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RESEARCH NEEDED ON THE SYNUCLEOPATHIES

Parkinson Disease
200000 patients (France)
25000 increase/year
Incurable
Lewy Body Disease
Idem

What we know

Related to a-synuclein

Occurs as a disordered monomer 
(IDP) in the brain (normal state)

What we don’t know:

Why and how a-synuclein aggregates ?
Does aggregate size matters for toxicity?
How mutations modify the conformations?

Still fundamental questions to answer…

a-synuclein aggregation
in neurons (fibrils)

b-sheets structures
amyloids

Familial mutations:
 A30P, E46K, A53T  
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salt bridges. In both polymorph 2 structures the steric
zipper where familial mutation sites are found in poly-
morphs 1a-b, is replaced by a hydrophobic cleft. More-
over, in both structures the NAC region as before is
buried but now additionally interacts with N-terminus
of αS (via the C-terminal portion of NAC) that was not
observed in polymorphs 1a-b.
Recently Li and co-workers used cryoEM to discern

between two distinct types of mature polymorph 1 type
fibre arrangements [27]. Both are 10 nm in width and
bear many similarities to the earlier structures reported
[24–26]. The single protofilament structure of 5 nm [24]
resembles the common protofilament kernel of a bent β-
arch that is found in both fibrils, suggesting this protofi-
lament could be a precursor structure that gives rise to

other types of polymorph in addition to the two re-
ported. Of the two polymorphs observed, major differ-
ences in packing gave rise to structures described as
‘rods’ (protofilament polymorph type 1a) and ‘twisters’
(protofilament polymorph type 1b). There are two major
differences between these subtypes. The fibre-pitch in
the twister structures is 460 Å compared to 920 Å for
the rods. The second key difference is the structure of
each αS molecule within a given polymorph. In the
twister structure each molecule forms a bent β-arch with
a NACore interface (residues 68–78), whereas for the
rod structure the bent β-arch contains additional or-
dered residues that lead to the formation of a ‘Greek-
key’ fold as reported by others [24–26] with a preNAC
interface (residues 47–56). In this work, of particular

Fig. 3 CryoEM structures of four distinct types of full length αS fibril. The four structures are known as type 1a ‘rod’ [25, 26], type 1b ‘twister’ [27],
type 2a and type 2b polymorphs [53]. Single layer density slices within the rod structure have revealed a Greek Key topology with rotational
symmetry about the axis of the fibril. In contrast, single layers within the twister structure reveal a β-arch motif. Both type 1 polymorphs contain
two protofilaments composed of stacked β-sheets with rotational symmetry about the fibril axis. In contrast, type 2 polymorphs lack the steric
zipper geometry identified in type 1 polymorphs and are instead characterised by a hydrophobic cleft that is stabilised by intermolecular salt
bridges and additional interactions between the NAC and the N-terminus. Left Box) Shown is the 3D model of the type 1a (rod) and type 1b
(twister) fibril polymorphs, respectively, with their distinctively different helical pitches depicted. Top) Shown are representative regions of density
maps of both polymorphs are superimposed with their models showing match of side chains with cryoEM densities. Bottom) How a 5 nm
protofilament [24] may represent a shared fibril kernel from which both rod and twister fibrils can develop. In rod fibrils the interface is
composed of residues within the preNAC region (blue, residues 47–56), an area in which most of the early onset PD mutations are located (cyan).
In the twister fibrils the interface is composed of residues within the NAC core region (red, residues 68–78). This suggests that early onset
mutations disfavour the rod like fibrils over the twister structures, offering the possibility for fibril morphogenesis and the potential to shift the aS
population towards a more toxic polymorph. The left hand panel has been adapted from Li et al. 2018 [27] (CC-BY 4.0). The right hand panels are
adapted from Guerrero-Ferreira et al 2019 [53] (CC-BY-NC-ND 4.0) and show schematic representations of all four currently characterized αS
polymorphs with the with the N-terminus in blue, the NAC region in red and the C-terminus in yellow

Meade et al. Molecular Neurodegeneration           (2019) 14:29 Page 7 of 14
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SMALL MULTIMERS/OLIGOMERS OF a-SYNUCLEIN PLAY A CRUCIAL ROLE

purification. These α-synuclein multimers had Stokes radii ranging
from 33.2–37.5 Å, sedimentation coefficients ranging from 1.4S to 3.8S
and apparent molecular weights ranging from 53–70 kDa in native gra-
dient gels. Themultimers were detected by anti-α-synuclein antibodies
that recognize different epitopes and the multimer identity was con-
firmed by mass spectrometry. Consistent with previous observations,
melting point thermostability analysis showed progressive loss of the
α-synuclein multimers and heating of the brain extracts above 55 °C
collapsed the higher molecular weight α-synuclein conformers into
the 53 kDa species, which corresponds to the unstructured monomer.
These data indicated the presence of α-synuclein conformers, defined
as conformationally diverse α-synuclein multimers, in the human
brain. Therefore it appears that both monomer and metastable
multimers coexist and that interactions with lipids, other proteins, or
small molecules may transiently stabilize these species (Gould et al.,
2014). This was further supported by controlled bimolecular fluores-
cence complementation methodologies in different cell types that
found α-synuclein metastable conformers assembled in synapses. It
was suggested that the function of these multimeric α-synuclein
conformers is to restrict recycling of synaptic vesicles and thus reduce
neurotransmitter release (Wang et al., 2014).

Additional support for native multimeric species comes from recent
studies in which serial purification of α-synuclein from non-
pathological human cortical tissue was performed. Removal of lysate
components other than protein followed by sequential removal of
proteins though size exclusion, anion chromatography, and thiopropyl
sepharose 6b separation, resulted in the isolation of N90% pure
α-synuclein. Each step of serial purification resulted in a progressive
loss of α-synuclein immunoreactive high molecular weight bands
observed after disuccinimidyl glutarate crosslinking and SDS-PAGE
separation. Analysis of α-synuclein secondary structure by CD found
that the sequentially purified protein had greater α-helical content
than the recombinant α-synuclein. However, a high degree of variabil-
ity in secondary structure was observed between purified samples
raising questions about the stability of these helical conformations
(Luth et al., 2015). Furthermore, crosslinking experiments conducted
in brain tissue from mice expressing wildtype or A53T human
α-synuclein in the absence of mouse α-synuclein showed that
the A53T mutation reduced the presence of soluble multimeric
α-synuclein (Dettmer et al., 2015).

4. Concluding remarks and perspectives

Collectively the studies on the native structure indicate a remarkable
conformational plasticity and structural flexibility of α-synuclein. The
ability of the protein to adopt N-terminal α-helical conformation
through its associationwith lipids has beenwell documented. The asso-
ciationwith lipids has been shown to preventfibril formation (Martinez
et al., 2007; Zhu and Fink, 2003) and may also stabilize physiological
multimeric species that together with the monomer regulate SNARE
complex assembly and recycling of synaptic vesicles (Burré et al.,
2014; Wang et al., 2014). However, other groups have demonstrated
a role for phospholipid membranes in promoting pathological
α-synuclein aggregation, potentially by acting as a scaffold for amyloid
nucleation. This event may preferentially occur at low lipid to protein
ratios, when monomeric α-synuclein is free in solution and can partici-
pate in nucleation (Galvagnion et al., 2015; Ysselstein et al., 2015).

In Fig. 3 we propose a model which incorporates and summarizes
the existing knowledge regarding α-synuclein biology and structure.
The steady state levels ofα-synuclein are carefully regulated by protein
synthesis and removal by several pathways such as the ubiquitin-
proteasome pathways and autophagy (Webb et al., 2003). Controlling
the steady state levels of this protein by regulating synthesis anddegrada-
tionmaybe thefirst critical defense in preventing aggregation. Conforma-
tional change to α-helical rich structures, and stabilization of metastable
multimers is achieved by specific interactions with vesicular phospho-
lipids and proteins. The sequestration of α-synuclein in association with
membrane vesicles andwith other proteinsmay be of critical importance
for preventing aggregation. Therefore these dynamic equilibria maintain
functionality and promote assemblies that are resistant to aggregation.
Catastrophic events that may include inappropriate post-translational
modifications will disassemble the multimers as well as transform
aggregation-incompetent monomers to aggregation-competent species.
The first step in the pathway to amyloid fibril formation is the generation
of a dimer that is either held together by hydrophobic interactions
induced by increased conformational transition to β-sheet structure or
upon covalent cross-linking. Following this nucleation event (Wood
et al., 1999) the hydrophobic patch of amino acids between residues
71–82 appears to be primarily responsible for allowing additional
α-synuclein monomers to assemble to form oligomeric structures. This
transition is the committed rate limiting step for aggregation and must

Fig. 3. Free energy landscape of possible α-synuclein conformers andmultimeric assemblies. The conversion of nativeα-synuclein to aggregation-competent monomers may depend on
dissociation from stabilizing interactions with lipids and/or proteins as well as dissociation of themetastable tetrameric species.α-Synuclein aggregation-competent monomers can then
assemble into dimers and larger oligomeric conformers. The generation of α-synuclein oligomers can rapidly lead to formation of stable amyloid fibrils, or ‘off-pathway’ amorphous
aggregates, both of which have been observed in postmortem brain tissue from patients with PD and related disorders.

71D.E. Mor et al. / Neurobiology of Disease 88 (2016) 66–74

Simplified model *

Toxic ?

Toxic ? (unclear)

(highly probable)

D.E. mor et al., Neurobiology of disease, 88, 66 (2016)*
Roostaee et al. Molecular Neurodegeneration, 8, 5 (2013)
S. Krishnan et al., Biochemistry 42, 829 (2003) 

R-synuclein fibril formation. Thus, in the absence of physical
(e.g., agitation or stirring with Teflon bars, and/or exposure
to high temperatures) or chemical (acid pH) stresses,
oxidative formation of dimers is the critical, rate-limiting
step for R-synuclein fibrillogenesis.
Seeding with Dimers Accelerates R-Synuclein Fibrillo-

genesis. To provide further evidence that dimer formation
is the rate-limiting step for R-synuclein fibrillogenesis, we
seeded an unmodified protein solution with dityrosine cross-
linked dimers. The addition of dimers to unmodified A30P
R-synuclein led to the rapid loss of the monomeric protein
from solution due to fibril formation (Figure 4), compared
to that in the unseeded control solution.
Intermolecular Dityrosine Cross-Link. How does oxidation

lead to the covalent cross-link in R-synuclein dimers? In vitro
exposure of wild-type R-synuclein to oxidation or nitration
stresses induces formation of dimers and higher-order
oligomers with dityrosine cross-links (21). R-Synuclein does
not contain cysteine residues, and hence, covalent aggregate
formation caused by oxidation is restricted to dityrosine
cross-links. Dityrosine can be assessed with intrinsic fluo-
rescence spectroscopy (29), a method that we applied to
A30P R-synuclein samples as a function of the time of
incubation in buffer at 37 °C. Concomitant with the increase

in covalent dimer levels (Figure 2), there was an increase in
fluorescence (excitation at 320 nm) emission intensity at ca.
420 nm (Figure 5A), which reflects the presence of dityrosine
(29). As a function of incubation time, this peak shifts to a
lower wavelength of 410 nm, closer to the signal observed
for the protein that had been incubated in the presence of
peroxynitrite for several hours. This blue shift in the signal
suggests that the dityrosine cross-link is buried in a more
hydrophobic environment, but the mechanism for this effect
is currently not known. When fibrillogenesis led to protein
precipitation and dimers were lost from the soluble fraction,
there was a loss of the dityrosine fluorescence signal (data
not shown). Thus, R-synuclein dimer formation in our studies
is due to dityrosine cross-links, which occur more readily
with the mutants than with the wild-type protein.
To further investigate the nature of the covalent linkage

between dimers, peroxynitrite-treated A30P R-synuclein was
acid hydrolyzed and analyzed with reverse phase HPLC. The
chromatograms obtained with UV and fluorescence detection
are shown in Figure 6. The fluorescence emission signal
monitored at 415 nm (excitation wavelength of 280 nm),
which is specific for detection of dityrosine residues, shows
a strong peak for which only a small UV absorbance peak
(280 nm) was observed in the chromatogram. Mass spec-

FIGURE 1: Levels of monomer (top panels), dimer (middle panels), and thioflavin T fluorescence (bottom panels) as a function of the time
of incubation of (A) wild-type, (B) A53T, and (C) A30P R-synucleins. Results (means ( standard deviation for samples incubated in
triplicate) are shown for protein solutions in buffer alone (0) or buffer with 2 mM EDTA and 5 mM methionine (4). The inset in panel
A (top panel) shows a typical SE-HPLC chromatogram for an incubated sample in which peaks for the dimer (D), the monomer (M), and
two fragments (F1 and F2) are shown.

