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Abstract. Intrinsically disordered proteins (IDPs) play many biological roles in the human proteome 

ranging from vesicular transport, signal transduc6on to neurodegenera6ve diseases. The Aβ and tau 

proteins, and the α-synuclein protein, key players in Alzheimer’s and Parkinson diseases, 

respec6vely are fully disordered at the monomer level. The structural heterogeneity of the 

monomeric and oligomeric states and the high self-assembly propensity of these three IDPs have 

precluded experimental structural determina6on. Simula6ons have been used to determine the 

atomic structures of these IDPs. In this ar6cle, we review recent computer models to capture the 

equilibrium ensemble of long IDPs and notably of Aβ, tau and α-synuclein proteins at different 

associa6on steps in aqueous solu6on and present new results of the PEP-FOLD framework on α-

synuclein and monomer.  

Key-words: amyloid, aggrega6on, computer simula6ons, intrinsically disordered proteins, aqueous 

solu6on, Aβ, tau and α-synuclein. 

Highlights: * IDPs are involved in neurodegenera6ve diseases * Structure determina6on of the Aβ, 

tau and α-synuclein proteins is a challenge * Computer simula6on results free or guided by 

experimental data * PEP-fold results on tau construct and α-synuclein monomers 
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1. Introduc6on 

Intrinsically disordered proteins (IDPs) play key roles in many cellular processes, such as 

vesicular transport, signal transduc6on, and neurogenera6ve diseases. While some IDPs have 

disordered and flexible regions important for protein-protein, protein-RNA and protein-DNA 

func6ons, others do not adopt a well-defined three-dimensional (3D) structure with a funnel-like 

free energy landscape [1]. Rather they have mul6ple dis6nct conforma6ons at the monomer level 

and higher associa6on steps, conforma6ons being separated by free energy barriers of several to 

many 6mes kBT at room temperature [2]. 

The inherent flexibility of IDPs associated with most degenera6ve diseases has prevented 

high-resolu6on structural determina6on by solu6on nuclear magne6c resolu6on (NMR) and X-ray 

diffrac6on experiments. Local informa6on can be, however, obtained by chemical shijs, residual 

coupling constants, and J-couplings from NMR, and secondary structure from fast Fourier infrared 

spectroscopy (FTIR) or circular dichroism (CD). Long-range ter6ary contacts can be deduced from 

single molecule Förster resonance energy transfer (FRET) or paramagne6c relaxa6on enhancement 

(PRE) NMR spectroscopy, and short-range distance contacts can be extracted by cross linked 

residues determined by mass spectrometry (MS). Low-resolu6on 3D informa6on of monomers and 

oligomers can be obtained by dynamic light scamering (DLS), fluorescence correla6on spectroscopy 

(FCS) or pulse field gradient NMR spectroscopy providing hydrodynamics radius, ion-mobility mass-

spectrometry data (IM/MS), small-angle X-ray scamering (SAXS), atomic force microscopy (AFM), 

and cryo-electron microscopy (cryo-EM). Most of amyloid fibril models were mainly proposed based 

on solid-state NMR and cryo-EM experiments [2-5]. 

 It is well established that, with aging, the plaques (fibrils) and the transient aggregates of 

the Aβ, tau and α-synuclein proteins are no longer degraded by the lysosomal and proteasomal 

machineries, and lead to neuronal death [6,7]. The Aβ protein consists of a charged hydrophilic N-

terminus (residues 1-16), the central hydrophobic core (CHC, residues 17-21), a charged region 

(residues 22-29) and a hydrophobic C-terminus (residues 30-40/42) [8]. Full-length human tau 

(2N4R, 441 residues) has a charged N-terminal region, a proline-rich region PRR spanning the 

residues 208-244 followed by four repeats (labelled R1 to R4 spanning the residues 244-368) that 

under physiological condi6ons bind to the axonal microtubule, and a C-terminal region [9]. The α-

synuclein consists of a N-terminal domain (residues 1-66) which binds to membranes, the 

hydrophobic nonamyloid component (NAC, residues 67-96), and a highly charged C-terminal 
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domain (residues 97-140) with many Asp and Glu residues [10]. 

 In vitro, these three IDP’s form cross-β structures with an aggrega6on kine6cs profile 

displaying a sigmoidal curve where the proteins assemble into oligomers (lag-phase) prior to fibril 

elonga6on (growth phase), and a plateau where the fibrils and free monomers are in equilibrium 

(satura6on phase) [2]. The aggrega6on kine6cs and the life-6mes of the heterogeneous 

conforma6ons of all species along the amyloid fibril forma6on pathways are very sensi6ve to three 

factors. (1) Amino acid length (e.g., Aβ42 vs. Aβ40), (2) gene6c risks : muta6ons A2V, H6R, D7N, 

A21G, E22K, E22Q, E22G and D23N in Aβ [8], muta6ons A30P, E46K, H50Q, G51D and A53T in α-

synuclein [11], and the pamern and the level of hyperphoryla6on in tau [12],  and (3) experimental 

condi6ons such as pH, temperature, pep6de concentra6on, external force applica6ons resul6ng 

from agita6on, electric field and shear forces, and the presence of membrane, metal ions and 

crowding [2,13-18]. 

