as a resource capable of providing 
insights of the fibrillation process by atomistic simulation methods. However, αS fibrils 
occur on a time scale computationally inaccessible for classical simulation methods. 
Some studies have attempted to overcome this limitation using ingenious approaches 
that can range from enhanced-sampling techniques14–17, coarse-grained description 
levels18,19, simulation of specific fragments of αS18,20 or guiding the simulations by 
experimental data bias.21,22 Although these efforts have resulted in very promising 
mechanisms, further research on αS is still essential.  

αS is a 140-aa presynaptic protein found mainly in nervous tissue and whose 
function is not exactly known to this day.23 It has been associated with some 
processes, such as synaptic vesicle recycling, regulation of DNA repair or involvement 
in neuronal apoptosis.24 Primary structure of αS is divided into (i) the N-terminal 
domain (1-60), (ii) the non-amyloid-β component (NAC) domain (61-95) and (iii) the C-
terminal domain (96-140). The first domain consists of 7 imperfect repetitions of 11 
amino acids that give it an amphipathic character and an overall positive charge. These 
repeats contain abundant KTKEGV segments, which have a propensity to adopt α-
helices conformations and allow αS to bind to membranes.6,25 The NAC domain plays 
as a hydrophobic core for fibrillation.26 Finally, the C-terminal domain is highly charged 
and mobile because it is rich in acidic amino acids in its chain. Some studies suggest 
that C-terminal tail is responsible for inhibiting fibril formation by burying the NAC 
domain, which prevents interaction between monomers and thus oligomerization.17,18 
Interestingly, while the membrane-bound monomeric αS structures have a high α-helix 
content in the N-terminal and NAC domains, it is precisely the fibril conformation that 
is characterized by agglomerating with β-sheets. Apparently β-sheet structure may be 
critical in early stages of fibrillation process although another study suggests that an 



intermediate α-strand/sheet intermediate may be necessary to the fibrillation 
mechanism.27 

So far, most atomistic simulation studies use classical force fields that generally 
circumvent the transient nature of IDPs and lead to conformational biases. Historically, 
classical force fields have been parameterized to accurately reproduce well-defined, 
experimentally observable three-dimensional structures. Fortunately, force fields that 
include disorder structure in their parameterization have been developed in recent 
years. In fact, previous studies on differences between standard and modern force 
fields have demonstrated a high sensitivity in obtaining IDP conformational 
ensembles28,29. Approaches to include intrinsic disorder can range from adjusting the 
dihedral parameters (CHARMM22*30, RSFF231 or OPLS-AA/M32 force fields), adding a 
grid-based energy correction term to the φ/ψ dihedral energy surface called CMAP 
method (CHARMM3633, ff14IDPSFF34, ESFF135) or refining the protein-water 
interactions (a99SB-disp36, ff03ws37, CHARMM36m38). Among these new force fields, 
ff14IDPSFF has been developed as a promising force field capable of correcting the 
dihedral distributions of all 20 amino acids from the popular ff14SB39 force field but 
assisted with the CMAP method. For further confidence, this IDP-specific force field 
has been shown to improve the description of chemical shifts in alpha-synuclein 
protein.34  

In this work we have performed ff14SB and ff14IDPSFF force field simulations 
of a fragment of the αS protein, which we referred as E-αSNACSB and E-αSNACIDP 
respectively, to analyse the structural differences present as a function of 
parameterization and hopefully provide insight into the intermediate states of 
fibrillation. This fragment is defined by amino acids 35-97, which constitutes the fibril 
core of the Greek-key topology that adopts αS fibril according to Tuttle et al.8 and 
includes the NAC domain and a segment of the N-terminal domain. Furthermore, its 
conformational space was previously explored by 18 µs T-REMD simulation with the 
CHARMM27* force field.20 The study concluded that there is a α-helix content at room 
temperature while β-sheets are formed at high temperatures. Here, we have 
performed 6 µs-length simulations for each force field system and observed a 
significant bias in the secondary structure propensities after analysing the 
conformational properties and contact maps. ff14SB simulations preserve α-helices of 
the micelle-bound αS structure while conformational sampling of ff14IDPSFF stands 
out with random coil and β-sheets structures, the latter present in the αS fibrils. 
Moreover, we have verified by determining the linear equations and the Pearson 
correlation coefficients that ff14IDPSFF exhibits a closer agreement to four sets of 
chemical shifts obtained from NMR in solution, demonstrating that the ff14IDPSFF 
force field indeed reproduces more accurately this experimental observable. Thus, the 
IDP-specific force field can adopt intermediate states with β-sheet conformations not 
normally found in classical force fields with only 6 µs simulations, which introduces 
promising studies on the conformational space of the αS and its role in the fibrillation 
mechanism. 