832 Biochemistry, Vol. 42, No. 3, 2003 Krishnan et al.

Fibrils

Dimer

trometry analysis of the hydrolysis product in this peak gave
a mass of 359 ( 1.5 Da, which is consistent with the mass
for dityrosine.
Increased Propensity of R-Synuclein Mutants To Form

Dimers. What physicochemical property accounts for the
propensity of the mutant R-synucleins to form dimers being
greater than that of the wild-type protein? At neutral pH, all
three R-synuclein variants have indistinguishable random coil
secondary structure as determined by CD spectroscopy (17,
18), and only slight differences between the variants are
observed by NMR spectroscopy (34). All three variants are
structurally expanded, as reflected in the relatively large (ca.
3 nm), but almost identical, hydrodynamic radii (Rh) for wild-
type, A30P, and A53T R-synucleins (Table 1). In compari-
son, lysozyme, a typical globular protein with a comparable
molecular mass (14.6 vs 14.5 kDa for R-synuclein), has a
hydrodynamic radius of 2.05 nm (Table 1). Rh for completely
unfolded lysozyme is 3.46 nm (35). Because Rh for each of
the three R-synuclein variants is intermediate between the
expected value for the compact, globular lysozyme and that
for the completely unfolded lysozyme, the Rh data are
consistent with R-synucleins adopting a partially structured
conformation in solution. Consistent with this interpretation,
the radii of gyration (Rg) indicate that each of the R-synuclein
variants adopts a nonspherical structure in solution. For a

sphere, the Rg/Rh ratio is predicted to be 0.775 (35). The
ratio for lysozyme is 0.776, as expected for a nearly spherical
molecule. In contrast, the Rg/Rh values for the wild type,
A30P, and A53T are 0.99, 0.91, and 0.87, respectively. These
ratios suggest that the time-averaged structure of the wild-
type protein is more elongated than that for A53T, which
appears to be slightly more globular. The values for the wild-
type and A30P proteins are not statistically different (Table
1). The Rg/Rh ratios of dimeric species formed from wild-
type, A30P, and A53T R-synuclein proteins, observed in the
incubation study, were 0.93, 0.89, and 0.86, respectively.
These results indicate that dimerization does not greatly alter
the elongated structure of R-synucleins.
Second-derivative UV spectroscopy was also used to

examine the tertiary structures of R-synuclein variants (36-
38). The spectra of the wild-type and mutant R-synucleins
are similar to the spectrum for N-acetyl tyrosinamide in
buffer (Figure 5B), suggesting that the tyrosine residues in
all of the R-synucleins that were tested are largely solvent
exposed. These results are not surprising because three of
the four tyrosine residues are found within 16 residues of
the C-terminus, in a region that remains unordered even when
the majority of the molecule adopts an R-helical conforma-
tion upon lipid membrane binding (39). Because of the high
degree of solvent exposure of the tyrosine residues and an

FIGURE 2: (A) SDS-PAGE analysis of the wild-type R-synuclein
samples as a function of the time of incubation (samples were taken
from the experiment described in the legend of Figure 1). The figure
shows that dimers were present in the protein samples incubated
in buffer alone (lanes 1-5) but not in the protein samples containing
buffer with 5 mM methionine and 2 mM EDTA (lanes 6-9) for
the first 15 days of incubation. (B) Transmission electron micro-
graph showing the fibrillar nature of aggregates of wild-type
R-synuclein observed after 45 days of incubation under physiologi-
cal conditions. A 100 nm scale bar is shown for comparison.

FIGURE 3: Levels of monomer (top panel), dimer (middle panel),
and thioflavin T fluorescence (bottom panel) as a function of the
time of incubation of A30P R-synuclein. Results (means ( standard
deviation for samples incubated in triplicate) are shown for protein
solutions in buffer alone (0), buffer with 10 mM methionine (O),
and buffer with 10 mM methionine and 2 mM EDTA (]).

Oxidative Dimer Formation and R-Synuclein Fibrillogenesis Biochemistry, Vol. 42, No. 3, 2003 833
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AIMS OF THE PRESENT STUDY

How to quantify/characterize the FEL of the free monomer (IDP) ?

How the mutations influence the conformations and the FELs ?

How to quantify/characterize the FEL of the dimers ? 

To (effective) 
free-energy 
landscapes (FEL) from
molecular dynamics

409

Lucas HR, Fernández RD (2020) Navigating the dynamic landscape of alpha-synuclein morphology: a review of the physiologically relevant 
tetrameric conformation. Neural Regen Res 15(3):407-415. doi:10.4103/1673-5374.265792

well-defined folded proteins tend to favor a single physio-
logically relevant structure as it represents the lowest energy 
state, IDPs have multiple local energy minima and can thus 
access multiple folded or unfolded states, which can be con-
formationally steered through external phenomena (Figure 

2C) (Burger et al., 2014). Like many IDPs, αSyn displays a 
broad plasticity in conformational distribution, enabling a 
versatile structural continuum and the possibility of diverse 
functional roles that would not be feasible from a single 
well-ordered structure.

Figure 2 Demonstration of the unique structure, biophysical characteristics, and features of α-synuclein.
(A) Simpli"ed depiction of the three regions of α-synuclein that pinpoints the amyloidogenic segments and Parkinson’s disease-relevant genetic 
point mutations. (B) Data obtained from publicly available computational algorithms, including the STRING database and FoldIndex©. (C) Exem-
plary energy landscape of a folded protein versus an intrinsically disordered protein; diagram is modi"ed from Burger et al. (2014). NAC: Non-am-
yloid β-component.

Fibrillar conformations of αSyn are perhaps the most 
widely recognized among the broader scienti"c community, 
in part owing to analogies that can be drawn with the no-
torious deposits of "brillar amyloid-β found in Alzheimer’s 
disease patients. Recent applications of advanced structural 
characterization techniques such as electron microscopy 
(EM) and solid-state nuclear magnetic resonance (NMR), 
along with support from theoretical experiments, have shed 
light on the atomic details of polymorphic "brillar structures 
(Figure 3 top right) (Lemkau et al., 2013; Gath et al., 2014; 
Rodriguez et al., 2015; Tuttle et al., 2016; Guerrero-Ferreira 
et al., 2018; Li et al., 2018a, b; Chakraborty and Chatto-
padhyay, 2019; Hwang et al., 2019). Cryo-EM studies have 
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VTGVTAVA78) self-associates in β-strands to form a steric 
zipper, as does the preNAC segment (47GVVHGVTTVA56), 
which can then stack into in-register β-sheets to form elon-
gated "brils (Rodriguez et al., 2015). Inter"lament packing 
around these distinct zipper interfaces derived from preNAC 
and NACore segments give rise to two different classes of 
polymorphic fibrils, termed rods and twisters, respectively 
(Li et al., 2018a). Fibrillar αSyn can act as seed material for 
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Figure 2 Demonstration of the unique structure, biophysical characteristics, and features of α-synuclein.
(A) Simpli"ed depiction of the three regions of α-synuclein that pinpoints the amyloidogenic segments and Parkinson’s disease-relevant genetic 
point mutations. (B) Data obtained from publicly available computational algorithms, including the STRING database and FoldIndex©. (C) Exem-
plary energy landscape of a folded protein versus an intrinsically disordered protein; diagram is modi"ed from Burger et al. (2014). NAC: Non-am-
yloid β-component.
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MODEL & METHODOLOGY

R-synuclein fibril formation. Thus, in the absence of physical
(e.g., agitation or stirring with Teflon bars, and/or exposure
to high temperatures) or chemical (acid pH) stresses,
oxidative formation of dimers is the critical, rate-limiting
step for R-synuclein fibrillogenesis.
Seeding with Dimers Accelerates R-Synuclein Fibrillo-

genesis. To provide further evidence that dimer formation
is the rate-limiting step for R-synuclein fibrillogenesis, we
seeded an unmodified protein solution with dityrosine cross-
linked dimers. The addition of dimers to unmodified A30P
R-synuclein led to the rapid loss of the monomeric protein
from solution due to fibril formation (Figure 4), compared
to that in the unseeded control solution.
Intermolecular Dityrosine Cross-Link. How does oxidation

lead to the covalent cross-link in R-synuclein dimers? In vitro
exposure of wild-type R-synuclein to oxidation or nitration
stresses induces formation of dimers and higher-order
oligomers with dityrosine cross-links (21). R-Synuclein does
not contain cysteine residues, and hence, covalent aggregate
formation caused by oxidation is restricted to dityrosine
cross-links. Dityrosine can be assessed with intrinsic fluo-
rescence spectroscopy (29), a method that we applied to
A30P R-synuclein samples as a function of the time of
incubation in buffer at 37 °C. Concomitant with the increase

in covalent dimer levels (Figure 2), there was an increase in
fluorescence (excitation at 320 nm) emission intensity at ca.
420 nm (Figure 5A), which reflects the presence of dityrosine
(29). As a function of incubation time, this peak shifts to a
lower wavelength of 410 nm, closer to the signal observed
for the protein that had been incubated in the presence of
peroxynitrite for several hours. This blue shift in the signal
suggests that the dityrosine cross-link is buried in a more
hydrophobic environment, but the mechanism for this effect
is currently not known. When fibrillogenesis led to protein
precipitation and dimers were lost from the soluble fraction,
there was a loss of the dityrosine fluorescence signal (data
not shown). Thus, R-synuclein dimer formation in our studies
is due to dityrosine cross-links, which occur more readily
with the mutants than with the wild-type protein.
To further investigate the nature of the covalent linkage

between dimers, peroxynitrite-treated A30P R-synuclein was
acid hydrolyzed and analyzed with reverse phase HPLC. The
chromatograms obtained with UV and fluorescence detection
are shown in Figure 6. The fluorescence emission signal
monitored at 415 nm (excitation wavelength of 280 nm),
which is specific for detection of dityrosine residues, shows
a strong peak for which only a small UV absorbance peak
(280 nm) was observed in the chromatogram. Mass spec-

FIGURE 1: Levels of monomer (top panels), dimer (middle panels), and thioflavin T fluorescence (bottom panels) as a function of the time
of incubation of (A) wild-type, (B) A53T, and (C) A30P R-synucleins. Results (means ( standard deviation for samples incubated in
triplicate) are shown for protein solutions in buffer alone (0) or buffer with 2 mM EDTA and 5 mM methionine (4). The inset in panel
A (top panel) shows a typical SE-HPLC chromatogram for an incubated sample in which peaks for the dimer (D), the monomer (M), and
two fragments (F1 and F2) are shown.

832 Biochemistry, Vol. 42, No. 3, 2003 Krishnan et al.

IN VITRO
EXPERIMENT

[a-synuclein] in vitro ≃ 5 mg/ml
[a-synuclein] in the brain
(estimated) ≃ 0.09 mg/ml

a-synuclein concentration in 
present simulations ≃ 14 mg/ml
Limited diffusion (confinement)

Biased initial conditions of the  
present simulations for WT & mutants

A B
2.5 
nm

R≈10 nm 

5.
2 

 n
m

5



6

MODEL & METHODOLOGY – UNRES COARSE GRAINED MODEL

Coarse-grained model
United RESidue (UNRES)

Maisuradze GG et al., J. Phys. Chem. A 114, 4471 (2010)
Liwo A et al., J. Chem. Phys. 150, 155104 (2019)

http://www.unres.pl
between different parts of the chain, each derived in the context
of the entire protein.

In the UNRES model, a polypeptide chain is represented by
a sequence of R-carbon (CR) atoms linked by virtual bonds with
attached united side chains (SC) and united peptide groups (p)
located in the middle between the consecutive R-carbons (Figure
1). Only the united peptide groups and united side chains serve
as interaction sites. The R-carbons serve only to define the
geometry, and are not interaction sites in the UNRES model
(Figure 1). The equilibrium distance of the CR · · ·CR virtual
bonds is taken as 3.8 Å, which corresponds to planar trans
peptide groups. The energy of the virtual-bond chain is
expressed by eq 1

with

where T0 ) 300 K; the temperature-scaling multipliers fn(T) were
introduced in our recent work.18

The multipliers fn(T) account for the temperature of those
UNRES energy terms which originate from the cumulants of
the cluster-cumulant expansion of the RFE11 and, consequently,
scale as T(n-1) for the nth order cumulant.

The terms USCiSCj correspond to the mean free energy of
hydrophobic (hydrophilic) interactions between the side chains;
at present, the Gay-Berne28 potential is used to handle the
anisotropy of these interactions.8 These terms implicitly contain
the contributions from the interactions of the side chains with
the solvent. The terms USCipj correspond to the excluded-volume
potential of the side-chain-peptide group interactions (and are
tuned to produce reasonable bond geometry of peptide chains7,10).
The terms Upipj

el and Upipj
vdWrepresent the energy of average

electrostatic and van der Waals interactions between backbone
peptide groups, respectively. The terms Utor and Utord are the
torsional and double-torsional potentials, respectively, for the
rotation about a given virtual bond or two consecutive virtual
bonds. The terms Ub and Urot are the virtual-bond angle-bending
and side-chain-rotamer potentials, respectively. The terms Ucorr

(m)

and Uturn
(m) correspond to the correlations (of order m) between

peptide-group electrostatic and backbone-local interactions; the
terms Uturn

(m) (the “turn” terms) involve consecutive segments of
the chain. The terms Ubond(di), di being the length of the ith
virtual bond (backbone or side-chain), present in the molecular
dynamics implementation of UNRES, are Padé rational func-
tions,23 which take into account the presence of multiple minima
in virtual-bond-stretching potentials of, for example, isoleucine
or arginine side chains (earlier29 we used simple harmonic
potentials). The virtual-bond lengths are assumed fixed in other
applications of UNRES. The terms USSi

19 are the energies of
distortion of disulfide bonds from their equilibrium configura-

Harold A. Scheraga obtained his B.S. degree at C.C.N.Y. in 1941 with
concentration in Chemistry, Physics, and Mathematics. After obtaining his
M.A. (1942) and Ph.D (1946) degrees at Duke University with concentration
in Chemistry and Physics, he did postdoctoral research on proteins in
1946-1947 under John T. Edsall in the Physical Chemistry Department at
Harvard Medical School. He joined the Chemistry Department at Cornell
University in 1947 as Instructor and advanced to Professor in 1958. In 1965,
he was appointed to the Todd Professorship and became the Todd professor
Emeritus in 1992. He continues to maintain his active research program in
experimental and theoretical aspects of protein structure and function.
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Figure 1. The UNRES model of polypeptide chains. The interaction
sites are peptide-bond centers (p), and side-chain ellipsoids of different
sizes (SC) attached to the corresponding R-carbons with different “bond
lengths”, bSC. The R-carbon atoms are represented by small open circles.
The equilibrium distance of the CR · · ·CR virtual bonds is taken as 3.8
Å, which corresponds to planar trans peptide groups. The geometry of
the chain can be described either by the virtual-bond vectors dCi

(CR
i · · ·CR

i+1), i ) 1, 2, ..., n - 1 and dXi (CR
i · · ·SCi), i ) 2, 3, ..., n

- 1 (represented by thick dashed arrows, where n is the number of
residues, or in terms of virtual-bond lengths, backbone virtual-bond
angles θi, i ) 1, 2, ..., n - 2, backbone virtual-bond-dihedral angles
γi, i ) 1, 2, ..., n - 3, and the angles Ri and #i, i ) 2, 3, ..., n - 1 that
describe the location of a side chain with respect to the coordinate frame
defined by CR

i-1, CR
i, and CR

i+1.