At the monomer level, CD and NMR experiments reveal that Aβ40 and Aβ42 pep6des are 

turn/coil with transient secondary structures in solu6on, [19] and both the htau441 and α-synuclein 

proteins are unstructured in solu6on and mammalian cells [3,10]. In vitro, Aβ40 fibrils have an intra-

pep6de U-shape with two β-strands at residues 10-23 and 30-38. In contrast, Aβ42 fibrils display an 

intra-pep6de S-shape with three β-strands at residues 12-18, 24-33 and 36-40 with a disordered N-

terminus. On the other hand, fibrils of AD-brain-derived Aβ40 pep6des have a distorted U-shape 

with a more ordered N-terminus [20].
 

 All these Aβ fibril structures were determined by solid-state 

NMR experiments [5]. 

 The fibrils of htau441 from the brain of an individual with AD [21] and of recombinant α-

synuclein [11] were determined by cryo-EM at a resolu6on of 0.30-0.35 nm. The cores of tau fibrils 

consist of two iden6cal protofilaments comprising only the R3-R4 domain (residues 306-378) with a 

cross-β/β-helix structure, while the rest of the protein is disordered. Note that paired helical and 

straight filaments differing in their inter-protofilament packing exist [21]. The core of the α-

synuclein fibril consists of residues 37-99 adop6ng a Greek-key-like topology with high β-strand 

content, and the rest of the protein is highly flexible [11]. All together, these solid-state NMR and 

cryo-EM results demonstrate the diversity of topologies that can form amyloid fibrils with an 

intermolecular hydrogen-bond (H-bond) network parallel to the fibril axis. 

High-resolu6on 3D oligomeric models are lacking experimentally [2]. Yet, Aβ oligomers up to 
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12-mers are believed to be the main culprits of AD, ini6a6ng a series of events leading to neuronal 

death (amyloid cascade hypothesis) [22], and soluble tau and α-synuclein oligomers are also the 

most toxic species [7]. It is important to note that albeit Aβ40 and Aβ42 pep6des are the main 

component of senile plaques, there is no correla6on between number of amyloid deposits and the 

severity of the disease.  

Genera6ng representa6ve monomeric solvated structures of IDPs ranging from 40 (Aβ40) to 

441 (tau) amino acids free of or guided by available low-resolu6on local and global informa6on is a 

challenge for computer simula6ons due to structural heterogeneity. The computa6onal task 

becomes more difficult at an oligomer level. In all cases we face the problem of iden6fying the most 

relevant microstates and having a very accurate force field to represent intramolecular and 

intermolecular forces and the interac6ons between the solvent and the solute. Sec6ons 2 and 3 

review the current methods to capture the conforma6onal ensemble of long IDPs associated with 

neurodegenera6ve diseases at various associa6on steps in aqueous solu6on. We also present new 

results of the PEP-FOLD framework on monomeric α-synuclein.  

2. Sampling the most relevant monomeric microstates of long IDPs  

2A. Simula6ons free of experimental data 

Atomis6c molecular dynamics (MD) simula6ons in explicit environment offer the most 

detailed picture of protein folding. The longest trajectory on the fastest computer (Anton) reached 1 

millisecond for a globular protein [23]. This 6me is sufficient for sampling the monomeric state of 

amyloid proteins, but is clearly insufficient for capturing all associa6on-dissocia6on events during 

the lag phase, each event taking place with a 6mescale of hundreds of ns and ms [24,25].  In the 

past few years, there has been a constant effort in improving atomis6c force fields and notably the 

interac6on parameters between the solute and the solvent, and the torsional parameters of some 

side chains.  The latest versions of CHARMM and AMBER, namely, CHARMM36m-TIP3P modified 

[26] and AMBERsb99-disp where disp is a variant of TIP4P water model [27], were designed to 

reproduce available experimental data on folded and disordered proteins, but other poten6als have 

emerged. 

Using Anton, the AMBER99sb-disp force field and 30 μs MD simula6on, α-synuclein was 

found mainly coil/turn with a frac6onal helix of 0.3 between residues 90 and 100 and a radius 

gyra6on, Rg, distribu6on displaying two peaks centered at 2.5 and 4.0 nm and a mean value at 3.7 
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vs. 3.1± 5 nm by one experimental technique [27]. Using CHARMM36m force field and the same MD 

simula6on 6me, the mean Rg value is much smaller, 1.84 nm [27].  Using Anton α-synuclein 

trajectories, Mandaci et al. showed that the iden6fica6on of epitope region varies substan6ally with 

the force field [28].  