 

Figure 1. NMR structure of the human-micelle bound α-synuclein (PDB-code: 1XQ8) in 
the left and structure and amino acid sequence of the E-αSNAC fragment in the right. 
Orange color refers to the NAC domain amino acids (residues 61-95).   

2. MATERIALS AND METHODS 

2.1. Structures of Human α-Synuclein Protein. The Protein Data Bank database 
(https://www.rcsb.org/) provides many αS structures available to the scientific 
community. For our study we selected the structure characterized by solution NMR 
with PDB-code 1XQ8 (human-micelle bound αS).6 The 1XQ8 structure was cleaved, 
retaining the core amino acids of the protein (35-97) that comprise the NAC domain 
and a segment of the N-terminal domain. We have renamed this selection of amino 
acids as the extended α-synuclein NAC domain (E-αSNAC) fragment. 

2.2. Structure Preparation and Simulation Setup. E-αSNAC was oriented 
according to its principal moments of inertia (Ix, Iy, Iz) through an internal script of our 
research group. Then, we used the LEaP module of AMBER1840 to parameterize the 
amino acids with the force field ff14SB39 and define a box of dimensions 140x140x140 
Å3 as the simulation system. The system box was filled with TIP3P water molecules, 
leaving a space of 1.0 Å between any amino acid in the protein and the water 
molecules. The net charge of the system was neutralized by the addition of Na+ or Cl- 
counterions. The hydrogen mass was distributed among the amino acid atoms using 
the ParmEd module in order to increase the time step from 2 fs to 4 fs.41 Next, a 
second simulation system was generated with a new topology including the 
parameterization of the IDPs-specific force field ff14IDPSFF.34 



Subsequently, we carried out a three-phase protocol to minimize the systems. 
This protocol consisted of applying steepest descent (SD) method with three levels of 
restriction on the protein to relax the internal tensions of the system after adding the 
solvent molecules. In the first minimization phase, 5000 SD steps were performed 
restricting the entire protein and to relax only the surrounding water molecules. 
Second, protein and solvent were slowly relaxed during 5000 SD steps but applying 
restraints on the backbone atoms. Finally, the system was minimized for another 5,000 
SD steps without applying any restraints. All the above restraints were defined by a 
force constant of 5 kcal·mol-1·Å -2.  

The simulation box was heated with a linear increase of 1 K·ps-1 in the NVT 
ensemble for 300 ps until a final temperature of 300K was reached. A second 
equilibration step was then performed for 300 ps in the NPT ensemble to adjust the 
volume of the system box to a pressure of 1.0 atm. In the heating and equilibration 
steps, restraints were applied to the protein backbone with a force constant of 5 
kcal·mol-1·Å-2. In order to increase the conformational sampling, three replicas of the 
system were generated42, assigning them random initial velocities that follow a 
Maxwell-Boltzmann distribution.  For each replica, production runs of 2 µs were 
carried out. The trajectory coordinates were written every 20 fs and the output data 
every 40 fs. The SHAKE algorithm constrained the hydrogen-involving bonds during the 
simulation and the temperature was maintained at 300K with the Langevin thermostat 
and a collision frequency of 3.0 ps-1. A 9.0 Å cutoff and periodic boundary conditions 
(PBC) were applied.  

2.3. Analysis of Simulations. The simulations were studied through various 
conformational properties as well as compared with NMR experiments through 
predicted chemical shifts. Visualization of the trajectories and the illustration of the 
conformations were performed with VMD software.43 The plots were designed with 
Gnuplot (version 4.6).44  

Conformational properties were calculated with the CPPTRAJ module45 of 
AMBER18. The root mean square deviation (RMSD) of the protein backbone (Cα, C, N, 
O atoms) was calculated with respect to the reference structure, which corresponds to 
the 1XQ8 structure determined by NMR in solution. We also calculated the root mean 
squared fluctuation (RMSF) and radius of gyration (Rg) of the Cα atoms to provide 
insight into the flexibility and compactness of the conformations obtained during the 
simulation. The secondary structure (SS) of the protein was estimated with the DSSP 
method.46 They were categorized into five classes: β-strand (isolated β-bridges and 
extended strands), helices (310 helix, α-helix, and π-helix), coil (no secondary structure 
assignment), β-turn (hydrogen-bonded turn) and bend. To provide further insight into 
secondary structure conformations, intramolecular contacts were calculated using 
CPPTRAJ, for which we accepted as a contact any atom (except hydrogen) with a 
distance lesser than 8.0 Å to another amino acid atom. The contacts that are defined in 
the initial structure are called native contacts while those that appear during the 
simulation are referred to as non-native contact. 