Feature Article J. Phys. Chem. A, Vol. 114, No. 13, 2010 4473

Sampling of the conformational space

Langevin thermostat (effective time step 4.9 ps)

Replica Exchange Molecular Dynamics
72 trajectories
32 trajectories 300K
5x8 trajectories at 310K, 323K, 337K, 353K, 370K

Applied for WT, A30P, E46K, A53T 

UNRES Force-Field 
Implicit solvent
Energy function (PMF)
built from all-atom MD trajectories

Ca and peptide interaction centers
CG angles a, b, q, g
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RESULTS – MONOMERS – A GLOBAL STRUCTURAL ORDER PARAMETER: Rg

As shown in Figure 8, the probabilities to find residues in the
β-sheet are significantly high in the N-terminal and NAC regions
up to about residue 100 at the same locations for WT and
mutants. For WT, the maximum of the peaks observed in
Figure 8 are PF4 ! 0.57, PK10 ! 0.61, PA17 ! 0.87, PT22 ! 0.76,
PE28 ! 0.65, PK34 ! 0.61, PY39 ! 0.69, PK43 ! 0.50, PV49 ! 0.4, PV55
! 0.69, PV63 ! 0.64, PV70 ! 0.32, PK80 ! 0.41, PA90 ! 0.58, and
PV95 ! 0.35.

As shown in Figure 8, the β-sheet probabilities are very similar
for WT and E46K along the sequence and differ significantly for
A30P in the region 26—80 and for A53T in the region 35—65.

The mutation A30P has a huge local impact on the probability of
residue 30 to pertain to a β-sheet, PWT,A30 ! 0.49 and PP30 ! 0.03.
This induces an unexpected increase of the probability to occur in
the β-sheet for the neighboring residues: P ! 0.85 for residues
26—29 and 32—35. Long-range effects of A30P mutation on the
propensities of other residues are observed by an increase of the
peaks at PY39 ! 0.76, PK43 ! 0.57, PV70 ! 0.42, PT75 ! 0.46, and
PV95 ! 0.46 and by a decrease of the peaks at PV55 ! 0.53 and PV63
! 0.54, compared to WT. The decrease in β-sheet propensity in
this region compared to WT agrees with their larger helical
propensity in this region for the A30P mutant (Figure 8). For
A53T, the most drastic effect of the single amino-acid
substitution occurs in the region 53—65, where the probability
to form β-sheets is significantly reduced compared to WT, PV55 !
0.32 and PV63 ! 0.40, in agreement with their high probabilities to
be in a helix (Figure 8). Other significant long-range effects of the
amino-acid substitution are observed at peaks PY39 ! 0.55, PT44 !
0.37, and PV49 ! 0.18, where the mutation A53T decreases the
probability to form a β-sheet compared to WT. Overall, two
crucial regions of the amino-acid sequence are affected by the
mutations: the region 26—35, where the A30Pmutation increases
mainly the β-sheet formation, and the region 53—65, where the
A53T mutation mainly decreases the β-sheet formation.

Finally, as shown in Figure 9 for all proteins, the statistics of
β-sheet propensity of state B differs from the global statistics (B +
HB) in the region 50—100, which encompasses the two major
helical regions centered at K58 and A78 (Figure 9, top panel).
The most significant differences are observed for A53T, for which
the probability to form a β-sheet is significantly lower in the HB
state in the region 50—70, where the probability to form an helix
is very high (Figure 9).

4 DISCUSSION

The present analysis is based on a first-principle (no bias or
constraints applied) very large conformational sampling of the
WT α-syn and mutants. As in any MD simulations, the sampling
is never complete and each force-field has some bias. Next, we
compare the predictions of UNRES for WT and mutants to
available experimental data and previous theoretical studies.

To illustrate the difficulties of producing a conformational
ensemble of α-syn, we compared (see Figure 10) the helix and
β-sheet probabilities computed in four different works using
MD simulations for WT α-syn (Ullman et al., 2011; Yu et al.,
2015; Ramis et al., 2019; Coskuner and Wise-Scira, 2013).
Compared to the UNRES simulations and Ref. Ullman et al.,
2011, the calculations of Ref. Yu et al., 2015 largely
overestimate the helical properties of α-syn, whereas the
simulations of Ref. Ramis et al., 2019 largely underestimate
them. The simulations of Ref. Coskuner and Wise-Scira, 2013
also predict a larger helical propensity than the one found in
the present work (Figure 8) and in Ref. Ullman et al., 2011
(Figure 10). It is worth noting that the helical region nearby
residue 60 is found in the UNRES simulations (Figure 8) and
in Refs. Ullman et al., 2011; Coskuner and Wise-Scira, 2013
(Figure 10).

FIGURE 7 | Probability density of gyration radius computed for WT and
mutants of α-syn for the complete conformational ensemble (top panel), the
ensemble of state HB (middle panel), and the ensemble of state B (bottom
panel). The color code is WT (black), A30P (purple), E46K (turquoise),
and A53T (orange). State B represents 40% of conformations for WT, A30P,
and E46K and 25% for A53T (see text).
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The most significant differences are observed for A53T, for which
the probability to form a β-sheet is significantly lower in the HB
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WT α-syn and mutants. As in any MD simulations, the sampling
is never complete and each force-field has some bias. Next, we
compare the predictions of UNRES for WT and mutants to
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To illustrate the difficulties of producing a conformational
ensemble of α-syn, we compared (see Figure 10) the helix and
β-sheet probabilities computed in four different works using
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simulations of Ref. Ramis et al., 2019 largely underestimate
them. The simulations of Ref. Coskuner and Wise-Scira, 2013
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3 RESULTS

3.1 α-Helix and β-Sheet Propensities of
α-syn Divide the Conformations Into Two
Distinct States
The algorithm CUTABI was applied to the α-syn conformations
to compute the number of residues in the α-helix (α) and β-sheet
(β) of each structure forWT andmutants. Each conformation has
(α, β) coordinates. The resulting probability densities in the (α, β)
space are represented in Figure 4. In thesemaps, only the residues
from the N-terminal and NAC regions were considered for the
calculations [as can be seen in the next section (Figure 8), the
C-terminal region does not contribute to SSE differences between
WT and mutants].

A major observation is that the conformations are divided into
two distinct states for the N-terminal + NAC region: an ensemble
of conformations with no residue in the helix (state B) and the
rest of conformations (state HB). The highest probability of
observing a conformation in state B is an order of magnitude

larger than that of state HB, as can be seen by comparing (the
scale of) two-dimensional and one-dimensional plots in Figure 4.
In addition, Figure 4 reveals clear differences between WT and
mutants.

First, we discuss the global differences between states B of WT
and mutants (one-dimensional functions in Figure 4). The
maximum of the distributions is at 50, 54, 53, and 40 for WT,
A30P, A53T, and E46K, respectively. The distribution is sharper
for A30P, which has the largest number of conformations with
the largest number of residues (between 60 and 70) in the β-sheet.
Clearly, A53T has the lowest number of conformations in state B.
This is even better seen in Figure 5, showing the fraction of
conformations within a free-energy difference cutoff from the
global minimum of state B for each protein. With Pmax being the
maximum of probability at (0, β) (in the B state) and P being the
probability at (α, β) (α≥ 0, in the B or HB states), the free-energy
cutoff is computed as −ln(Pmax

P ) in kT units, where k is the
Boltzmann constant and T is the temperature. Within 1 kT,
there is 32% of the conformations found for WT, E46K, and
A30P and only 20% for A53T, as shown in Figure 5.

FIGURE 4 | Probability density of the number of residues in the α-helix and β-sheet for WT and mutants of α-syn. The probability density of state B (no helix) is
represented by a function (gray) (right vertical axis), and the probability density of state HB is represented by a two-dimensional map (right color bar).
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The results illustrated in Figure 5 emphasize the two-state
behavior. For A30P, there is even a third state below 1 kT. By
definition, the derivative of the curves represented in Figure 5
represents the Density Of conformations or micro-States (DOS).
The nearly linear behavior of the curves for WT and E46K up to
2 kT means a rather constant DOS corresponding to state B (one-
dimensional probability densities in Figure 4). The change of
slope at 2 kT for these proteins points up the separation between
the states, i.e., the onset of state HB, i.e., a state with a mixture of
α-helices and β-sheets. State B represents thus 40% of the
conformations for WT and E46K. Between 2 kT and about
3 kT, the curves for WT and E46K in Figure 5 are linear with
a slope larger than that in the B state, which corresponds to a
larger DOS in state HB. Beyond 3 kT, the DOS decreases and
reaches a plateau for all proteins. For A53T, state B contains less
conformations and the onset of the state HB occurs at about
1.5 kT. State B represents only about 25% of the conformations
for A53T. The DOS of the HB state for A53T is higher than that in
its B state, and it is also higher than the DOS of the HB state for
WT and E46K. The case of A30P is special. State B has the highest
DOS up to 1 kT, and it becomes similar to the DOS for WT and
E46K up to 2.5 kT. The third state below 1 kT is clearly visible as a
shoulder with a large proportion of conformations with 60—70
residues in the β-sheet in the one-dimensional probability
distribution, shown in Figure 4. Finally, state B in A30P also
concerns 40% of the structures. The DOS in the HB state for A30P
is similar to the one of A53T.

Figure 5 shows that state HB encompasses about 60% of the
conformations for WT, A30P, and E46K (all conformations
beyond 2 kT for WT and E46K and beyond 2.5 kT for A30P)

and 75% of the conformations for A53T (all conformations
beyond 1.5 kT). Although the DOS is relatively constant, local
maxima occur in the HB two-dimensional maps (Figure 4). The
most probable (α, β) conformations occur at (7,44), (13,53),
(13,18), and (7,35) for WT, A30P, A53T, and E46K. There is a
significant difference between A53T and WT, A30P, and E46K.
For each protein, selected structures for the maximum of
probability of the B state and for the local maxima of the
probability of the HB state are represented in Figure 6. They
illustrate the expected diversity of conformations of an IDP. It is,
however, important to emphasize that each (α, β) pair represents
an ensemble of conformations. It is impossible to represent the
entire diversity of these sub-ensembles. For example, for the WT
protein, the maximum of the B state at (0,50) corresponds to
19,901 structures, and the maximum of the HB state at (7,44)
corresponds to 3,569 structures. In Figure 6, the structures with a
maximum of residues in the helix or in the β-sheet are shown. The
maximum number of residues in the helix is 50 for A53T
compared to 46 for the other proteins and compared to the 82
(Ulmer et al., 2005) and 97 residues (Cheng et al., 2013) in helices
when α-syn is bound to membranes.

The average radius of gyration Rg is a common global
structural parameter in polymer science, and it is interesting
to relate this property to states B and HB. For a random coil
represented by a self-avoiding walk in a good solvent (i.e., for
which interactions between monomers and solvent molecules are
energetically favorable), Rg ! 0.367bN], where b is the length of
the so-called statistical segment and ] is a fractal exponent. In
three dimensions, we take b ! 7.6 Å (twice the distance between
two Cα), Rg ! 54 Å for the size of α-syn (N ! 140) (Victor et al.,
1994). The average radius of gyration Rg computed from the
UNRES trajectories is 24.7, 25.1, 26.0, and 25.2 Å for WT, A30P,
A53T, and E46K, respectively. Only A53T has a significantly
larger Rg than WT. Other authors reported an average radius of
gyration of Rg ≃ 23 Å for WT and a distribution of Rg narrower
than the distribution of a random coil of a similar sequence length
(Dedmon et al., 2005; Allison et al., 2009).

The distributions of Rg of the conformational ensemble
simulated with UNRES for WT and mutants are very similar
to each other, as shown in Figure 7. The peak of the probability
density is lower for A30P. When the global distribution is
divided into states B and HB, one reaches the same
conclusion for state HB (Figure 7, middle panel), but one
observes more significant differences between the proteins for
state B (Figure 7, bottom panel). For state B, the peak of A53T is
the highest and a sub-population appears clearly on the left side
of the distribution for A30P and E46K. This sub-population is
hardly visible in the global probability distribution (Figure 7, top
panel) as a shoulder. Examination of the structures
corresponding to this sub-state of the B state reveals that the
structures of A30P and E46K have a large proportion of contacts
between regions 1—20 and 96—140. The average number of
contacts of the structures with 17.9Å < Rg < 18.1 Å is 5.2, 14.9,
0.1, and 9.0 for WT, A30P, A53T, and E46K, respectively. The
large number of contacts between the two extremities of the
protein for A30P and E46K mutants compared to WT and A53T
explains the peak at 18 Å.