Based on 30 μs MD, the monomeric Aβ40 was found to have a mean Rg value of 1.39 nm 

with the new AMBER force field and 1.47 nm with the CHARMM36m force field vs. 1.20 ± 0.13 nm 

based on hydrodynamics radius, Rh, measurements. Amber99sb-disp4 simula6ons reveal frac6onal 

β-strand of 0.4 and 0.05 at the CHC and N-terminal residues of the C-terminal residues, and 

residues 10-13, respec6vely while CHARMM36 simula6ons reveal a frac6onal β-strand of 0.3 at the 

first two regions, and a peak of 0.15 at residues 4-5. [27] Computed free energies and interac6on 

maps based on different protein and water force fields and a total of 36 μs MD simula6ons showed 

that the flexible terminal groups, namely the N-terminus of monomeric Aβ42 and C-terminus of 

monomeric α-synuclein, have a tendency to stabilize α-helices by hydrophobic interac6ons with the 

central hydrophobic domains, and then secondary salt bridges with other domains [29]. 

Chen et al.  introduced a two-dimensional grid-based energy correc6on map (CMAP) 

poten6al into the OPLS/AA force field combined to the disp water poten6al to improve the 

performances on the torsional proper6es of well-folded and disordered pep6des. By deriving a 

residue-specific force field, namely OPLSIDPSFF, they were able by MD simula6ons to show that the 

predicted chemical shijs and J-coupling of 11 monomeric IDPs ranging from 24 to 83 amino acids 

were in quan6ta6ve agreement with NMR observables. Applied to Aβ40 and Aβ42 monomers, 

OPLSIDPSFF s6ll underes6mates the β-sheet content with respect to the α-helix content [30]. In 

another study, the general purpose water OPC model and the AMBER ff99sb force field show 

promise for the Aβ42 pep6de though convergence of secondary structures likely requires a much 

longer MD simula6on 6me than 10 μs [31]. 

Using a hybrid-resolu6on model protein with atomic details in coarse-grained environment 

(PACE), Schulten et al. performed 180 μs MD simula6ons to characterize the structural ensembles of 

wild-type (WT) and mutants monomeric α-synuclein in aqueous solu6on. The simula6ons 

reproduce well secondary structure content, long-range contacts, chemical shijs, and 3J(HNHCα)-

coupling constants of the WT protein. They also reveal that a short fragment encompassing the 

amino acids 38-53, adjacent to the NAC region, has a high probability to form a β-hairpin. The two 

disease-prone muta6ons, A30P and A53T, accelerate the forma6on of this β-hairpin, while the non-
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amyloid G47V muta6on decreases its probability, leading to the conclusion that this event in region 

38-53 is the key driving force during α-synuclein aggrega6on. [32]   

To explore longer IDPs sequences with amino acid specificity free of any local and global 

experimental and without an exponen6al increase of CPU 6me, one can resort to two generic 

approaches. 

The first generic approach considers the full sequence at a 6me and is based on coarse-

grained (CG) representa6ons where each amino acid is represented by a varying number of par6cles 

for the backbone and each side-chain [33-37]. For instance, Ramis et al. performed μs replica 

exchange with solute scaling (REST2) simula6ons of α-synuclein with the CG SIRAH model in water 

[38]. While REMD simula6ons involve exchange between neighboring replicas at consecu6ve 

temperatures and the total energy overlap of replicas scaling with the number of par6cles as N
−1/2

, 

op6mal exchange rate requires many MD trajectories in parallel. Poten6al energy rescaling and 

Hamiltonian replica exchange such as REST2 and H-REMD reduce the number of replicas four to five 

6mes, while preserving the number of unique conforma6onal states. SIRAH, as shown in Figure 1A, 

is based on the posi6ons of the backbone N, Cα, and O atoms and a CG side chain-dependent 

representa6on: hydrophobic residues (Val, Ile, Leu, and Met) are represented by one single bead, 

aroma6c side chains are mapped to three (Phe, His, and Tyr) or five beads on a plane (Trp), and the 

beads of polar and charged side chains are mapped on charged groups or acceptors/donors of 

hydrogen bonds [37]. Water is represented by four molecules and beads. SIRAH REST2 simula6ons 

with an increase of 30% in the default protein−water interac6ons display a Rg histogram between 

2.0 and 5.0 nm with a peak at 3.00 nm leading to a mean Rg of 3.22 ± 0.69 nm consistent with Rh 

experiment. Experimental SAXS profiles and NMR chemical shijs were also well reproduced.  The α-

synuclein protein is found mainly coil/turn (73.0 ± 6.8%) with some β-sheet structure (26.8 ± 6.8%) 

and a small amount of α-helix (0.2 ± 0.4%), consistent with CD in solu6on at physiological pH and 

room temperature (<2% α-helix, 30% β-sheet, and 68% random coil/turn).  The most significant 

feature of the conforma6onal ensemble is the greater number of contacts within the N-terminal 

domain than between the N-terminal and the other two domains, and the fact that the NAC domain 

has a propensity to form a β-hairpin loop with either the beginning of the C-terminus or the end of 

the N-terminus (less ojen).  