The conformational space was represented by principal components analysis 
(PCA). The covariance of the distance between CA atoms was used as a metric. The 
conformations of the trajectories were projected onto the first two principal 
components (PC1 and PC2), which represent a 33% of the covariance. For clustering, 
first the RMSD of the CA atoms was calculated as a distance metric with a 5-frame 
sieve. Next, starting from the conformations separately as individual clusters, the 
clusters were merged according to the average distance between the members of the 
two clusters until all conformations were assembled into 15 clusters. The RMSD of the 
centroid conformations of the five most-populated clusters was calculated and plotted 
on the 2D-RMSD plot. Next, an in-house script estimated the Gibbs free energy 
through the populations of PC1 and PC2 following the equation Eq1, where ni and nmax 
refer to the population in bin i and nmax; the bin of maximum occupation, to build 
energy maps in the PCA space. 

∆𝐺𝐺 =  −𝑘𝑘𝑏𝑏𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝑖𝑖 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚⁄ ) (Eq1) 
 

The chemical shifts of 15N, 13C, 13Cα and 13Cβ atoms of one-fifth of the 
conformations in the simulations were estimated using SPARTA+.47 The averages of the 
chemical shifts of each atom were calculated and, subsequently, linear regression and 
Pearson correlation coefficients between the simulated and experimental chemical 
shifts data sets were computed using Gnuplot and SciPy module, respectively.48 The 
NMR-measured chemical shifts were obtained from the Biological Magnetic Resonance 
Data Bank (BMRB) database (https://bmrb.io/) with the following IDs: 1885749, 
1933750, 2552751 and 696852. 

3. RESULTS  

We performed 6µs of extended αS NAC (E-αSNAC) domain fragment using the ff14SB 
(E-αSNACSB) and ff14IDPSFF (E-αSNACIDP) force field by three 2 µs-length simulations 
with random initial velocities. A total simulation time of 12 µs was carried out in this 
study, independently of the parametrization. 



 

Figure 2. Conformational properties of ff14SB (left) and ff14IDPSFF (right) simulations 
of E-αSNAC. (A) Root mean squared displacement (RMSD), (B) fluctuations (RMSF) and 
(C) radius of gyration of each replica are in red, blue, and black lines. The probability 
distributions of RMSD (p(RMSD)) and radius of gyration (p(Rg)) are also illustrated 
inside each graph. (D) Energy map of the RMSD and radius of gyration expressed in 
kcal·mol-1.  



Conformational Properties. First, we calculated the conformational properties 
(RMSD, RMSF and radius of gyration) of the ff14SB and ff14IDPSFF simulations. After 
superimposing the trajectory conformations to the NMR-characterized 1XQ8 structure, 
the RMSD of protein backbone (Cα, C, N, O atoms) was calculated for each simulation 
and illustrated in Figure 2A. The fluctuations the amino acids during the simulation are 
illustrated in Figure 2B.  

Distinct RMSD and RMSF are observed depending on the replica, which 
emphasize the importance of carrying out multiple production runs of the system to 
widely explore the conformational space. The time dependent RMSD shows that 
ff14SB simulations exhibit values below 21 Å in Figure 2A. Interestingly, replica 1 yield 
conformations with RMSD values around 15Å and the distribution shows 
conformations mostly in two RMSD ranges (~17Å and ~21Å). Furthermore, replica 2 
presents a large peak in the distribution as well as stable time dependent RMSD 
profile, suggesting that the protein conformation does not change significantly during 
the trajectory. On the other hand, the time dependent RMSD of ff14IDPSFF apparently 
fluctuates more compared to ff14SB simulations. In fact, replica 2 stands out with 
values above 21 Å, even reaching conformations with RMSD around 25Å. The peaks of 
the distributions of ff14IDPSFF are around 20Å and 24Å. Besides, the fluctuations of 
the residues according to each force field simulation are illustrated in Figure 2B, in 
which it is observed that the RMSF profiles of ff14SB exhibit different behaviours in 
residues 35-47 and 65-75 between replicas, while in the rest of the protein is similar. In 
contrast, FF14IDPSFF shows different RMSF profiles in almost the entire E-αSNAC 
fragment, even exhibiting Δ(RMSF) of ~10 Å at residues 65-72. The RMSD of ff14IDPSFF 
shows larger distances with respect to the ff14SB counterpart, indicating 
conformational sampling further away from the α-helix-rich initial structure, while the 
RMSF profiles show less pronounced discrepancies between the replicas of the ff14SB 
force field. This could indicate that the IDP-specific force field samples regions in the 
conformational space where amino acid mobility varies significantly. 