FIGURE 5 | Cumulative fraction of the total number of conformations
simulated as a function of a free-energy cutoff (in kT units) from the global
minimum of the B state (see text) represented in Figure 4. Curves are for WT
(black), A30P (purple), E46K (turquoise), and A53T (orange).
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RESULTS – MONOMERS – 1D PROFILE (B state) & 2D LANDSCAPES (HB state) 

1 single amino-acid substitution induces subtle differences

3 RESULTS

3.1 α-Helix and β-Sheet Propensities of
α-syn Divide the Conformations Into Two
Distinct States
The algorithm CUTABI was applied to the α-syn conformations
to compute the number of residues in the α-helix (α) and β-sheet
(β) of each structure forWT andmutants. Each conformation has
(α, β) coordinates. The resulting probability densities in the (α, β)
space are represented in Figure 4. In thesemaps, only the residues
from the N-terminal and NAC regions were considered for the
calculations [as can be seen in the next section (Figure 8), the
C-terminal region does not contribute to SSE differences between
WT and mutants].

A major observation is that the conformations are divided into
two distinct states for the N-terminal + NAC region: an ensemble
of conformations with no residue in the helix (state B) and the
rest of conformations (state HB). The highest probability of
observing a conformation in state B is an order of magnitude

larger than that of state HB, as can be seen by comparing (the
scale of) two-dimensional and one-dimensional plots in Figure 4.
In addition, Figure 4 reveals clear differences between WT and
mutants.

First, we discuss the global differences between states B of WT
and mutants (one-dimensional functions in Figure 4). The
maximum of the distributions is at 50, 54, 53, and 40 for WT,
A30P, A53T, and E46K, respectively. The distribution is sharper
for A30P, which has the largest number of conformations with
the largest number of residues (between 60 and 70) in the β-sheet.
Clearly, A53T has the lowest number of conformations in state B.
This is even better seen in Figure 5, showing the fraction of
conformations within a free-energy difference cutoff from the
global minimum of state B for each protein. With Pmax being the
maximum of probability at (0, β) (in the B state) and P being the
probability at (α, β) (α≥ 0, in the B or HB states), the free-energy
cutoff is computed as −ln(Pmax

P ) in kT units, where k is the
Boltzmann constant and T is the temperature. Within 1 kT,
there is 32% of the conformations found for WT, E46K, and
A30P and only 20% for A53T, as shown in Figure 5.

FIGURE 4 | Probability density of the number of residues in the α-helix and β-sheet for WT and mutants of α-syn. The probability density of state B (no helix) is
represented by a function (gray) (right vertical axis), and the probability density of state HB is represented by a two-dimensional map (right color bar).
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RESULTS – MONOMERS – LABELLING OF ENSEMBLE OF MICRO-STATES

3.2 Secondary Structure Element
Propensities as a Function of the Position in
the Amino-Acid Sequence: Differences and
Similarities Between the Wild Type and
Mutants
As shown in Figure 8, helices are found in four main regions: two
in the C-terminal region (residues 119—125 and 127—130), one
in the NAC region (residues 75—82), and one overlapping the
N-terminal and NAC regions (residues 53—65) for both WT and
mutants. As claimed in the previous section, there are no
significant differences between the propensities of SSE for WT
and mutants in the C-terminal region. The major differences
betweenWT andmutants occur in the region 53—65, which has a
peak for the helix propensity at residue K58. For all mutants, the
probability to form an α-helix in this region is larger than that for
WT. For A53T, the probability of residue K58 to pertain to a helix
is more than twice higher than one for the WT protein (PWT !
0.25 compared to PA53T ! 0.56). Mutation 53 occurs in the
N-terminal part of a helical region of WT, but its effect is not
trivial as the mutation could be naively expected to decrease the
helicity. Indeed, the propensity to be part of a helix is 1.45 for

alanine and 0.82 for threonine according to the empirical helix
propensity scale (Chou and Fasman, 1974). The increase of
helicity observed in the 53—65 region of the sequence upon
single mutation is clearly not a local effect. Similarly, single
amino-acid substitutions, A30P and E46K, also increase
significantly the helicity in the region of 53—65.

Compared to other proteins, another significant difference is
observed for A53T in the helical region located at residues
18—22, where the probability to form an α-helix is significantly
larger for this mutant. For example, the peak at E20
corresponds to the following probabilities: PWT ! 0.07, PA30P
! 0.04, PA53T ! 0.14, and PE46K ! 0.05. The significant increase
of helicity in the 18—22 and 53—65 regions explains why state
B of A53T is less populated, as shown in Figures 4, 5 and
discussed in the previous section. The presence of an α-helix in
the 18—22 region might explain why mutation A18T induces
significant modification of the α-syn polymerization (Kumar
et al., 2018). Simulations of this mutant are scheduled in the
future. For A30P, the probability to observe a helix in the NAC
region is slightly lower than for other proteins: the probabilities
at A78 are PWT ! 0.37, PA30P ! 0.32, PA53T ! 0.40, and
PE46K ! 0.38.

FIGURE 6 | Selected representative structures for WT and mutants extracted from the conformational sub-ensembles corresponding to the maximum fraction in
the helix (first column), the maximum fraction in the β-sheet (second column), the most probable sub-state of state B (third column), and the most probable sub-state of
state HB (last column). The coordinates correspond to the position in (α, β) maps of Figure 4. Orange spheres represent backbone atoms at the mutation location. The
3D representations were made with the PyMOL software (Schrödinger, 2015).
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3 RESULTS
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Distinct States
The algorithm CUTABI was applied to the α-syn conformations
to compute the number of residues in the α-helix (α) and β-sheet
(β) of each structure forWT andmutants. Each conformation has
(α, β) coordinates. The resulting probability densities in the (α, β)
space are represented in Figure 4. In thesemaps, only the residues
from the N-terminal and NAC regions were considered for the
calculations [as can be seen in the next section (Figure 8), the
C-terminal region does not contribute to SSE differences between
WT and mutants].

A major observation is that the conformations are divided into
two distinct states for the N-terminal + NAC region: an ensemble
of conformations with no residue in the helix (state B) and the
rest of conformations (state HB). The highest probability of
observing a conformation in state B is an order of magnitude

larger than that of state HB, as can be seen by comparing (the
scale of) two-dimensional and one-dimensional plots in Figure 4.
In addition, Figure 4 reveals clear differences between WT and
mutants.

First, we discuss the global differences between states B of WT
and mutants (one-dimensional functions in Figure 4). The
maximum of the distributions is at 50, 54, 53, and 40 for WT,
A30P, A53T, and E46K, respectively. The distribution is sharper
for A30P, which has the largest number of conformations with
the largest number of residues (between 60 and 70) in the β-sheet.
Clearly, A53T has the lowest number of conformations in state B.
This is even better seen in Figure 5, showing the fraction of
conformations within a free-energy difference cutoff from the
global minimum of state B for each protein. With Pmax being the
maximum of probability at (0, β) (in the B state) and P being the
probability at (α, β) (α≥ 0, in the B or HB states), the free-energy
cutoff is computed as −ln(Pmax

P ) in kT units, where k is the
Boltzmann constant and T is the temperature. Within 1 kT,
there is 32% of the conformations found for WT, E46K, and
A30P and only 20% for A53T, as shown in Figure 5.

FIGURE 4 | Probability density of the number of residues in the α-helix and β-sheet for WT and mutants of α-syn. The probability density of state B (no helix) is
represented by a function (gray) (right vertical axis), and the probability density of state HB is represented by a two-dimensional map (right color bar).
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RESULTS – MONOMERS – COMBINATION OF ORDER PARAMETERS

As shown in Figure 8, the probabilities to find residues in the
β-sheet are significantly high in the N-terminal and NAC regions
up to about residue 100 at the same locations for WT and
mutants. For WT, the maximum of the peaks observed in
Figure 8 are PF4 ! 0.57, PK10 ! 0.61, PA17 ! 0.87, PT22 ! 0.76,
PE28 ! 0.65, PK34 ! 0.61, PY39 ! 0.69, PK43 ! 0.50, PV49 ! 0.4, PV55
! 0.69, PV63 ! 0.64, PV70 ! 0.32, PK80 ! 0.41, PA90 ! 0.58, and
PV95 ! 0.35.

As shown in Figure 8, the β-sheet probabilities are very similar
for WT and E46K along the sequence and differ significantly for
A30P in the region 26—80 and for A53T in the region 35—65.

The mutation A30P has a huge local impact on the probability of
residue 30 to pertain to a β-sheet, PWT,A30 ! 0.49 and PP30 ! 0.03.
This induces an unexpected increase of the probability to occur in
the β-sheet for the neighboring residues: P ! 0.85 for residues
26—29 and 32—35. Long-range effects of A30P mutation on the
propensities of other residues are observed by an increase of the
peaks at PY39 ! 0.76, PK43 ! 0.57, PV70 ! 0.42, PT75 ! 0.46, and
PV95 ! 0.46 and by a decrease of the peaks at PV55 ! 0.53 and PV63
! 0.54, compared to WT. The decrease in β-sheet propensity in
this region compared to WT agrees with their larger helical
propensity in this region for the A30P mutant (Figure 8). For
A53T, the most drastic effect of the single amino-acid
substitution occurs in the region 53—65, where the probability
to form β-sheets is significantly reduced compared to WT, PV55 !
0.32 and PV63 ! 0.40, in agreement with their high probabilities to
be in a helix (Figure 8). Other significant long-range effects of the
amino-acid substitution are observed at peaks PY39 ! 0.55, PT44 !
0.37, and PV49 ! 0.18, where the mutation A53T decreases the
probability to form a β-sheet compared to WT. Overall, two
crucial regions of the amino-acid sequence are affected by the
mutations: the region 26—35, where the A30Pmutation increases
mainly the β-sheet formation, and the region 53—65, where the
A53T mutation mainly decreases the β-sheet formation.

Finally, as shown in Figure 9 for all proteins, the statistics of
β-sheet propensity of state B differs from the global statistics (B +
HB) in the region 50—100, which encompasses the two major
helical regions centered at K58 and A78 (Figure 9, top panel).
The most significant differences are observed for A53T, for which
the probability to form a β-sheet is significantly lower in the HB
state in the region 50—70, where the probability to form an helix
is very high (Figure 9).

4 DISCUSSION

The present analysis is based on a first-principle (no bias or
constraints applied) very large conformational sampling of the
WT α-syn and mutants. As in any MD simulations, the sampling
is never complete and each force-field has some bias. Next, we
compare the predictions of UNRES for WT and mutants to
available experimental data and previous theoretical studies.

To illustrate the difficulties of producing a conformational
ensemble of α-syn, we compared (see Figure 10) the helix and
β-sheet probabilities computed in four different works using
MD simulations for WT α-syn (Ullman et al., 2011; Yu et al.,
2015; Ramis et al., 2019; Coskuner and Wise-Scira, 2013).
Compared to the UNRES simulations and Ref. Ullman et al.,
2011, the calculations of Ref. Yu et al., 2015 largely
overestimate the helical properties of α-syn, whereas the
simulations of Ref. Ramis et al., 2019 largely underestimate
them. The simulations of Ref. Coskuner and Wise-Scira, 2013
also predict a larger helical propensity than the one found in
the present work (Figure 8) and in Ref. Ullman et al., 2011
(Figure 10). It is worth noting that the helical region nearby
residue 60 is found in the UNRES simulations (Figure 8) and
in Refs. Ullman et al., 2011; Coskuner and Wise-Scira, 2013
(Figure 10).

FIGURE 7 | Probability density of gyration radius computed for WT and
mutants of α-syn for the complete conformational ensemble (top panel), the
ensemble of state HB (middle panel), and the ensemble of state B (bottom
panel). The color code is WT (black), A30P (purple), E46K (turquoise),
and A53T (orange). State B represents 40% of conformations for WT, A30P,
and E46K and 25% for A53T (see text).
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On going work 

1. A protein graph (PG) is built from a 3D structure

 

2 
 

define a particular specific graph representing the folded state of each molecule that we name 
“native graph (NG)”. As a graph is defined only by the relations between the vertices, it has 
no unique representation in the Euclidian space. Two representations of the native graphs of 
TRP-cage are given for example in panels (e).  
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Fig. 1 Panels (a) and (b) are typical 3D experimental structures of folded TRP-cage and HP-36, respectively. The 
backbone is represented by ribbons and color is from blue to red from i=1 to n. Panels (c) and (d) are PDFs of d 
(C - C distance distance) for TRP-cage and for HP-36, computed from the folded structures (blue line) and MD 
trajectories (black line) respectively. Panel (e) are two possible representations of the native graph of TRP-cage.  

2.2.  Notations and definitions 

We introduce usual notations and definitions of graph theory. The graph is noted 
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2. Topological descriptors are computed for each graph (=each structure)

Global force constant K 
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3. Free-energy landscape (K,l) for a-synuclein monomer

3 states

3 states
K & l are inversely related !
(universal for proteins)

3 states

Analytical result for an
unfolded protein
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RESULTS – MONOMERS - SUMMARY 

MAIN MESSAGES FROM THE MONOMER SIMULATIONS

• IDP (Rg)

• Two « states » : B & HB  (na,nb)

• Two « states » of Rg in the B state (na,nb + Rg) except A53T

• PDF of the topological descriptor l shows 3 different sub-states
except A53T (further analysis with graph is on going)

• The global force constant is inversely related to l (general)

• Complexity of the FELs -> multidimensional approach to pursue
Experimental test – single-molecule spectroscopy…
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RESULTS – PART 1 DIMERS – COMPLEXITY OF THE FEL (I, contacts)

The statistics of contacts between amino acids (Figure 1,
Figure 2, Figure 3) were computed by defining a contact as a
pair of 2 Cα atoms belonging to different residues at a distance

smaller than 6 Å. By definition, the Cα atom of a residue may
form several contacts. The mean contact of a residue (Figure 2)
is computed as the average of all intermolecular contacts made

FIGURE 1 | Color maps of -ln[P(ninter ,nintra )Pmax
] computed from the 2D probability density function P of the number of inter-chain (ninter) and intra-chain (nintra) contacts

between the residues of α-syn for the complete ensemble of dimers found in molecular dynamics trajectories at 300 and 310 K of theWT and variants. In eachmap, Pmax

is the maximum value of the probability of the map. The local minima within one unit from the global minimum of each map are numbered. Examples of 3D structures
associated with each local minimum of the WT are represented with the N-terminus in blue, NAC in red, and the C-term in green. The light and dark colors
differentiate the structure of the two monomers within the dimers.