Thirumalai et al. developed a self-organized polymer (SOP) CG model for IDPs (SOP-IDP) 
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based on a two-residue representa6on (Cα, one side-chain bead, Figure 1B) and an energy func6on 

consis6ng of a finitely extensible nonlinear poten6al  for the bonds, an excluded poten6al between 

nonbonded interac6ons, a screened Debye-Hückel poten6al, and backbone - backbone (BB), 

backbone - side-chain (B-SC) and side-chain – side chain poten6als (SC-SC). The ini6al values of the 

BB, BS and SC-SC energy parameters were op6mized by using the SAXS data (Rg and I(q)) of three 

short IDPs (residue number, N, between 24 and 131) and the experimental Rg values of three long 

IDPs (N > 202). The structural characteris6cs of 12 monomeric IDPs between 24 and 273 residues 

and 8 monomeric tau constructs between 99 (K19 including the R1, R2 and R4 repeats) and 441 

(2N4R) residues were determined by long underdamped Langevin dynamics (5 108 steps) with a 

6me step of 30 fs [39].  The simula6ons reproduced the experimental Rg, and the full scamering 

intensity profile obtained by small-angle X-ray scamering of all IDPs. Rg values of IDPs are well-

described by the standard Flory scaling law, Rg = 0.20 Nv (nm) with v = 0.588. For α-synuclein, the Rg 

distribu6on varies between 2.3 and 5 nm and shows a peak at 3.1 nm consistent with one 

experimental study and the SIRAH simula6on. The configura6onal ensemble consists of a large 

popula6on of compact structures (43.9%, mean Rg of 2.8 nm), fully extended (28.6%, mean Rg of 

4.5 nm) and semi-extended (27.5%, mean Rg of 3.7 nm) conforma6ons and reveals long-range 

interac6ons between the acidic-terminal region and the NAC domain, and ter6ary contacts 

between the amino acids 74 and 94, consistent with electron transfer experiments [39]. 

The SOP-IDP model was also applied to study the differences in the free energies between 

the ground (G) and aggrega6on-prone (N*) states of Aβ40 and Aβ42 monomers [40]. It is found that 

all the residues have a high propensity (>97%) to be turn/coil consistent with a few simula6ons [41], 

but not with most of them [2,42-45], and the free energy gap between the G and N* states is 

smaller for Aβ42 than Aβ40. The SOP-IDP simula6ons also determined that the less stable N* state 

of Aβ2 coding for the U-shape fibril conforma6on should form earlier than the other N* state 

coding for the S-shape fibril conforma6on [40]. The predicted 3D SOP-IDP structures also include a 

low popula6on of helical and extended sub-states in agreement with other computa6onal studies 

[44,46-47]. 

The second generic approach for long IDPs is hierarchical in nature and considers the 

assembly of fragments. Building on the "flexible-meccano" model [48], Grubmuller et al. developed 

a hierarchical chain-growth approach, where the structures of all fragments of the protein are 

exhaus6vely sampled by all-atom REMD simula6ons in TIP3P water. Then, they merged the 

structures of fragments overlapping along the sequence by elimina6ng the clashes to explore the 
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stereo-chemically possible global structures of IDPs [49]. For α-synuclein, 46 penta-pep6de 

fragments were used, and the conforma6onal ensemble reproduces the local structure probed by 

NMR J-couplings and chemical shijs, and predicts a global structure with a mean Rg value of 4.0 nm 

consistent with three SAXS values of 3.6, 4.0 and 4.5 nm, a difference between the measured values 

that can be related to different experimental condi6ons. All predicted models show limle well-

defined helical and β-strand structure differing therefore from CD experiment [49]. 