To study the compactness of E-αSNAC, the time-dependent radius of gyration 
and their distributions are illustrated in Figure 2C, and the energy maps built by 
RMSD/Rg distributions in Figure 2D.  The averages of Rg are (11.4 ± 1.5) Å in E-αSNACSB 
and (13.2 ± 2.1) Å in E-αSNACIDP. The ff14SB simulations show a stable Rg, being 
consistent with the narrow distributions at ~11Å. In contrast, the Rg of ff14IDPSFF 
exhibits more significant fluctuations than the ff14SB force field along with broad 
distributions located at ~13Å. Although the Rg averages of each force fields are close, 
the conformations of ff14SB simulations appear modestly more compact compared to 
ff14IDPSFF. On the other hand, the energy maps in Figure 2D show that ff14SB have a 
thin populated region depicted in black within the graph. Simulations of ff14IDPSFF 
enlarge this black region as well as sample conformations with higher values of RMSD 
and Rg, which is in line within reported observations suggesting that the IDP-specific 
force field can capture conformations away from the initial α-helix-rich structure. 



 

Figure 3. Structural analysis of ff14SB (left) and ff14IDPSFF (right) simulations in E-
αSNAC. (A) Fractions of the secondary structure propensity of extended αS NAC 
domain fragment. Helix class (red) includes α-helix, π-helix and 310-helix, and β-strand 



class (orange) includes anti- and parallel β-sheet. β-turn, bend and coil class are 
coloured in purple, cyan and green, respectively. (B) Native (middle) and non-native 
(bottom) contact maps of the extended αS NAC domain fragment. Sum of the contacts 
normalized by the total number of conformations of each atom pair inside a residue is 
represented by a colour scale (maximum and minimum number of contacts in red and 
blue, respectively). N-terminal and NAC domains are separated with black lines in the 
plot.  

Secondary Structure and Contact Maps. We performed the DSSP method of Kabsch 
and Sander46 on all conformations to calculate the secondary structure propensities. 
Subsequently, we averaged them to obtain the secondary structure propensity factors 
(fpSS), which are illustrated in Figure 3A. For convenience, the α-helix, π-helix, and 310-
helix were grouped into the helix class and the parallel and antiparallel β-sheets into β-
strand. The other SS propensities keep the conventional names (β-turn, bend, and 
coil). The fpSS in E-αSNACSB indicates a predominant helix (39%) content that coexist 
with coil (25%), β-turn (20%) and bend (14%) conformations. In the case of ff14IDPSFF, 
fpSS(E-αSNACIDP) exhibits a large random coil (44%) content along with β-strand (26%), 
bend (16%) and β-turn (12%) conformations.  

DSSP analysis evidences that the parameterization of the E-αSNAC fragment 
leads to significant changes in the conformations adopted and thus in the fpSS. ff14SB 
preserves the helices found in the NAC and N-terminal domains of the 1XQR structure 
for a substantial simulation time, especially at residues 40-50, 50-70 and 85-90. Even 
so, bends and β-turn as well as the random coil conformations become present in the 
simulation, thus breaking with the high helicity of the native structure. Surprisingly, 
ff14IDPSFF shows a near absence of helical conformations that are instead mostly 
replaced by random coils, as well as conformations in smaller presence of β-strand, 
bend, and β-turn. The large random coil content together with the breakdown of 
native helices could explain larger flexibility indicated by the RMSD and Rg observables. 

In addition, the residue contacts were tracked using an 8 Å distance cutoff. For 
each force field, two contact maps are illustrated in Figure 3B. Native contacts are 
those identified in the 1XQ8 structure and conserved during conformational sampling. 
Non-native contacts are those that are originated in the simulation and do not appear 
in the NMR reference structure. The contacts of each individual atom pair in a residue 
are normalized between 0 to 1.0 by the total number of conformations and summed 
to its corresponding residue. Values greater than 1.0 are expected, meaning that each 
residue have, in average, the indicated number of contacts with all the possible atom 
pairs that can establish in the protein within the cut-off during the simulation. 

The ff14SB simulations show strong contacts on the diagonal of the native 
contact map, which are related with the formation of α-helices (Figure 3B). Residues 
with high population of contacts on the map diagonal also exhibit large helix content in 
the DSSP map. In the non-native contact maps of ff14SB, the fragment presents 
spurious antidiagonal contacts, which are identified with antiparallel β-sheets. Besides, 
35-50 region is rich in contacts, apparently promoting random coil conformations as 