FIGURE 2 | Mean intermolecular contact of a residue of α-syn WT and mutants for the complete ensemble of dimers found in molecular dynamics trajectories at
300 and 310 K. The color code is black (WT), violet (A30P), orange (A53T), and turquoise (E46K). The upper bar represents the N-terminal (blue), NAC (red), and
C-terminal (green) regions of the sequence. The red and green rectangles on the upper dotted bars describe the locations of the intermolecular β-sheets identified by
CUTABI in the experimental structures of α-syn fibrils with the PDB IDs 6ssx and 2n0a, respectively.
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WT
structures

The statistics of contacts between amino acids (Figure 1,
Figure 2, Figure 3) were computed by defining a contact as a
pair of 2 Cα atoms belonging to different residues at a distance

smaller than 6 Å. By definition, the Cα atom of a residue may
form several contacts. The mean contact of a residue (Figure 2)
is computed as the average of all intermolecular contacts made

FIGURE 1 | Color maps of -ln[P(ninter ,nintra )Pmax
] computed from the 2D probability density function P of the number of inter-chain (ninter) and intra-chain (nintra) contacts

between the residues of α-syn for the complete ensemble of dimers found in molecular dynamics trajectories at 300 and 310 K of theWT and variants. In eachmap, Pmax

is the maximum value of the probability of the map. The local minima within one unit from the global minimum of each map are numbered. Examples of 3D structures
associated with each local minimum of the WT are represented with the N-terminus in blue, NAC in red, and the C-term in green. The light and dark colors
differentiate the structure of the two monomers within the dimers.

FIGURE 2 | Mean intermolecular contact of a residue of α-syn WT and mutants for the complete ensemble of dimers found in molecular dynamics trajectories at
300 and 310 K. The color code is black (WT), violet (A30P), orange (A53T), and turquoise (E46K). The upper bar represents the N-terminal (blue), NAC (red), and
C-terminal (green) regions of the sequence. The red and green rectangles on the upper dotted bars describe the locations of the intermolecular β-sheets identified by
CUTABI in the experimental structures of α-syn fibrils with the PDB IDs 6ssx and 2n0a, respectively.

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 9101045

Guzzo et al. α-Synuclein Dimers

by this residue in all snapshots of all trajectories at 300 and
310 K.

3 RESULTS

3.1 Propensity of α-Syn Dimerization
A dimensionless (effective) free-energy landscape of the α-syn
dimers, -ln[P(ninter,nintra)Pmax

], was computed from the two-dimensional
probability density P of the number of inter-chain (ninter) and
intra-chain (nintra) contacts between the residues for the WT and
the mutants (Figure 1). Pmax is the maximum value of the
probability for each protein. For all proteins, nintra varies
between about 200 and 400. The minimum value of ninter is 11
by definition of a dimer (see Material and Methods) and the
maximum about 150 for the WT, A30P, and A53T and 200 for
E46K. As for the monomer, the α-syn dimer has no unique native
conformation but is represented by a large variety of dimer
conformations. The structural diversity of the dimer
conformations is shown in Figure 1 where one structure was
randomly selected from each subpopulation of the minima of the
WT effective free energy.

The numbered local minima correspond to different
subpopulations of dimers with similar free energies (Table 1).
These minima are separated by low barriers for theWT and A30P
(violet to red regions between the minima in Figure 1). A larger
barrier exists between the minima 1 and 5 of A53T and the
minimum 3 and the minima 1 and 2 for E46K. It is worth noting

that only the WT has a map without large barriers, whereas the
maps of A30P, A53T, and E46K show small islands separated
from the rest by large barriers. The inter-conversions between
different subpopulations of dimer structures seem easier in the
WT compared to the variants.

Figure 1 is muted on how the numerous intermolecular
contacts are spread along the sequence. To answer this
question, we first calculate the mean intermolecular
contacts of residues along the sequence, as shown in
Figure 2. For the WT, we observe seven representative
peaks with maximum at A17, A27, Y39, and V49-A53 in
the N-terminus; at A76 and I88-A90 in the NAC; and at L113
in the C-terminus. All these positions correspond to
hydrophobic residues. In particular, the two largest peaks
correspond to segments of three, A76-V77-A78, and four, I88-
A89-A90-A91, hydrophobic residues, respectively. As
mentioned previously, alanine plays a particular role in the

FIGURE 3 | Contact maps computed for the complete ensemble of α-syn dimers found in molecular dynamics simulations for the WT and the mutants. The upper
panels show intermolecular contacts between chains A and B of the dimers, and the lower panels show intra-molecular contacts within monomers A + B. The color bars
indicate the probability. Note the different scales for intra- and intermolecular contact maps.

TABLE 1 | Effective (dimensionless) free-energy difference (-ln[Pi
P1
]), where P1 and

Pi are the probabilities of the minimum 1 and the of ith minima shown in
Figure 1 for the WT and the variants.

Protein Min 2 Min 3 Min 4 Min 5

WT 0.08 0.39 0.40 0.84
A30P 0.42 0.54 - -
A53T 0.04 0.12 0.14 0.24
E46K 0.32 0.72 - -
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RESULTS – PART 1 DIMERS - COMPLEXITY OF THE FEL (II, Rg)

Complexity of the FEL (II) "!	

density functions of the gyration radius (Figure 10), the
effective free-energy landscape of the contacts (Figure 1),
the effective free-energy landscape of the secondary
structures (Figure 4), and the probability density function
of the A90–A90 distance (Figure 11). The second significant
finding is that the ensemble of heterogeneous dimer
conformations is divided in a majority of disordered dimers
and a complementary minority of Dfncs (Figure 9). The third
important finding is that a single amino-acid substitution has a
huge effect on the contact probability between (hydrophobic)
residues of α-syn, which is not limited to the vicinity of the
mutated residue as shown in Figure 6 for disordered dimers
and in Figures 8, 9 for Dfncs. Keeping in mind that the
effective time scale of the present simulations (millisecond)
represents the early lag phase of fibril growth, as it is three to
four orders of magnitude smaller than the lag phase of fibrils
observed experimentally, we will, however, attempt next to

make qualitative comparisons between these three significant
results and different experimental findings.

Unfortunately, there are no SAXS or SANS measurements of
α-syn dimers to compare directly with Figure 10 to the best of our
knowledge. It is worth noting that the distribution of the gyration
radius of α-syn monomers is single peak, except for the sub-
ensemble of A30P and E46K monomers without an alpha-helix
(B monomer state), for which a small peak at Rg = 18 Å was found
(Guzzo et al., 2021). For recombinant monomeric α-syn, the
average gyration radius, extrapolated at infinite dilution, is 27.2 ±
0.44 Å (Araki et al., 2016), comparable to the value calculated
previously in our MD simulations (24.7Å) (Guzzo et al., 2021).
The experimental value of the gyration radius of a monomer
varies among the experiments: for example, in Tris-buffer, it is
increased to 42.7Å (Araki et al., 2016). We hypothesize that the
presence of dimers in amonomeric solutionmay give an apparent
larger gyration radius of the monomers because the dimer
conformational ensembles have an average gyration radius of
about 10Å larger than one of the monomer ensembles (Table 2).

The heterogeneity of the size distribution (Figure 10) and of
the contacts (Figure 1) of α-syn dimers can be related to the
rupture-force AFM experiments on WT, A30P, A53T, and E46K
α-syn dimers in solution (Krasnoslobodtsev et al., 2013). These
experiments were performed at low pH to increase the
aggregation propensity of α-syn and with the additional
mutation A40C needed to hang one of the monomers on the
AFM tip and the other on the surface. Contour lengths of the

FIGURE 10 | Probability density functions of the gyration radius for the WT and mutants computed from MD simulations (circle symbols and dashed lines). Each
distribution is represented by a set of Gaussians (colored areas), the number and the parameters of which were found by applying the GMM algorithm. The sum of
Gaussians is represented by a full black line.

TABLE 3 | Clustering of the gyration radius probability density using the GMM
algorithm. The values in brackets are the corresponding % of the ensemble of
the conformations.

Protein Cluster 1 Cluster 2 Cluster 3 Average value

WT 33.5 Å (60%) 42.2 Å (40%) - 37.0 Å (100%)
A30P 37.6 Å (73%) 47.6 Å (16%) 26.1 Å (11%) 37.9 Å (100%)
A53T 31.1 Å (41%) 37.6 Å (38%) 43.8 Å (21%) 36.2 Å (100%)
E46K 32.7 Å (72%) 41.7 Å (28%) - 35.2 Å (100%)
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SUPPLEMENTARY FIGURES

Figure S1. Color maps of -ln
h
P (ninter,nintra)

Pmax

i
computed from the 2D probability density function P of

the number of inter-chain (ninter) and intra-chain (nintra) contacts between the residues of ↵-syn for each

sub-population of dimers computed by the Gaussian Mixture Model (GMM) algorithm for the probability

density of gyration radius of WT and mutants (see Figure 10 of the main text). The numbers given in inset

are the positions in Å of the maxima of the Gaussian functions in the GGM clustering (see Table 3 of the

main text). In each map, Pmax is the maximum value of the probability of the map.

1

The statistics of contacts between amino acids (Figure 1,
Figure 2, Figure 3) were computed by defining a contact as a
pair of 2 Cα atoms belonging to different residues at a distance

smaller than 6 Å. By definition, the Cα atom of a residue may
form several contacts. The mean contact of a residue (Figure 2)
is computed as the average of all intermolecular contacts made

FIGURE 1 | Color maps of -ln[P(ninter ,nintra )Pmax
] computed from the 2D probability density function P of the number of inter-chain (ninter) and intra-chain (nintra) contacts

between the residues of α-syn for the complete ensemble of dimers found in molecular dynamics trajectories at 300 and 310 K of theWT and variants. In eachmap, Pmax

is the maximum value of the probability of the map. The local minima within one unit from the global minimum of each map are numbered. Examples of 3D structures
associated with each local minimum of the WT are represented with the N-terminus in blue, NAC in red, and the C-term in green. The light and dark colors
differentiate the structure of the two monomers within the dimers.

FIGURE 2 | Mean intermolecular contact of a residue of α-syn WT and mutants for the complete ensemble of dimers found in molecular dynamics trajectories at
300 and 310 K. The color code is black (WT), violet (A30P), orange (A53T), and turquoise (E46K). The upper bar represents the N-terminal (blue), NAC (red), and
C-terminal (green) regions of the sequence. The red and green rectangles on the upper dotted bars describe the locations of the intermolecular β-sheets identified by
CUTABI in the experimental structures of α-syn fibrils with the PDB IDs 6ssx and 2n0a, respectively.
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RESULTS – PART 1 DIMERS - COMPLEXITY OF THE FEL (III, na,nb)

magnitude larger than that of state HB (Guzzo et al., 2021). In
Figure 4, states B are clearly visible for the monomers forming
A30P and E46K dimers with a probability only twice larger than
state HB. On the opposite, states B disappeared in the WT and
A53T dimers where the probability to find a dimer with no helix
is completely negligible. For A30P, the maximum number of
residues in β-sheets is 155 and the highest probable number is
139, i.e., half of the residues of the dimer. A sub-state B is found at
about 90 for A30P. For E46K, the maximum number of residues
in state B is also large (133) with a peak at 108 and a second peak
at 66.

States B and HB can be distinguished from the function
presented in Figure 5 showing the fraction of conformations
within an effective free-energy difference cut-off from the global
minimum of state B for each protein (Guzzo et al., 2021). With
Pmax, the maximum of probability at (0, β) (in the B state), and P,
the probability at (α, β) (α ≥ 0, in the B or HB states), the effective
free-energy cut-off is computed as −ln( P

Pmax
) in kT units, where k

is the Boltzmann constant and T is the temperature. By definition,
the derivative of the curves represented in Figure 5 represents the
Density Of conformations or micro-States (DOS). For A30P and
E46K, a change in slope (DOS) is observed at about 1.2 kT,
corresponding to about 10 and 45% of the conformations,

respectively. The change in slope at 1.2 kT points up the
separation between main states, i.e., the onset of state HB,
i.e., a state with a mixture of α-helices and β-sheets. The case
of E46K is special. We observe in fact two changes in slope at
about 0.8 and 1.2 kT corresponding to the major peak at 110
residues and the minor peak at 70 residues in the one-
dimensional probability density of state B in Figure 4. The
HB state of E46K (Figure 4) is also very different from the
HB states of the other proteins: they are rare dimers with helical
regions larger than about 15 residues. Conformations with a
maximum number of residues in helix are a few on the time scale
of the present simulations with amaximum number of residues in
the helix of 59, 50, 63, and 61 for theWT, A30P, A53T, and E46K,
respectively. As for the monomers, A53T is the structure with the
largest number of residues in helix (Guzzo et al., 2021). It is worth
noting that the free-energy map of the HB state of A53T is also the
most diffuse. The global minima of the HB maps are (13,80),
(13,98), (31,70), and (8,91) for the WT, A30P, A53T, and E46K,
respectively. The positions of these minima reflect also the largest
propensities to form helical segments and β-sheets for A53T and
E46K, respectively.