Building on the chain-growth PEP-FOLD framework extensively tested on well-folded protein 

[33,50-54] and protein-pep6de structures [55], we present for the first 6me its applica6on on α-

synuclein.  We recall that PEP-FOLD performs a rigid assembly of fragments of 4-residue length 

(described by structural alphabet lemers) by superimposing the first three α-carbons of the new 

fragment onto the last three of the previously built structure, and start the building from any 

randomly chosen amino acid to add one residue at each side of the growing structure. At each 

posi6on, the algorithm keeps 3000 conforma6ons, the 1000 energe6cally best OPEP states and 

2000 randomly selected ones in the pool of the remaining generated conforma6ons. When the full-

length CG structure is built, the conforma6on is subject to Monte Carlo simula6ons of 50000 steps 

at 300 K, and the PEP-FOLD procedure delivers an all-atom model. One step of Monte Carlo consists 

of genera6ng a new conforma6on either randomly using simple mo6on rules such as the torsional 

change of one amino acid or guided by some torsional distribu6on of one or several residues. Then, 

the new conforma6on is accepted if the Metropolis criterion is sa6sfied. The OPEP (op6mized 

poten6al for efficient pep6de structure predic6on) model consists of one bead per side-chain, the 

excep6on being proline where all-atoms are considered, and the N, H, Cα, C and O atoms for the 

backbone (Figure 1C). A par6cularity of OPEP is that the poten6al energy func6on includes two-

body and four-body hydrogen-bond interac6on terms between the backbone amide bonds in 

addi6on to the SC-SC interac6ons, energy terms controlling the Ramachandran plot of each residue 

and does not include any electrosta6c interac6ons. Note that albeit OPEP was designed on small 

proteins in solu6on [33,56-58], this CG force field coupled to various sampling approaches was able 

to iden6fy key metastable states of oligomers of short amyloid fragments [59-63].  

Using PEP-FOLD framework and a total of 600 simula6ons, the α-synuclein protein display 

30% α-helix, 5% β-sheet and 65% turn/coil. Though the predicted secondary structure differs from 

one CD experiment (α-helix 3%, β-sheet 23 ± 8% and random coil 74 ± 10%,) there is a non-

negligible β-strand signal at posi6ons 38-50, adjacent to the NAC region as reported by PACE 

simula6ons [32] and in the NAC region (residues 67-74). The three structures of lowest OPEP 
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energies, obtained from three dis6nct simula6ons, have Rg values of 1.50, 1.80 and 1.53 nm and 

different α-helix loca6ons (Figure 2A). Using the full ensemble of simula6ons, the Rg distribu6on 

varies between 1.5 and 2.5 nm with a peak at 1.7 nm (Figure 2B). Taking the PEP-FOLD structure of 

lowest-energy, 50 ns MD simula6on was performed at 300 K and 140 mM NaCl using AMBER99sb-

disp. The RMSD and Rg evolu6on as a func6on of 6me are shown in Figure 3A. This conforma6on is 

very dynamic with Rg fluctua6ng between 1.5 and 1.9 nm Rg. The final 50 ns structure is shown in 

Figure 3B.  It is important to note that the Rg determined by different experimental techniques vary 

between 2.3 to 5 nm [10,38,64,65]. While our structures are more compact than those predicted by 

most simula6ons performed free or guided by most experimental data, they have however a 

compac6on similar to those determined by Dokhloyan et al. using structural proteomics data as 

described below [66]. 

2B. Simula6ons guided by experimental data 

Numerous simula6ons of long monomeric IDPs were performed using low-resolu6on 

experimental data. The α-synuclein conforma6on was determined from Monte Carlo simula6ons, a 

CG model with only repulsive Lennard-Jones interac6ons, and inter-residue distances obtained from 

single molecule fluorescence resonance energy transfer. The conforma6ons at 0 M TMAO span a Rg 

distribu6on between 2.2 and 3.3 nm and agree well with independent measurements from FCS, 

NMR, PRE, and SAXS data. There are rare contacts between the C-terminal and the NAC and N-

terminus [67]. 

Using the same CG model and FRET-derived data, Nath et al. reported that Monte Carlo 

simula6ons of α-synuclein at pH 3.0, a condi6on that is known to accelerate aggrega6on, show a 

slight compac6on in terms of the mean Rg (3.2 ± 0.3 nm) rela6ve to the neutral-pH ensemble [64]. 

However, the low-pH ensemble shows significant inter-residue distance varia6ons, with a reduc6on 

of the number of contacts between the N-terminus and the central region, and an increase of the 

number of contacts between the C-terminus and much of the rest of the protein. Using the same 

protocol and FRET-derived data, they found that the mean Rg of monomeric tau441 increases from 

5.1 ± 0.5 nm to 6.0 ± 0.6 nm upon the addi6on of heparin [64]. 

Dedmon et al. designed a PRE experiment on α-synuclein where cysteine muta6ons 

facilita6ng amachment of the spin label, MTSL, were made at posi6ons Q24, S42, Q62, S87, and 

N103.  PRE-derived distance restraints were incorporated into ensemble MD simula6ons using the 
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CHARMM force field and 20 replicas. The Rg probability distribu6on is broad varying between 1.8 

and 4.2 nm and a mean Rg of 2.5 nm, matching the experimental value. The compac6on of the 

structures rela6ve to a random coil model results from long-range contacts between the residues 

120-140 of the nega6vely charged C-terminal and the residues 30-100 [68].  