suggest the DSSP map. On the other hand, native contacts of ff14IDPSFF are less 
abundant in the contact map, a fact consistent with the lack of helix content in DSSP 
plot. In fact, diagonal and antidiagonal contacts in the non-native contact map are 
notable for the E-αSNACIDP fragment. Several amino acids show antidiagonal contacts 
with each other (residues 43-58, 58-75, 78-95). In addition, the contact map also 
exhibits parallel contacts between amino acids 37-43 and 75-81 and, with less 
population, amino acids 53-59 and 69-75. In both force fields, Tyr39, the unique 
tyrosine in the N-terminal domain, establishes strong contacts with few residues. In 
ff14SB simulations, Tyr39 interacts especially with the amino acids S42, T44, V48, V52, 
V55, A65, and V66. This number of contacts is reduced for ff14IDPSFF, in which Tyr39 
interacts with S42, V66, V77, and L80 but allows Leu38 to interact with residues V74-
V77. Many regions show overlapping contacts between different amino acids, which 
would indicate dynamic folding and unfolding of distinct β-strand conformations. Thus, 
the formation of β-sheet is apparently not found at specific amino acids, but it is 
formed in different, and even shared, regions of the E-αSNAC fragment. 

 



Figure 4. (A) Gibbs free energies maps in the Principal Components space of the 
extended αS NAC domain fragment using ff14SB (left) and ff14IDPSFF (right) force 
fields. Centroid conformations of clusters 1, 2 and 3 are marked with yellow, pink, and 
green triangles, respectively. Probability distributions of the PC1 and PC2 are also 
represented. (B) Top 3 clusters of ff14SB (top) and ff14IDPSFF (bottom) simulations. 
NAC domain (residues 61-95) is coloured in orange. 

Conformational Sampling. Principal Component Analysis (PCA) was performed using 
all the conformations obtained from the simulations with ff14SB and ff14IDPSFF force 
fields. The conformations of each trajectory were projected to the PCA space and the 
two first eigenvalues (PC1 and PC2) were transformed to Gibbs free energies as 
detailed in Methods. The PCA energy maps and the distributions of PC1 and PC2 are 
illustrated in Figure 4A. The conformations of the ff14SB and ff14IDPSFF simulations 
were clustered into 15 clusters using the hierarchical agglomerative clustering method. 
The centroids of the three most-populated clusters are plotted in Figure 4B. The 2D-
RMSD of the centroids of the five most-populated clusters is represented in Figure S1. 

The PCA energy map of ff14SB distinguishes five low-energy regions in the 
conformational sampling. The distributions of the PC1 and PC2 show several peaks, 
suggesting that certain conformations are preferred and, conversely, the access to 
some regions inside the conformational space is apparently restricted. After clustering, 
the centroid conformations of the two most-populated clusters show a high 
proportion of helix content in their structure, while the third most-population cluster 
has a disordered structure in its centroid. In contrast to ff14SB, E-αSNACIDP shows a 
widespread conformational sampling as well as the population is more distributed 
within it, which is consistent with the broad PC1 and PC2 distributions. ff14IDPSFF 
samples region PC1 = [-100, -50], PC2 = [-50, 100], which does not appear in the ff14SB 
simulation. In fact, the centroid of the most-populated cluster in the E-αSNACIDP is in 
this region and exhibits a high proportion of β-strand. On the contrary, the region PC1 
= [25,50], PC2 = [0,50] is not sampled in ff14IDPSFF, in which area the centroids of the 
most-populated clusters of ff14SB are located. Then, the exploration of certain regions 
in the PCA space is favored or restricted depending on the used force field. 

The centroid conformations of the three most-populated clusters, comprising 
>75% of the population, are illustrated in Figure 4B. The populations of each cluster 
are indicated below. 84% of conformations in the ff14SB simulations are found within 
the first three clusters. In contrast, the three most-populated clusters account for 76% 
of the conformations in ff14IDPSFF, suggesting that the conformational sampling is 
more spread out in the IDP-specific force field. Furthermore, the centroid 
conformations also evidence distinct secondary structure propensities in the 
simulations. E-αSNACSB preserves the helices of the native structure, except for the 
centroid of cluster 3. Given the importance of the NAC domain for the fibril formation, 
this region (61-95 residues) is colored orange in the structure. Centroids 1 and 2 
exhibit α-helix conformations, especially at amino acids 70-80 and 86-90. The 60-70 
amino acids become loops or turns to allow the protein to change direction and, in 



turn, makes possible the α-helix interaction of the cleaved N-terminal and the NAC 
domain to form α-hairpins. Indeed, cluster 2 centroid captures part of the helix 
formation (~30%) in the N-terminal domain interacting with the rest of the E-αSNAC 
fragment. 

ff14IDPSFF does not exhibit any helix formation in their conformations and 
instead adopts β-strands, even β-hairpins, which are formed within the NAC domain 
itself or together with amino acids of the N-terminal domain. Cluster 1 centroid has β-
strands (residues 1-4, 14-20, 40-42, 58-61) formed between NAC and N-terminal 
domain, as well as short β-hairpin (residues 29-35) in the NAC domain itself. The 
centroids of clusters 2 and 3 present larger β-hairpins that involved different amino 
acids of the NAC domain. These β-strands, whether forming β-hairpin or not, appear in 
different amino acids as indicated by the DSSP method and the contact maps. 