The probability to find the different secondary structures
along the amino-acid sequence of the WT and mutants of

FIGURE 4 | Probability density of the number of residues in α-helices and β-sheets for the WT and mutants of α-syn. The probability density of state B (no helix) is
represented by a function (gray) (right vertical axis), and the probability density of state HB is represented by a two-dimensional map (right color bar).
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MAIN MESSAGES FROM THE DIMER SIMULATIONS – PART 1

• On the simulation time-scale dimers are disordered structures as IDP

•  Gyration radius distribution multimodal (differences WT/mutants)

• B state of dimers correspond to a very small number of configurations

• Complexity of the FELs -> multidimensional approcah to pursue

RESULTS – DIMERS – SUMMARY 1
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RESULTS – PART 2 DIMERS – NUCLEATION OF FIBRILS

Among all disordered structures can we detect the nucleation of
pre-fibrillar structures ? Possible nucleation centers for the fibrils ?

Maps of intermolecular contacts computed on the whole ensemble of dimers

by this residue in all snapshots of all trajectories at 300 and
310 K.

3 RESULTS

3.1 Propensity of α-Syn Dimerization
A dimensionless (effective) free-energy landscape of the α-syn
dimers, -ln[P(ninter,nintra)Pmax

], was computed from the two-dimensional
probability density P of the number of inter-chain (ninter) and
intra-chain (nintra) contacts between the residues for the WT and
the mutants (Figure 1). Pmax is the maximum value of the
probability for each protein. For all proteins, nintra varies
between about 200 and 400. The minimum value of ninter is 11
by definition of a dimer (see Material and Methods) and the
maximum about 150 for the WT, A30P, and A53T and 200 for
E46K. As for the monomer, the α-syn dimer has no unique native
conformation but is represented by a large variety of dimer
conformations. The structural diversity of the dimer
conformations is shown in Figure 1 where one structure was
randomly selected from each subpopulation of the minima of the
WT effective free energy.

The numbered local minima correspond to different
subpopulations of dimers with similar free energies (Table 1).
These minima are separated by low barriers for theWT and A30P
(violet to red regions between the minima in Figure 1). A larger
barrier exists between the minima 1 and 5 of A53T and the
minimum 3 and the minima 1 and 2 for E46K. It is worth noting

that only the WT has a map without large barriers, whereas the
maps of A30P, A53T, and E46K show small islands separated
from the rest by large barriers. The inter-conversions between
different subpopulations of dimer structures seem easier in the
WT compared to the variants.

Figure 1 is muted on how the numerous intermolecular
contacts are spread along the sequence. To answer this
question, we first calculate the mean intermolecular
contacts of residues along the sequence, as shown in
Figure 2. For the WT, we observe seven representative
peaks with maximum at A17, A27, Y39, and V49-A53 in
the N-terminus; at A76 and I88-A90 in the NAC; and at L113
in the C-terminus. All these positions correspond to
hydrophobic residues. In particular, the two largest peaks
correspond to segments of three, A76-V77-A78, and four, I88-
A89-A90-A91, hydrophobic residues, respectively. As
mentioned previously, alanine plays a particular role in the

FIGURE 3 | Contact maps computed for the complete ensemble of α-syn dimers found in molecular dynamics simulations for the WT and the mutants. The upper
panels show intermolecular contacts between chains A and B of the dimers, and the lower panels show intra-molecular contacts within monomers A + B. The color bars
indicate the probability. Note the different scales for intra- and intermolecular contact maps.

TABLE 1 | Effective (dimensionless) free-energy difference (-ln[Pi
P1
]), where P1 and

Pi are the probabilities of the minimum 1 and the of ith minima shown in
Figure 1 for the WT and the variants.

Protein Min 2 Min 3 Min 4 Min 5

WT 0.08 0.39 0.40 0.84
A30P 0.42 0.54 - -
A53T 0.04 0.12 0.14 0.24
E46K 0.32 0.72 - -
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in the C-terminus. All these positions correspond to
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FIGURE 3 | Contact maps computed for the complete ensemble of α-syn dimers found in molecular dynamics simulations for the WT and the mutants. The upper
panels show intermolecular contacts between chains A and B of the dimers, and the lower panels show intra-molecular contacts within monomers A + B. The color bars
indicate the probability. Note the different scales for intra- and intermolecular contact maps.
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E46K. As for the monomer, the α-syn dimer has no unique native
conformation but is represented by a large variety of dimer
conformations. The structural diversity of the dimer
conformations is shown in Figure 1 where one structure was
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WT effective free energy.
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We define Dfnc structures = Dimers with fibril native contacts
Structure with at least 5 consecutive native contacts

Fraction of Dfnc in dimers (minority): 
WT = 8%   <  A53T=11%    < E46K=14% < A30P=16%
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between the fluorophores. Therefore, the FRET experimental
procedure observed the aggregation of α-syn using a specific
local property that is directly correlated with the distance between
residues 90 of interacting monomers. It is, therefore, interesting
to compute the probability density functions of the distances
between the Cα of residues A90 in disordered dimers and in
Dfncs. These functions are presented in Figure 11 (panels A and
B) for the WT and mutants. In disordered dimers, we observe a
heterogeneity of these distances with a group of peaks below 15 Å
and other peaks between 20 Å and 80 Å (panel A). In the
subpopulation of Dfncs, there is a drastic change in the
distance probability distribution (panel B). All proteins, except
E46K, have a peak around 3.8 Å. This can be explained by Figures
8, 9, which show that residue 90 is involved in Nfcs for all

proteins, except E46K. All other peaks present in disordered
dimers have disappeared in Dfncs, except for E46K, for which we
observe a peak at around 15 Å and a large background. Regarding
this specific A90–A90 distance, the difference between the
probability densities of disordered dimers and Dfncs is
spectacular. In addition, this clearly shows that E46K has a
different behavior regarding this local parameter.

4 DISCUSSION

The first important finding of the present simulations is that
the ensemble of α-syn conformations (WT and mutants) is
strongly heterogeneous, as shown by the computed probability

FIGURE 9 | Analysis of the mean contact probability along the amino-acid sequence for the sub-ensemble of Dfncs found in MD trajectories for the WT and
variants. For each protein, the left panel represents the probability density of the number of contacts and the right panel represents its distribution along the sequence for
each point of the distribution, with a color code giving the probability at each residue according to the color bar on the right. 3D structure representatives of the maximum
number of native fibril-type contacts are shown with the following color: N-terminal (blue), NAC (red), C-terminal (green), and native contact region (black).

TABLE 2 | Percentages of residues in parallel and anti-parallel intra- and intermolecular β-sheets computed with CUTABI for the ensemble of dimers, the sub-ensemble of
Dfncs, and isolated monomers.

Dimer Dimer Dfncs Dfncs Monomer Monomer

Protein Parallel Anti-parallel Parallel Anti-parallel Parallel Anti-parallel

WT 16.5 27.9 29.1 28.7 10.6 28.4
A30P 18.2 35.1 21.0 27.0 10.9 31.1
A53T 17.1 29.4 22.8 30.8 11.0 22.4
E46K 18.9 31.8 23.1 30.0 10.3 25.8
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In addition we identify key amino-acids as for example L38, Y39 
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RESULTS – PART 2 DIMERS – COMPARISON WITH FRET DATA

Comparison to single-molecule FRET data

Fluorophores at residue 90

Horrocks et al., Anal. Chem. 87, 8818 (2015) 

dimers were extracted from force–distance curves. They were
interpreted as total lengths of stretchable parts of α-syn molecules
that are not involved in dimeric interaction and, thus, as the sum
of the total length from the C-terminal anchor point to the first
residue of a dimerization region in each monomer. The data show
a multi-peak distribution of contour lengths (Krasnoslobodtsev
et al., 2013), which might reflect the multiple minima observed in
Figure 1, as the contour length of a dimer conformation is related
to the number of intra-molecular and intermolecular contacts.
Moreover, the distribution of contour lengths is different for each
α-syn variant in the AFM experiments, as in Figure 1 for the
contacts. We hypothesize that the number of single and multiple
rupture force events might be correlated with the propensity of
the dimers to form Nfcs. A larger number of multiple rupture
force events for A53T and E46K compared to the WT and A30P
were interpreted as multiple interaction segments for the former
(Krasnoslobodtsev et al., 2013). This might be supported by
Figure 8 (black and red curves) as the WT and A30P form
Nfcs and intermolecular β-sheets in shorter localized segments
than A53T and E46K. Moreover, contour lengths can be
estimated for residues not involved in Nfcs shown in Figure 8
by assuming a Cα − Cα virtual bond distance of 3.8 Å and
evaluating the contour length as twice (for the two monomers)
the distance starting from the C-terminal to the first residue
forming a Nfc (Krasnoslobodtsev et al., 2013). For WT Dfncs, we
found a contour length of 357 Å (residues 140 to 94). For A30P
Dfncs, the distance is similar. For A53T Dfncs, two contour
lengths are estimated: 380 Å (residues 140 to 91) and 585 Å
(residues 140 to 64). This last value is the same for E46K Dfncs.
These values are on the same order of magnitude than the most
probable contour lengths in the experiment (340 Å and 440 Å)
(Krasnoslobodtsev et al., 2013). The comparison, although

qualitative, indicates that the heterogeneity of α-syn dimers
and the influence of a single amino-acid substitution on their
structural properties, found in MD, agree qualitatively with the
AFM force–distance data.

The heterogeneity of the (α, β) map could be tested in the early
lag phase of fibril formation by using single-molecule Raman
spectroscopy (Dai et al., 2021), as α-helices and β-sheets have
been well described by Raman fingerprints. Such data are not
available so far. In the present simulations, the ensemble of
heterogeneous dimer conformations is divided in a majority of
disordered dimers and a complementary minority of Dfncs for
both the WT and mutants. Dfncs could be identified by
spectroscopy. Indeed, the percentage of parallel intermolecular
β-sheets is characteristic of Dfncs as it is significantly larger than
the one in monomers and in disordered dimers (Table 2). This
result agrees with FTIR spectroscopy measurements indicating
thatWT α-syn fibrils have amajority of parallel β-sheets, contrary
to oligomers which show a majority of anti-parallel β-sheets
(Chen et al., 2015). The total amount of β-sheets estimated from
FTIR (Chen et al., 2015) is 35 ± 5% for oligomers of 10–40
molecules and 65 ± 10% for fibrils. In spite of the smaller size of
dimers and the shorter time-scale of the present simulations,
these values compare qualitatively with the sum of parallel and
anti-parallel β-sheets in WT disordered dimers (44.4%) and in
Dfncs (57,8%), respectively (Table 2).

Probably, the best technique to identify Dfncs from disordered
dimers would be single-molecule FRET.We tentatively compared
the results of Figure 11 with FRET studies of α-syn
oligomerization (Cremades et al., 2017; Cremades et al., 2012;
Tosatto et al., 2015; Horrocks et al., 2015) in the early lag phase of
fibril formation. A quantitative prediction of the FRET
efficiencies from α-syn conformations would require to

FIGURE 11 | Probability density functions of the distance between the Cα atoms of residues A90 in the ensembles of disordered dimers [panel (A)] and of Dfncs
[panel (B)] and the corresponding probability distribution functions of the approximated FRET efficiency E (see text) for the ensembles of disordered dimers [panel (C)]
and of Dfncs [panel (D)]. Color code: WT—black, A30P—purple, E46K—turquoise, and A53T—orange.
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MAIN MESSAGES FROM THE DIMER SIMULATIONS – PART 2

• 8-16% of prefibrillar structures (Dfnc) 
WT = 8%   <  A53T=11%    < E46K=14% < A30P=16%

• Shorter native contact region in A30P & WT but large number of dimers
could be interpreted as a slow fibril growth (as observed)

• Larger regions of native contacts in E46K and A53T could be interpreted
as a faster fibril growth (as observed)

• Importance of N-terminal region for dimerisation (E46K, A53T)

• Key amino-acids in aggregation (not shown)

• Agree with experimental data (AFM, FRET) – predictions for Rg (SAXS)

RESULTS – PART 2 DIMERS – SUMMARY 2
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MODEL & METHODOLOGY – REPLICA EXCHANGE MD

Production data = 5.9 milliseconds of effective
time scale for each protein at 300-310 K

CHAPITRE 2. MÉTHODES

Figure 2.3 – Récapitulatif des différents paramètres utilisés pour la réalisation des trajectoires
avec la méthode Replica Exchange. Les flèches de couleur représentent les différentes répliques
à différentes températures. Les barres verticales en pointillés donnent le nombre de pas simulés
dans ces trajectoires. Les schémas situés en dessous présentent la conformation de départ et les
différentes classes de conformations définies pour ↵-syn dans cette thèse au sein des trajectoires
simulées.

L’ensemble des conformations d’↵-syn a été divisé en trois classes distinctes : monomères,
dimères et sporadiques. Une chaine d’↵-syn fait partie de la classe monomère si chacun de ses
résidus est au moins à 25 Å des résidus de la seconde chaine. La classe dimères concerne deux
chaines dont au moins 10 résidus sont en interactions (définies par la distance de contact) avec
10 résidus de l’autre chaine. Enfin, la troisième classe, sporadique, contient toutes les autres
conformations possibles.