Dokhloyan et al. determined the unstructured conforma6on of the tau441 and α-synuclein 

monomers by atomis6c discon6nuous MD (DMD) simula6ons guided by structural proteomics data 

resul6ng from cross-linkers (reagents) and MS experiments [66,69]. DMD simula6ons are event-

driven, keep track of the posi6ons and veloci6es of all par6cles at collision 6mes, and require 

spherically symmetric poten6als consis6ng of square wells between par6cles. 

The predicted structures of tau441 monomer are consistent with surface modifica6on and 

cross-linking data and consist of an ensemble of rather compact globular conforma6ons with 

transient α-helices and β-strands and very different topologies, with the C-terminal and N-terminal 

regions confined on both sides on the core. Interes6ngly, the R3-R4 domain spanning residues 

306-378 is found to have seven out of eight β-strands (excep6on being the β2 strand spanning 

residues 313-322) of the fibril core reported by cryo-EM and this structure helps explain why 

phosphoryla6on of Ser356 is beneficial in opening the structure of the monomer [69]. Note that the 

DMD-generated conforma6onal ensemble differs substan6ally from that obtained by atomis6c 

REMD simula6ons of tau K18 (repeats R1 to R4) and K19 (three repeats R1, R3 and R4) monomers 

free of any experimental data [70]. 

The DMD-generated structures of α-synuclein are agreement with hydrogen-deuterium 

exchange and distance crosslinking data. The protein consists of an ensemble of globular 

conforma6ons with different topologies [66]. The NAC and C-terminal regions are consistently made 

of β strands and β-hairpins consistent with the SIRAH simula6ons, and the predicted secondary 

structure is consistent with CD experiment. The four lowest energy-cluster centroids, which 

represent 95% of the full conforma6onal ensemble, and with a mean Rg of 1.4 nm are more 

compact than those based on PRE-NMR and FRET ensembles, SAXS data or SIRAH simula6ons and a 

compac6on similar to the PEP-FOLD simula6on results. Note that the higher values of the radius of 

gyra6on determined by these experimental techniques may be caused by an equilibrium between 

the monomeric and mul6meric states of the synuclein protein under the condi6ons used, and SAXS 

data are very sensi6ve to the more-extended conforma6ons of the ensemble. Based on their 

centroids, Dokholyan et al. provide some insights into the impact of the familial-disease muta6ons 
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on α-synuclein aggrega6on [66]. 

3. Sampling the oligomeric microstates of long IDPs. 

3A. Aβ in aqueous solu6on 

The Aβ42 dimer was subject to atomis6c REMD using OPLS-AA, CHARMM22*, AMBER99sb-

ildn and AMBERsb14 for a total of 144 μs [71]. The configura6ons are predicted to be mainly turn/

coil with the calculated cross-collision sec6ons (CCSs), hydrodynamics radius, and SAXS profiles 

independent of the force field. However, the secondary, ter6ary and quaternary conforma6ons 

differ between the force fields. The α-helix content varies between 3 and 20%, and the popula6on 

of the intramolecular β-hairpin spanning residues 17-21 and 30-36 varies between 1.5 and 13%. 

Interes6ngly, AFM-based force clamp was applied for dissocia6ng Aβ42 dimer and iden6fied two 

transient states having life6mes of 188 ± 52 and 317 ± 67 ms [24].  

For the Aβ40 dimer, Nguyen et al. performed REMD on the WT sequence, the A2V/A2V 

mutant which leads to early-onset AD and the WT/A2V mutant which protects from AD [72,73]. The 

secondary structure content remains constant at 18% β-strand and 10% α-helix, but the 

intramolecular and intermolecular conforma6ons change upon single and double A2V muta6on, 

with a high content of intrapep6de-stabilized conforma6ons in heterozygous dimers. These dynamic 

dimers are also stabilized by interac6ons within the CHC regions and the C-terminal regions and 

interac6ons between the CHC and C-terminal regions consistent with long-6me MD simula6ons 

[74]. Similar results were obtained for the simula6ons of Aβ40 WT/A2T and Aβ42 A2T/A2T dimers, 

A2T muta6on being known to reduce Aβ aggrega6on kine6cs and the risk of AD [75,76]. 

In all these dimer simula6ons, both the an6parallel orienta6on with β-hairpin forma6on and 

the perpendicular pep6de orienta6on are preferred over the parallel U-shape organiza6on. This 

result is was confirmed by a Markov state model to characterize the transi6on pathways and 

associated kine6cs of the forma6on of Aβ40 dimers obtained by the PACE model and the adap6ve 

sampling technique. The an6parallel β-sheet structures is found to form by direct binding of Aβ in β-

hairpin conforma6on with a 6me scale of 200 μs; while the parallel U-shape structure results of the 

associa6on of Aβ monomers in arbitrary conforma6ons with a 6me scale of 25.8 ms [77]. 