We have also studied the goodness of clustering through the distance-to-
centroid, Davies-Bouldin Index (DBI), pseudo-F statistic (psF) and SSR/SST magnitudes 
collected in Table S1. The distance-to-centroid calculates the mean of the distance of 
the conformations captured within a cluster with respect to the centroid, DBI 
measures whether the separation of clusters and the classification of conformations is 
correct, psF aims to capture the tightness of the clusters and SSR/SST indicates the 
percentage of variance captured in the clustering. The magnitudes presented in the 
table indicate that the DBI and SSR/SST values are similar between the clustering of the 
ff14SB and ff14IDPSFF simulations, thus noting that the conformations obtained from 
the simulation are captured and classified with the same degree of goodness. On the 
other hand, the distance-to-centroid and the psF magnitudes show lower and higher 
values in the ff14SB simulations, indicating a higher similarity between conformations 
within the narrower clusters. Conversely, although the clustering of the ff14IDPSFF is 
ranked with the same degree of goodness, the conformations within a cluster show 
greater dissimilarity and the clusters are broader in conformational space. 



 

Figure 5. Pearson correlation coefficients between experimental and simulated 
chemical shifts using four BRMB data sets indicated in x axis (BRMB ID: 18857, 19337, 
25227 and 6968) of the ff14SB (solid) and ff14IDPSFF (pattern) simulations. Orange, 
blue, green, and red boxes are Cα, N, C and Cβ atoms. The Cβ chemical shifts were not 
available in the BRMB 18857 data set. 

Simulated and Experimental NMR Chemical Shifts. Finally, the protein backbone 
chemical shifts (δ15N, δ13C, δ13Cα, δ13Cβ) were predicted using the SPARTA+ program47. 
The results of the ff14SB and ff14IDPSFF simulations were compared with measured 
NMR data of full-length αS obtained from four data sets available in the Biological 
Magnetic Resonance Data Bank (BRMB). The relationships between predicted and 
experimental sets of chemical shifts were analysed with the Pearson correlation 
coefficient (r) in Figure 5. The linear regression of each set of measured and predicted 
chemical shifts for each atom and force field are illustrated in Figure S2-S9.  

 Linear regression of the Cα and Cβ atoms shows a high reproducibility of the 
chemical shifts in both force fields. Only the slope of Cα atom linear equation shows a 
minor deviation in contrast to the rest of the dataset, which fits accurately. On the 
other hand, the linear regression of the chemical shifts of N presents a greater slope 
and intercept for the ff14IDPSFF force field with values around 0.95 and 4.5-7, 
respectively. Contrarily, the predicted chemical shifts of the N atom in ff14SB deviate 
significantly from the experimental ones thus fitting its linear equation to slopes 



around 0.78. Finally, the chemical shifts of the C atoms show lower reproducibility with 
respect to the rest of the atoms independently of the force field. Even so, they are not 
negligible, presenting slopes ~0.88 and ~0.85 for ff14SB and ff14IDPSFF, respectively. 
Pearson correlation coefficient is often used to assess whether two variables, in this 
case the simulated and measured NMR, are correlated. The r-values obtained from the 
simulations are generally well predicted as they are >0.88 but with some differences in 
the N and C atoms depending on the force field. Of note are the Cα and Cβ atoms, 
which have r-values very close to 1.00 for all simulations independently of the force 
field. The r-values of the chemical shifts of N and C atoms are also noteworthy with 
values around 0.97 in ff14IDPSFF simulations. On the other hand, the r-values of these 
atoms in ff14SB are around 0.91 and 0.88, respectively, being lower with respect to the 
ff14IDPSFF force field. Then, the comparison between the measured NMR and the 
predicted chemical shifts indicates a better correlation for the IDP-specific force field, 
suggesting that the conformations obtained from ff14IDPSFF simulations are more 
appropriated to study the conformational properties of αS.  

4. DISCUSSION 

The ff14SB and ff14IDPSFF simulations of the extended NAC domain fragment 
of αS exhibit different conformational sampling in the reported analysis, highlighting 
the preservation of the α-helix in the former while the IDP-specific force field coexist in 
random coils and β-strands. The exploration of the PCA space shows specific regions 
depending on the parameterization of the protein. Apparently, in these regions are 
located the most populated clusters of each force field. Although the RMSD and Rg 
observables have close average values, the ff14IDPSFF simulations show broader 
distribution as well as vaguely larger values. Considering the conformational analysis, 
the results point out that the force field ff14SB achieves more restricted and 
compacted conformations while the force field ff14IDPSFF explore more flexible 
conformations far from the reference structure. Furthermore, indicators of the 
goodness of clustering point out that the conformations obtained from ff14IDPSFF are 
grouped more broadly in clusters and with greater structural difference, such an 
observation may be expected given the greater structural diversity afforded by an IDP-
specific force field. 