Le pas d’intégration d’UNRES est de 4.9 fs correspondant à temps effectif de 4.9 ns [86]. Le
temps effectif global est de 412 microsecondes par trajectoire. Les conformations des 4 premiers
millions de pas sont considérées comme trop proches de la conformation de départ et n’ont
donc pas été utilisées. Dans la continuité de ces 4 premiers millions, nous avons réalisé 8 blocs
de 10 millions de pas chacun. A partir des classes "monomères" et "dimères" nous avons vérifié
la convergence à l’aide du rayon de giration pour les monomères du WT (figure 2.4 panneau
de droite) et du contact moyen inter-chaines pour les dimères (figure 2.4 panneau de gauche)
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MODEL & METHODOLOGY – CUTABI ALGORITHM

CUrvature and Torsion based of Alpha-helix and Beta-sheet Identification

With CUTABI, no need to convert coarse-grained structures in all atom to identify 
secondary structures (works even better than DSSP in some cases)

a-helix

b-sheets

Local 
torsion

Local 
curvature

For details see A. Guzzo et al., Frontiers in Molecular Biosciences, 8, 786123 (2021) 
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3. Free-energy landscape (K,l) for a-synuclein monomer

As shown in Figure 8, the probabilities to find residues in the
β-sheet are significantly high in the N-terminal and NAC regions
up to about residue 100 at the same locations for WT and
mutants. For WT, the maximum of the peaks observed in
Figure 8 are PF4 ! 0.57, PK10 ! 0.61, PA17 ! 0.87, PT22 ! 0.76,
PE28 ! 0.65, PK34 ! 0.61, PY39 ! 0.69, PK43 ! 0.50, PV49 ! 0.4, PV55
! 0.69, PV63 ! 0.64, PV70 ! 0.32, PK80 ! 0.41, PA90 ! 0.58, and
PV95 ! 0.35.

As shown in Figure 8, the β-sheet probabilities are very similar
for WT and E46K along the sequence and differ significantly for
A30P in the region 26—80 and for A53T in the region 35—65.

The mutation A30P has a huge local impact on the probability of
residue 30 to pertain to a β-sheet, PWT,A30 ! 0.49 and PP30 ! 0.03.
This induces an unexpected increase of the probability to occur in
the β-sheet for the neighboring residues: P ! 0.85 for residues
26—29 and 32—35. Long-range effects of A30P mutation on the
propensities of other residues are observed by an increase of the
peaks at PY39 ! 0.76, PK43 ! 0.57, PV70 ! 0.42, PT75 ! 0.46, and
PV95 ! 0.46 and by a decrease of the peaks at PV55 ! 0.53 and PV63
! 0.54, compared to WT. The decrease in β-sheet propensity in
this region compared to WT agrees with their larger helical
propensity in this region for the A30P mutant (Figure 8). For
A53T, the most drastic effect of the single amino-acid
substitution occurs in the region 53—65, where the probability
to form β-sheets is significantly reduced compared to WT, PV55 !
0.32 and PV63 ! 0.40, in agreement with their high probabilities to
be in a helix (Figure 8). Other significant long-range effects of the
amino-acid substitution are observed at peaks PY39 ! 0.55, PT44 !
0.37, and PV49 ! 0.18, where the mutation A53T decreases the
probability to form a β-sheet compared to WT. Overall, two
crucial regions of the amino-acid sequence are affected by the
mutations: the region 26—35, where the A30Pmutation increases
mainly the β-sheet formation, and the region 53—65, where the
A53T mutation mainly decreases the β-sheet formation.

Finally, as shown in Figure 9 for all proteins, the statistics of
β-sheet propensity of state B differs from the global statistics (B +
HB) in the region 50—100, which encompasses the two major
helical regions centered at K58 and A78 (Figure 9, top panel).
The most significant differences are observed for A53T, for which
the probability to form a β-sheet is significantly lower in the HB
state in the region 50—70, where the probability to form an helix
is very high (Figure 9).

4 DISCUSSION

The present analysis is based on a first-principle (no bias or
constraints applied) very large conformational sampling of the
WT α-syn and mutants. As in any MD simulations, the sampling
is never complete and each force-field has some bias. Next, we
compare the predictions of UNRES for WT and mutants to
available experimental data and previous theoretical studies.

To illustrate the difficulties of producing a conformational
ensemble of α-syn, we compared (see Figure 10) the helix and
β-sheet probabilities computed in four different works using
MD simulations for WT α-syn (Ullman et al., 2011; Yu et al.,
2015; Ramis et al., 2019; Coskuner and Wise-Scira, 2013).
Compared to the UNRES simulations and Ref. Ullman et al.,
2011, the calculations of Ref. Yu et al., 2015 largely
overestimate the helical properties of α-syn, whereas the
simulations of Ref. Ramis et al., 2019 largely underestimate
them. The simulations of Ref. Coskuner and Wise-Scira, 2013
also predict a larger helical propensity than the one found in
the present work (Figure 8) and in Ref. Ullman et al., 2011
(Figure 10). It is worth noting that the helical region nearby
residue 60 is found in the UNRES simulations (Figure 8) and
in Refs. Ullman et al., 2011; Coskuner and Wise-Scira, 2013
(Figure 10).

FIGURE 7 | Probability density of gyration radius computed for WT and
mutants of α-syn for the complete conformational ensemble (top panel), the
ensemble of state HB (middle panel), and the ensemble of state B (bottom
panel). The color code is WT (black), A30P (purple), E46K (turquoise),
and A53T (orange). State B represents 40% of conformations for WT, A30P,
and E46K and 25% for A53T (see text).
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Supplementary Material

SUPPLEMENTARY FIGURES

Figure S1. Color maps of -ln
h
P (ninter,nintra)

Pmax

i
computed from the 2D probability density function P of

the number of inter-chain (ninter) and intra-chain (nintra) contacts between the residues of ↵-syn for each

sub-population of dimers computed by the Gaussian Mixture Model (GMM) algorithm for the probability

density of gyration radius of WT and mutants (see Figure 10 of the main text). The numbers given in inset

are the positions in Å of the maxima of the Gaussian functions in the GGM clustering (see Table 3 of the

main text). In each map, Pmax is the maximum value of the probability of the map.

1
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by this residue in all snapshots of all trajectories at 300 and
310 K.

3 RESULTS

3.1 Propensity of α-Syn Dimerization
A dimensionless (effective) free-energy landscape of the α-syn
dimers, -ln[P(ninter,nintra)Pmax

], was computed from the two-dimensional
probability density P of the number of inter-chain (ninter) and
intra-chain (nintra) contacts between the residues for the WT and
the mutants (Figure 1). Pmax is the maximum value of the
probability for each protein. For all proteins, nintra varies
between about 200 and 400. The minimum value of ninter is 11
by definition of a dimer (see Material and Methods) and the
maximum about 150 for the WT, A30P, and A53T and 200 for
E46K. As for the monomer, the α-syn dimer has no unique native
conformation but is represented by a large variety of dimer
conformations. The structural diversity of the dimer
conformations is shown in Figure 1 where one structure was
randomly selected from each subpopulation of the minima of the
WT effective free energy.

The numbered local minima correspond to different
subpopulations of dimers with similar free energies (Table 1).
These minima are separated by low barriers for theWT and A30P
(violet to red regions between the minima in Figure 1). A larger
barrier exists between the minima 1 and 5 of A53T and the
minimum 3 and the minima 1 and 2 for E46K. It is worth noting

that only the WT has a map without large barriers, whereas the
maps of A30P, A53T, and E46K show small islands separated
from the rest by large barriers. The inter-conversions between
different subpopulations of dimer structures seem easier in the
WT compared to the variants.

Figure 1 is muted on how the numerous intermolecular
contacts are spread along the sequence. To answer this
question, we first calculate the mean intermolecular
contacts of residues along the sequence, as shown in
Figure 2. For the WT, we observe seven representative
peaks with maximum at A17, A27, Y39, and V49-A53 in
the N-terminus; at A76 and I88-A90 in the NAC; and at L113
in the C-terminus. All these positions correspond to
hydrophobic residues. In particular, the two largest peaks
correspond to segments of three, A76-V77-A78, and four, I88-
A89-A90-A91, hydrophobic residues, respectively. As
mentioned previously, alanine plays a particular role in the

FIGURE 3 | Contact maps computed for the complete ensemble of α-syn dimers found in molecular dynamics simulations for the WT and the mutants. The upper
panels show intermolecular contacts between chains A and B of the dimers, and the lower panels show intra-molecular contacts within monomers A + B. The color bars
indicate the probability. Note the different scales for intra- and intermolecular contact maps.

TABLE 1 | Effective (dimensionless) free-energy difference (-ln[Pi
P1
]), where P1 and

Pi are the probabilities of the minimum 1 and the of ith minima shown in
Figure 1 for the WT and the variants.

Protein Min 2 Min 3 Min 4 Min 5

WT 0.08 0.39 0.40 0.84
A30P 0.42 0.54 - -
A53T 0.04 0.12 0.14 0.24
E46K 0.32 0.72 - -
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RESULTS - DIMERS

of the maximum of probability to form a helix and residue 39 has
a high propensity to form intra-molecular β-sheets in both
disordered dimers (Figure 6) and the monomers (Guzzo et al.,
2021).

3.4 Selected Local and Global Properties
Related to Experimental Techniques
In dimers, the residues may form both intra-molecular and
intermolecular parallel and anti-parallel β-sheets that can be
distinguished in infrared and Raman spectroscopies using amide
bands.Table 2 shows a significant variation in the amount of parallel
β-sheets between the monomers and the dimers. The formation of
disordered dimers and Dfncs is clearly characterized by an increase
in the proportion of residues in parallel β-sheets compared to
monomers: by increasing percentage, one finds monomer,
disordered dimers, and Dfncs. The amount of parallel β-sheets in
Dfncs is the largest for the WT despite the fact that the length of
segments of Nfcs is quite short (Figure 9), which implies thatmost of
the parallel β-sheets are in segments of WT monomers that are not
aligned as in fibrils. For the proportion of anti-parallel β-sheets, we
do not observe a clear systematic variation between the monomers
and the dimers. For A53T and E46K, the percentage of anti-parallel
β-sheets is increased from the monomers to disordered dimers and

Dfncs. No significant change is found for theWT. The case of A30P
is special: the proportion of anti-parallel β-sheets is decreased in
Dfncs and increased in disordered dimers compared to the
monomers. It is worth noting that on the time scale of the
simulations, the Dfncs represent about 9–15% of the structures,
with the other dimers being disordered.

A global parameter that can be measured by SAXS is the
gyration radius. The probability density functions of the gyration
radius of the ensemble of dimers are presented in Figure 10. Each
function can be represented by the sum of several subpopulations
described by Gaussian functions. The Gaussian parameters, given
in Table 3, were computed with the Gaussian mixture model
(GMM) algorithm (Reynolds et al., 2009). However, the GMM
clustering is misleading as the subpopulations cover large areas of
the free-energy landscape maps of the contacts (ninter, nintra)
(Figure 1) and of the secondary structures (α, β) (Figure 4), as
shown in Supplementary Figure S1 and Supplementary Figure
S2, respectively. Finally, the average gyration radius (Table 3) is
the smallest for E46K and the largest for A30P.

Single-molecule FRET allows us to extract information on
local properties. In Cremades et al. (2012), Horrocks et al. (2015),
and Tosatto et al. (2015), the fluorophores (Alexa Fluor 488 and
Alexa Fluor 647) were covalently linked at position 90 of α-syn
mutants A90C. The FRET efficiencies depend on the distance

FIGURE 8 | Analysis of the secondary structures in the sub-ensemble of α-syn dimers with native fibril-type contacts found in molecular dynamics simulations for
the WT and the mutants at 300 and 310 K. Probabilities for each residue to pertain to an α-helix (blue), to an intra-molecular β-sheet (green), to an intermolecular β-sheet
(black), and to a native intermolecular β-sheet fibril type (red).
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simulate the protein labeled with the fluorescent molecules and to
model the FRET mechanism (Hoefling et al., 2011). Such an
approach is difficult to apply for a large and complicated protein
like α-syn. In addition, to predict protein structure modifications
introduced by the cysteine mutations and the fluorescent organic
molecules, it is necessary to build and test a new coarse-grained
force field for the fluorescent molecules covalently linked to α-
syn. This task is extremely demanding in computer time and is
well beyond the scope of the present work. For these reasons, we
chose to compute an approximate efficiency E from the distance
distributions between the Cα atoms shown in Figure 11 (panels A
and B). From these distances, we extracted an approximated
FRET efficiency E as E ! 1/[1 + (d/R0)6], where d is the distance
between the Cα atoms increased by 20Å and R0 is the Förster
distance with R0 = 60Å for the fluorophores used (dos Remedios
and Moens, 1995). Note that a single value of R0 is a severe
approximation that assumes an averaging of the fluorophore
orientation. The shift of 20Å takes into account twice the
estimated distance between the dye center of a fluorophore
and the Cα atom to which it is linked (Nicolaï et al., 2013).

The probability distribution of E is shown in Figure 11 (panels C
and D). In disordered dimers (panel C), we observed two regions
with peaks of low (< 0.15) and of high efficiency (> 0.75). In Dfncs
(panel D), peaks are observed only at high efficiency (> 0.9) with a
small background at all efficiencies. It is tempting to associate the
Dfncs with type B dimers. The disordered dimers are both A and B
(panel C). It was proposed that the α-syn dimers might be a mixture
of types A and B, which cannot be resolved experimentally
(Horrocks et al., 2015). The time scale simulated here is of
course extremely short compared to that in FRET experiments,
but it is very interesting to observe that the formation of consecutive
Nfcs leads to an increase in the FRET efficiency. It is worth noting
that these results are not very sensitive to the exact value of the
estimated distance between the dye center of a fluorophore and the
Cα atom. Using a distance of 7.5Å (Supplementary Figure S3) and
15Å (Supplementary Figure S4) instead of 10Å (Figure 11) leads to
the same conclusions. Comparison with Figure 9 shows that A90
belongs to all segments of consecutive Nfcs, except for E46K.
However, Figure 8 shows that the Dfncs of the E46K variant
form other contacts in the A90 region. Thus, E46K behaves
differently from the WT, A30P, and A53T in the A90 region,
which may be a hint to explain the difficulty in reproducing the
probability distribution of the FRET signal in the experiments
(Horrocks et al., 2015). If the population of dimers formed in the
early lag phase measured by FRET for A30P is taken as 1 for
reference, the population of WT and A53T dimers was 0.4 and 0.64,
respectively (Horrocks et al., 2015). In the present simulations, the

populations of Dfncs using the same reference are 0.59 and 0.75 for
the WT and A53T. However, the total populations of dimers out of
all the conformations (monomers + dimers) found in the
simulations are different. Taking A30P as a reference (=1), we
found 1.34 and 1.26 for the WT and A53T, respectively.