Intermediate Aβ dimers can be hypothesized from simula6ons of Aβ16-35 where dimeriza6on 

populates equally the an6parallel and parallel orienta6ons of the CHC regions with β-sheet content, 

and populates the parallel orienta6on of the unstructured residues 31-35 [78]. Overall, this 
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preference for an6parallel Aβ dimers, discussed so many 6mes in the early steps of aggrega6on 

[79,80], was recently evidenced to induce cogni6ve impairments with increased toxicity. Indeed, the 

two FDA-approved drugs, oxytetracycline and suni6nib, were found to dissociate Aβ dimers and 

plaques to monomers in 5XFAD transgenic mice [81].  

The forma6on of Aβ tetramers was inves6gated by two computa6onal studies star6ng from 

random conforma6ons. Firstly, the mul6scale simula6on performed by Li et al. combining the CG 

UNRES force field and REMD simula6ons followed by atomis6c MD simula6ons reveals that the 

Aβ42 tetramer is characterized by coil/turn (78%), α-helix (3%) and β-sheet (18%) with high β-strand 

propensity of the residues 6-14, 16-19, 30-34 and 38-40. The five dominant clusters have CCS values 

consistent with IM/MS values. They do not any par6cular topology and are more compact than the 

fibrillar state due to the role of water [82]. Secondly, the predic6ve coarse-grained protein AWSEM 

force field, developed by Wolynes et al. and based on an associa6ve memory term determined by 

20 fragment memories for each segment with length 9, was coupled to MD and umbrella sampling 

simula6ons. The free energy landscapes at 40 μM and 300 K lead essen6ally to U-shape 

intramolecular Aβ40 and Aβ42 conforma6ons with perpendicular orienta6on of double layers of β-

sheets, disordered orienta6ons of β-sheets and cylindrin-shaped structures with varia6ons from 

perfec6on [83]. There is therefore a significant difference between the conforma6onal ensembles 

obtained by Wolynes and Li. Notably, in the AWSEM simula6ons extended to octamers, the Aβ42 

pep6de is found to accelerate much more the conversion from trimers to fibrillar tetramers, 

providing one explana6on of the enhanced aggrega6on kine6cs of Aβ42 rela6ve to Aβ40. 

It is interes6ng that a well-defined tetrameric β-barrel consis6ng of two dis6nct β-hairpins 

and assymetric arrangement of eight an6parallel β-strands was found to exist transiently for Aβ42 

and not for Aβ40 in aqueous solu6on using extensive REMD simula6ons and the two last atomis6c 

force fields developed for IDPs, namely the CHARMM36m-TIP3P modified and AMBER99sb-disp 

models [84]. Forming such a precise and ideal β-barrel is clearly unfeasible from ab ini6o or de novo 

atomis6c simula6ons as it is a rare event requiring minutes to hours to fold into vesicles. Though 

out of the scope of this chapter, this tetrameric β-barrel has a much higher probability in a 

membrane mimicking environment for Aβ42WT, Aβ42 A2T and Aβ42 D23N by using REMD 

simula6ons [85,86]. 

 12



 Finally, the early steps of the assembly of 20 Aβ disordered pep6des were inves6gated by 

atomis6c MD simula6ons in implicit solvent on the microsecond 6me scale followed by transi6on 

networks analysis. The simula6ons showed that the Aβ40 and Aβ42 aggrega6on pathways depend 

on oligomer shapes with compact and extended configura6ons, and Aβ40 primarily populates 

dimers, trimers and tetramers vs. dimers, tetramers and hexamers for Aβ42 [87].  We must recall, 

however, that implicit solvent models neglect hydrodynamics interac6ons known to play significant 

effects in modelling the dynamics of amyloids [88-90].  Based on simula6ons of Aβ16-22 pep6des, 

the free energy surface and the kine6cs of associa6on and dissocia6on of the dimer is very sensi6ve 

to the force field [91,92] and the hexameriza6on kine6cs generated by four force fields is found to 

differ more from each other than the kine6cs between amyloid and non-amyloid pep6des 

simulated using a single force field [93]. Lastly, it has been demonstrated by surface enhanced 

Raman scamering (SERS) and computer simula6ons that oligomeric aggregates exist with an 

alternate distribu6on of par6ally ordered and disordered monomers, providing therefore evidence 

of the considerable conforma6onal heterogeneity of the transient aggregates [94]. 

3B. Tau constructs and α-synuclein oligomers in aqueous solu6on 

In comparison to the Aβ protein, the number of computa6onal studies on α-synuclein and 

long tau constructs oligomers is fairly small. 