According to Yu et al.18, who collected experimental data in full-length αS under 
various measurements conditions reported in the literature, the α-helix, β-sheet and 
turn contents are within 10%-48%, 0%-20% and 17%-41%, respectively. These results 
agree with ff14SB simulations, which have a ~40% of α-helix content and a negligible 
propensity of β-strand (<1%). On the other hand, Chen et al.17 report the secondary 
structure content from far-UV CD spectrum of monomeric αS in solution: 6% α-helix, 
34% β-strand, 18% β-turns, and 42% other conformations (includes random coil, bends 
and other helices). These propensities are in good agreement with E-αSNACIDP. Despite 
reproducing experimental data with simulations of E-αSNAC, it should be noted that 
the distribution of secondary structure in αS is heterogeneous. E-αSNAC fragment 
removes the disordered C-terminal domain (residues 95-140) and part of the N-



terminal domain (residues 1-37), in which extensive α-helix conformation is found in 
the structure of the membrane-bound αS. Neglect of these regions may result in 
variations in the secondary structure content if compared to the full-length protein 
experiments. Moreover, it must be considered that these secondary structure ratios 
determined by the experimental techniques are conditioned by the interactions that 
may be established between the multiple monomers of the protein in solution. In our 
simulations we work with a single αS fragment, in which intermolecular interactions 
are absent and may lead deviations from the experimental data. 

Fortunately, computational studies focusing on fragments of αS have been 
performed 18,20,53, motivated by the prohibitive cost of carrying out long-time 
simulations of the full protein. Jain et al.20 performed 18µs T-REMD simulations of the 
E-αSNAC fragment with CHARMM27* force field in which he determined a higher 
content of α-helix (~62%) at the expense of a lower content of random coil, β-turn and 
bend (~16%, ~11%, ~8%, respectively). Their results agree with our ff14SB simulations 
despite having a more distributed secondary structure content. Still, the contact map 
reported in Jain et al. work indicated that residues 70-85 have a 20-40% probability of 
establishing antidiagonal contacts, which are related to β-hairpin conformations. The 
DSSP map of ff14IDPSFF simulations shows this type of contacts and the β-sheet 
content is within the probability. On the other hand, Yu et al.18 used a hybrid-
resolution model to perform long-time simulations of αS and a short fragment (36-55 
amino acids) parameterized with CHARMM27 force field and CMAP correction. In the 
36-55 fragment they found β-hairpin formation. They suggest that strong interactions 
between the C-terminal and this β-hairpin region reduce the access to β-strand 
formation and increase the required folding time. The E-αSNAC structure includes this 
β-hairpin region, which are N-terminal residues close to NAC domain. The ff14IDPSFF 
simulations are in line with Yu et al. results since β-hairpins conformations are found in 
the centroids of clusters 2 and 3. 

In addition, Chen et al. work finds β-strands in the NAC domain of some cluster 
centroids after performing trFRET-guided DMD simulations of full-length αS.17 More 
importantly, this observation is supported by previous studies pointing out that 
hydrophobic central amino acids of αS form β-strands as a first step for oligomerization 
and fibril formation.18,54–56 On the other hand, a recent study of Balupuri et al.27 
suggests that aggregation of αS could be accomplished by an intermediate with an α-
strand/sheet conformation found particularly in the critical NAC region of amino acids 
72-74. Indeed, we analyzed the conformations of these three amino acids, but did not 
detect any α-strand content, regardless of the force field. Interestingly, this critical 
NAC region in ff14IDPSFF simulations exhibits a large β-turn content between adjacent 
β-sheets, in addition to showing a higher density of contacts in the 63-65 region with 
respect to ff14SB. Similarly, other regions apparently crucial for αS fibrillation also 
show specific contacts only observed in ff14IDPSFF. Residues 74-81, which are part of 
the critical segment of the NAC domain for fibril formation26, show significant contacts 
with amino acids 37-39. For these 74-81 amino acids, ff14SB shows only weak, sparse, 
and heterogeneous contact density with residues 48-67. On the other hand, 