The effect of a single amino-acid substitution on the propensity to
form contacts (Figure 1) and on the formation of Nfcs (Figures 6, 8,
9) is spectacular. How could these results be compared to various
differences observed experimentally between the variants and the
WT? The aggregation of A30P in fibrils is slower than the WT
(Conway et al., 2000), whereas E46K and A53T aggregate faster than
theWT (Conway et al., 1998; Greenbaum et al., 2005). However, the
A30Pmonomer was consumed at a comparable rate or slightlymore
rapidly than the WT monomer, whereas A53T was consumed even
more rapidly (Conway et al., 2000). This might be explained by the
early nucleation steps of the fibrils, which is presented by Figure 8.
Indeed, E46K and A53T form larger regions of Nfcs than the A30P
andWT, whichmight be interpreted as they are “faster” to form pre-
fibrils. For A30P, the region of Nfcs is extremely short. However, the
sub-ensemble of Dfncs in the dimer ensemble is larger for A30P
(14.04%) and E46K (15.73%) in comparison with the WT (8.33%)
andA53T (10.65%). On the opposite, the number of dimers found in
the MD simulations is the lowest for A30P (23%), followed by an
increasing order by A53T (29%), the WT (31%), and E46K (35%).
To make these percentages more concrete, it is better to use an
example. For 123 monomers in solution, A30P forms 20 disordered
dimers, and 3 Dfncs and 77 monomers remain free. For 121
monomers in solution, the WT forms 28 disordered dimers, and
3 Dfncs and 69 monomers remain free. For 129 monomers, A53T
forms 26 disordered dimers, and 3 Dfncs and 71 monomers remain
free. Finally, for 135 monomers, E46K forms 30 disordered dimers,
and 5 to 6 Dfncs and 65 monomers remain free. Thus, all proteins
will form approximately the same number of Dfncs, except E46K,
but the size of Dfncs on the same time scale is much larger for A53T
and E46K (Figure 9).

In order to compare the present results to WT mutagenesis
experiments, we list the key residues that play a role in α-syn
dimerization in the present simulations in Table 4 for the WT
and mutants. These residues were selected from the maxima of
probabilities of mean contacts (Figure 1) and of the formation of
intermolecular β-sheets and Nfcs (Figures 6, 8).

For the WT, residue I88 is of paramount importance. The
segment S87-G93 forms only Nfcs in the sub-ensemble of Dfncs
(the black and red curves are superposed in Figure 8). This agrees
with the observation that the removal of the segment A85-E94
reduces the α-syn polymerization (Waxman et al., 2009).
Truncation of V71-V82 prevents the polymerization of fibrils

TABLE 4 | Main residues or segments identified by MD as important for the dimerization of α-syn from the maxima of propensity for the mean contact, intermolecular β-
sheets, and Nfcs.

Protein Mean contact Intermolecular β-sheet (all dimers) Nfcs in Dfncs

WT I88 I88 T75, A76, K80, T81,V82, A85, S87-G93
A30P V70 A90 S87, I88, A90-V95
A53T L38 L38 T44-N65, S87-T92
E46K V49 Y39 V26-E28, V37-N65
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density functions of the gyration radius (Figure 10), the
effective free-energy landscape of the contacts (Figure 1),
the effective free-energy landscape of the secondary
structures (Figure 4), and the probability density function
of the A90–A90 distance (Figure 11). The second significant
finding is that the ensemble of heterogeneous dimer
conformations is divided in a majority of disordered dimers
and a complementary minority of Dfncs (Figure 9). The third
important finding is that a single amino-acid substitution has a
huge effect on the contact probability between (hydrophobic)
residues of α-syn, which is not limited to the vicinity of the
mutated residue as shown in Figure 6 for disordered dimers
and in Figures 8, 9 for Dfncs. Keeping in mind that the
effective time scale of the present simulations (millisecond)
represents the early lag phase of fibril growth, as it is three to
four orders of magnitude smaller than the lag phase of fibrils
observed experimentally, we will, however, attempt next to

make qualitative comparisons between these three significant
results and different experimental findings.

Unfortunately, there are no SAXS or SANS measurements of
α-syn dimers to compare directly with Figure 10 to the best of our
knowledge. It is worth noting that the distribution of the gyration
radius of α-syn monomers is single peak, except for the sub-
ensemble of A30P and E46K monomers without an alpha-helix
(B monomer state), for which a small peak at Rg = 18 Å was found
(Guzzo et al., 2021). For recombinant monomeric α-syn, the
average gyration radius, extrapolated at infinite dilution, is 27.2 ±
0.44 Å (Araki et al., 2016), comparable to the value calculated
previously in our MD simulations (24.7Å) (Guzzo et al., 2021).
The experimental value of the gyration radius of a monomer
varies among the experiments: for example, in Tris-buffer, it is
increased to 42.7Å (Araki et al., 2016). We hypothesize that the
presence of dimers in amonomeric solutionmay give an apparent
larger gyration radius of the monomers because the dimer
conformational ensembles have an average gyration radius of
about 10Å larger than one of the monomer ensembles (Table 2).

The heterogeneity of the size distribution (Figure 10) and of
the contacts (Figure 1) of α-syn dimers can be related to the
rupture-force AFM experiments on WT, A30P, A53T, and E46K
α-syn dimers in solution (Krasnoslobodtsev et al., 2013). These
experiments were performed at low pH to increase the
aggregation propensity of α-syn and with the additional
mutation A40C needed to hang one of the monomers on the
AFM tip and the other on the surface. Contour lengths of the

FIGURE 10 | Probability density functions of the gyration radius for the WT and mutants computed from MD simulations (circle symbols and dashed lines). Each
distribution is represented by a set of Gaussians (colored areas), the number and the parameters of which were found by applying the GMM algorithm. The sum of
Gaussians is represented by a full black line.

TABLE 3 | Clustering of the gyration radius probability density using the GMM
algorithm. The values in brackets are the corresponding % of the ensemble of
the conformations.

Protein Cluster 1 Cluster 2 Cluster 3 Average value

WT 33.5 Å (60%) 42.2 Å (40%) - 37.0 Å (100%)
A30P 37.6 Å (73%) 47.6 Å (16%) 26.1 Å (11%) 37.9 Å (100%)
A53T 31.1 Å (41%) 37.6 Å (38%) 43.8 Å (21%) 36.2 Å (100%)
E46K 32.7 Å (72%) 41.7 Å (28%) - 35.2 Å (100%)
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simulate the protein labeled with the fluorescent molecules and to
model the FRET mechanism (Hoefling et al., 2011). Such an
approach is difficult to apply for a large and complicated protein
like α-syn. In addition, to predict protein structure modifications
introduced by the cysteine mutations and the fluorescent organic
molecules, it is necessary to build and test a new coarse-grained
force field for the fluorescent molecules covalently linked to α-
syn. This task is extremely demanding in computer time and is
well beyond the scope of the present work. For these reasons, we
chose to compute an approximate efficiency E from the distance
distributions between the Cα atoms shown in Figure 11 (panels A
and B). From these distances, we extracted an approximated
FRET efficiency E as E ! 1/[1 + (d/R0)6], where d is the distance
between the Cα atoms increased by 20Å and R0 is the Förster
distance with R0 = 60Å for the fluorophores used (dos Remedios
and Moens, 1995). Note that a single value of R0 is a severe
approximation that assumes an averaging of the fluorophore
orientation. The shift of 20Å takes into account twice the
estimated distance between the dye center of a fluorophore
and the Cα atom to which it is linked (Nicolaï et al., 2013).

The probability distribution of E is shown in Figure 11 (panels C
and D). In disordered dimers (panel C), we observed two regions
with peaks of low (< 0.15) and of high efficiency (> 0.75). In Dfncs
(panel D), peaks are observed only at high efficiency (> 0.9) with a
small background at all efficiencies. It is tempting to associate the
Dfncs with type B dimers. The disordered dimers are both A and B
(panel C). It was proposed that the α-syn dimers might be a mixture
of types A and B, which cannot be resolved experimentally
(Horrocks et al., 2015). The time scale simulated here is of
course extremely short compared to that in FRET experiments,
but it is very interesting to observe that the formation of consecutive
Nfcs leads to an increase in the FRET efficiency. It is worth noting
that these results are not very sensitive to the exact value of the
estimated distance between the dye center of a fluorophore and the
Cα atom. Using a distance of 7.5Å (Supplementary Figure S3) and
15Å (Supplementary Figure S4) instead of 10Å (Figure 11) leads to
the same conclusions. Comparison with Figure 9 shows that A90
belongs to all segments of consecutive Nfcs, except for E46K.
However, Figure 8 shows that the Dfncs of the E46K variant
form other contacts in the A90 region. Thus, E46K behaves
differently from the WT, A30P, and A53T in the A90 region,
which may be a hint to explain the difficulty in reproducing the
probability distribution of the FRET signal in the experiments
(Horrocks et al., 2015). If the population of dimers formed in the
early lag phase measured by FRET for A30P is taken as 1 for
reference, the population of WT and A53T dimers was 0.4 and 0.64,
respectively (Horrocks et al., 2015). In the present simulations, the

populations of Dfncs using the same reference are 0.59 and 0.75 for
the WT and A53T. However, the total populations of dimers out of
all the conformations (monomers + dimers) found in the
simulations are different. Taking A30P as a reference (=1), we
found 1.34 and 1.26 for the WT and A53T, respectively.

The effect of a single amino-acid substitution on the propensity to
form contacts (Figure 1) and on the formation of Nfcs (Figures 6, 8,
9) is spectacular. How could these results be compared to various
differences observed experimentally between the variants and the
WT? The aggregation of A30P in fibrils is slower than the WT
(Conway et al., 2000), whereas E46K and A53T aggregate faster than
theWT (Conway et al., 1998; Greenbaum et al., 2005). However, the
A30Pmonomer was consumed at a comparable rate or slightlymore
rapidly than the WT monomer, whereas A53T was consumed even
more rapidly (Conway et al., 2000). This might be explained by the
early nucleation steps of the fibrils, which is presented by Figure 8.
Indeed, E46K and A53T form larger regions of Nfcs than the A30P
andWT, whichmight be interpreted as they are “faster” to form pre-
fibrils. For A30P, the region of Nfcs is extremely short. However, the
sub-ensemble of Dfncs in the dimer ensemble is larger for A30P
(14.04%) and E46K (15.73%) in comparison with the WT (8.33%)
andA53T (10.65%). On the opposite, the number of dimers found in
the MD simulations is the lowest for A30P (23%), followed by an
increasing order by A53T (29%), the WT (31%), and E46K (35%).
To make these percentages more concrete, it is better to use an
example. For 123 monomers in solution, A30P forms 20 disordered
dimers, and 3 Dfncs and 77 monomers remain free. For 121
monomers in solution, the WT forms 28 disordered dimers, and
3 Dfncs and 69 monomers remain free. For 129 monomers, A53T
forms 26 disordered dimers, and 3 Dfncs and 71 monomers remain
free. Finally, for 135 monomers, E46K forms 30 disordered dimers,
and 5 to 6 Dfncs and 65 monomers remain free. Thus, all proteins
will form approximately the same number of Dfncs, except E46K,
but the size of Dfncs on the same time scale is much larger for A53T
and E46K (Figure 9).

In order to compare the present results to WT mutagenesis
experiments, we list the key residues that play a role in α-syn
dimerization in the present simulations in Table 4 for the WT
and mutants. These residues were selected from the maxima of
probabilities of mean contacts (Figure 1) and of the formation of
intermolecular β-sheets and Nfcs (Figures 6, 8).

For the WT, residue I88 is of paramount importance. The
segment S87-G93 forms only Nfcs in the sub-ensemble of Dfncs
(the black and red curves are superposed in Figure 8). This agrees
with the observation that the removal of the segment A85-E94
reduces the α-syn polymerization (Waxman et al., 2009).
Truncation of V71-V82 prevents the polymerization of fibrils

TABLE 4 | Main residues or segments identified by MD as important for the dimerization of α-syn from the maxima of propensity for the mean contact, intermolecular β-
sheets, and Nfcs.

Protein Mean contact Intermolecular β-sheet (all dimers) Nfcs in Dfncs

WT I88 I88 T75, A76, K80, T81,V82, A85, S87-G93
A30P V70 A90 S87, I88, A90-V95
A53T L38 L38 T44-N65, S87-T92
E46K V49 Y39 V26-E28, V37-N65

Frontiers in Molecular Biosciences | www.frontiersin.org June 2022 | Volume 9 | Article 91010416

Guzzo et al. α-Synuclein Dimers



35

RESULTS - DIMERS

Comparison to AFM rupture-force experimental data

MD : 
WT & A30P form native contacts in shorter localized segments
A53T & E46 K more native contacts in two regions

AFM: 
large number of multiple rupture force events observed for A53T and E46K 
compared to WT and A30P

MD : Stretchable part of the polymers: 
WT & A30P = 35,7 nm
A53T = 38 nm & 58 nm
E46K = 58 nm

AFM: Stretchable part of the polymers:
34 nm & 44 nm