The dimeric structure of α-synuclein with high helical content was inves6gated by MD 

simula6ons with the GROMOS53A6 and SPC water force fields star6ng from eight different 

interfaces between the chains. Zhang et al. found that the dimers produce an6parallel β-hairpin 

mo6fs, adjacent to the NAC region, and some intermolecular β-sheets with out-of-register of H-

bonds compared to the fibril structure [95]. The structural dynamics of α-synuclein dimers was also 

revealed by single-molecule 6me-lapse high-speed AFM and DMD simula6ons. The study highlights 

three types of dimers with dis6nct interfaces. In one case, one chain is extended and the other 

chain is compact [96]. 

 Wei et al. performed MD simula6ons on the Greek-key core (residues 44-96) star6ng from 

the fibril cryo-EM configura6on using the AMBER99SB-ILDN force field. Based on mul6ple 

trajectories of 300 ns, they found that the trimer is the cri6cal nucleus for α-synuclein44-96 fibril 

forma6on and the tetramer is the minimal stable nucleus [97]. In the same line, Xu et al. studied the 

stability of the Greek-key core fibril consis6ng of five monomers spanning residues 20-110 using the 
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CHARMM27 force field with CMAP correc6ons and MD simula6ons of 200 ns of the WT sequence 

and the five familial muta6ons. Their results show that the muta6ons do not modify the overall 

fibril, but shij their rela6ve stabili6es [98]. In these two studies, it remains to be determined 

whether longer simula6on 6mes and the full sequence impact the results. 

Because α-synuclein can coexist as a tetramer and a monomer experimentally and the 

tetramer plays an essen6al role in maintaining αS homeostasis, simula6ons were performed on the 

monomer and tetramer. The simula6ons shed light on a fundamental rela6onship between 

monomers and tetramers, and the key residues involved in media6ng forma6on of a tetramer [99]. 

Finally, looking at oligomers of long tau constructs, and apart from MD simula6ons 

examining the cross-seeding and conforma6onal selec6on between 3R and 4R human tau proteins 

[100],  and the stability of C-shaped octamers of the R3-R4 and R1-R2 domains [101], we performed 

atomis6c REMD simula6ons on the tau R3-R4 domain star6ng from the fibril C-shape. It is found 

that the WT tau R3-R4 dimer explores elongated, U-shaped, V-shaped and globular topologies. 

Phosphoryla6on of Ser356, pSer356, is known to block the interac6on between the tau protein and 

the Aβ42 pep6de. MD simula6ons of pSer356 for a total of 5 μs compared to its WT counterpart 

reveal a varia6on of the popula6on of accessible topologies, and a decrease of intermediates near 

the fibril like conformers [9]. Our computa6onal result is consistent with in vitro experiments 

repor6ng that WT K18 develops seeding ac6vity more rapidly than pSer356 K18 [102]. 

4. Conclusions 

We have reviewed recent results of computer simula6ons aimed at determining the 

structure of the Aβ, tau, and α-synuclein protein in aqueous solu6on at different associa6on steps. 

Significant progress has been made using more sophis6cated force fields, atomis6c and coarse-

grained models coupled to much efficient sampling approaches and longer simula6on 6mes at the 

monomer level. We also have presented for the first 6me the applica6on of the PEP-FOLD 

framework for the α-synuclein monomer. 

At the oligomer level, the excep6on being the Aβ protein, the simula6on results are very 

scarce for the full-length tau and α-synuclein and this represents a real challenge for molecular 

modelling approaches in aqueous solu6on [103].  Developing simula6ons able to explore the most 
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relevant microstates of monomers and oligomers by trea6ng in vivo condi6ons, that is in the 

presence of membranes, crowding and confinement, is becoming urgent and is a cri6cal issue to 

cure Alzheimer’s and Parkinson diseases [104-109].  
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Figure 1. Coarse-grained models. (A) SIRAH for the glycine and lysine residues. (B) 
SOP-IDP. (C) OPEP for the A-K-F-P-V pentapeptide.  
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      (B) 

Figure 2. PEP-FOLD simulations on α-synuclein protein. (A) Three structures of 
lowest-energy from distinct simulations, the N-terminus is in red; Rg of 1.50 nm with 
α-helix position at residues 1-24, 60-66, 76-81, 85-91 (left), Rg of 1.80 nm with helix 
at residues 2-25, 27-32, 53-57, 62-66, 75-92 (middle) and Rg of 1.53 nm with helix 
at residues 1-10, 13-24, 27-31, 60-66, 77-86, 88-92  (right). (B) Radius gyration 
distribution obtained from 600 simulations. 

      (A) 
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Figure 3. MD simulations on α-synuclein monomer. (A) RMSD and Rg evolution from 
the PEP-FOLD structure. (B) Final structure at 50 ns with the three domains with 
different colors.
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