ff14IDPSFF shows another region with high contacts between residues 43-49 and 54-
57 in which β-sheet propensity is observed in the DSSP map. In this case, amino acids 
43-49 are part of one of the seven imperfect KTKEGV repetitions reported in the NAC-
domain, probably involved in the association of the protein with membrane lipids 
although it has also been hypothesized that they may play a role in the tetramerization 
of αS25,57. However, this fragment is part of the compact hydrophobic β-sheet-rich 
structure in the fibrils. The map also exhibits a region with minor antidiagonal contacts 
between amino acids 74-83 and 86-97 that probably adopt the β-hairpin observed in 
the cluster 2 representative. To ensure the convergence of these β-sheet structures 
observed in the clusters, we have illustrated the β-sheet propensity of E-αSNACIDP in 
Figure S10. The convergence plot shows that the β-sheet content is stable after 
simulating 6 µs in the ff14IDPSFF force field. Finally, Meade et al.58 review lists the 
most important mutations (A30P, E46K, H50Q, G51D, A53T/E) that affect αS fibrillation 
rate. We have studied whether these amino acids establish significant interactions but 
unfortunately any force field shows remarkable contacts. 

One of the key points in understanding the results presented is the 
conformational bias that exist in the force fields according to the studies reported so 
far. Duong et al.59 suggests that there are secondary structures preferences in ff14SB 
and ff14IDPSFF force fields. Moreover, several studies also points out that ff14SB force 
field overestimate helix formation due to the usage of globular protein structures in 
the parameterization.39,59,60 On the other hand, ff14IDPSFF is relatively recent within 
the set of force fields that attempt to include the IDPs flexibility by adding and 
optimizing the CMAP correction terms in the potential energy function of ff14SB. After 
studying short peptides and RNA-binding protein HIV-1 Rev, Duong et al.59 concludes 
that ff14IDPSFF force field promotes random coil conformations and disordered 
secondary structures, which is consistent with experiments. An example of the 
capability of this force field are the works of Song et al.34 and Dan et al.61, in which the 
simulation of all-atom microtubule-associated Tau protein with ff14IDPSFF is able to 
capture β-sheet conformations that are also observed in experiments. In a 
comparative study between force fields, β-hairpin was found in conformational 
ensembles of β-amyloids proteins using IDP-specific force fields.62 A similar trend of β-
strand content is observed in E-αSNACIDP after performing conventional 6µ-length MD 
simulations with ff14IDPSFF. In addition to the conformational bias in force field, Yu et 
al.18 demonstrate with  extensive hybrid-model PACE simulations that C-terminal 
interactions affect in the β-hairpin formation of the 38-53 region. Therefore, E-
αSNACIDP possesses two factors that facilitates random coil or β-strand conformations, 
i.e. (i) the promotion of random coil conformations by the ff14IDPSFF force field and 
(ii) the absence of the C-terminal domain and its interactions with the NAC domain.  

Finally, correlations between predicted and measured NMR chemical shifts 
point out that ff14IDPSFF reproduces more accurately the experiments of αS in 
solution, especially for 13C and 15N atoms. Indeed, it is in line with previous works, 
which report that a promising feature of the ff14IDPSFF force field is the improved 
prediction of chemical shifts compared to ff14SB.34,59,61,62 Our results with the IDP-



specific force field together with the conformational analysis of previous studies and 
contrasted with NMR experimental data point to a great success of exploring the αS 
conformational space within affordable MD simulation times lengths. 

  

CONCLUSION 

αS protein adopts a wide range of conformations during time evolution due to 
its structural disorder typical of IDPs. Given the difficulty in experimentally 
characterizing these conformations, atomistic simulations come into play, especially 
those that in recent years have attempted to include IDP features. In this study we 
have selected an αS fragment (residues 35-97) to reproduce its conformational space 
through 6 µs simulations using the classical ff14SB AMBER force field and the IDP-
specific force field ff14IDPSFF developed by Song et al. 34. The results point out that 
the classical force field preserves the conformations typically found in the micelle-
bound α-synuclein structure, characterized by the high presence of α-helices. 
However, the force field ff14IDPSFF excels with a set of conformations that are 
apparently not easily accessible in conventional simulations, or at least at an 
affordable computational cost, which is dominated by higher structural disorder and 
the presence of β-sheets. Further study of these conformations could shed some light 
on the mechanism of protein fibrillation and, subsequently, better understand the 
group of neurodegenerative disorders derived from synucleinopathies. To validate 
these simulations, we have performed linear regression and reported the Pearson's 
correlation coefficients between the predicted chemical shifts and those measured 
from solution NMR of αS, demonstrating that ff14IDPSFF reproduces NMR data more 
accurately. Therefore, the results presented in this work suggest that ff14IDPSFF is 
reliable for exploring αS conformations that are not normally observed in generic force 
fields and adds new evidence to the body of work pointing to β-sheet formation as 
intermediate state to fibril formation in αS protein. 
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