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o-Synuclein is an intrinsically disordered protein, whose aggregation into amyloid fibril is involved in the pathology of
Parkinson’s disease. C-terminally truncated a-synuclein variants, which are naturally generated from the full-length o-synuclein,
are enriched in the pathological o-synuclein aggregates and known to significantly enhance the aggregation process. In this
work, we have performed extensive Gaussian accelerated molecular dynamics simulations (3.8 us in total) to characterize
the equilibrium conformational ensemble of a physiologically relevant C-terminally truncated c-synuclein monomer, AS(1-103),
in aqueous solution. The nearly flat free-energy landscape of AS(1-103) suggests coexistence of multiple distinct conforma-
tional states, including disordered conformations and conformations with transient secondary and tertiary structures. We found
that the predominant conformation of AS(1-103) in aqueous solution exhibit enrichment of B-sheet structure at different parts
of the N-terminal and hydrophobic NAC domain, including the aggregation-prone NAC-core. We identified moderate intra- and
inter-domain interactions within the N-terminal and the NAC domain that enhance and stabilize the partially folded -sheet
rich structures of AS(1-103) in solution. Such stable structural regions formed in the AS(1-103) ensemble, may serve as po-
tential molecular signature that encodes the aggregation seed. The presented work enables characterization of conformational
states of monomeric AS(1-103) in solution, and provide a plausible explanation for the experimentally determined enhanced
aggregation propensity of C-terminally truncated variants of a-synuclein in vivo.
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1. Introduction

Intrinsically disordered proteins (IDPs) are proteins that
lack well-defined secondary and tertiary structure. IDPs are
exceptions to the widely accepted Anfinsen’s sequence-struc-
ture-function paradigm’, according to which the primary se-
quence of a protein defines its unique three-dimensional
structure that is inherently linked to its function. Instead, IDPs
exist as dynamic ensembles of disordered or partially disor-
dered conformations under physiological conditions. Due to
conformational heterogeneity, IDPs are capable to bind a
range of cellular targets and adopt folded structures comple-
mentary to the binding partners2-3. IDPs are abundant in eu-
karyotes* and are involved in critical cellular functions, in-
cluding transcription, translation and cellular signaling®$.
Misfolding and aggregation of numerous IDPs are resultant

in some of the most widespread neurodegenerative disor-
ders, such as Alzheimer’s disease, Parkinson’s disease and
Huntington’s disease’. Comprehensive understanding of the
mechanism underlying the pathogenic aggregation of an IDP
remains as a major unsolved problem, despite decades of
intense research.

The a-synuclein, an IDP, is the major component of the
intracellular proteinaceous aggregates, termed as Lewy bod-
ies, which are pathological hallmark of neurodegenerative
disorders, such as Parkinson’s disease and other synucleino-
pathies®®. o-Synuclein is a neuronal protein localized pri-
marily at the presynaptic terminals in the central nervous
system and proposed to be physiologically involved in syn-
aptic plasticity, vesicle fusion, and neurotransmitter release'°.
The primary sequence of o-synuclein (14.46 kDa) is usually
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divided into three distinct regions: an amphipathic N-termi-
nal (residue 1-60) crucial for membrane binding, a hydro-
phobic central region (residue 61-95) acting as building block
of a-synuclein fibril, and a negatively charged C-terminal
(residue 96-140) with chaperone-like activity (Fig. 1A)"1:12,
It is well documented that the C-terminal of ai-synuclein is
highly disordered!~"4, whereas the rest of the protein lives
in a conformational limbo under different conditions. The 1-
95 amino acids are known to fold predominantly into an o-
helix in presence of lipid membrane'3-15 or into a B-sheet
structure in amyloid fibri'®=18. The most hydrophobic cen-
tral region, termed as non-amyloid-f3 component (NAC), has
the highest propensity to fold into a 3-sheet secondary struc-
ture and play pivotal role in the aggregation process.

Transformation of natively unfolded o-synuclein into
amyloid fibrils through oligomeric intermediates is consid-
ered as the disease-causative toxic mechanism. A vast lit-
erature supports higher toxicity of small oligomeric interme-
diates compared to the mature fibril'®20. Conformational tran-
sition of unfolded monomeric oi-synuclein into partially folded
intermediates could be accountable for aggregation and
fibrillization. Accumulating evidences suggest that the mo-
nomeric o-synuclein populates ensemble of unfolded and
partially folded conformations in solution?'~23. Detailed char-
acterization of the conformational states of a-synuclein mono-
mer as well as identification of transient structural epitomes
within the conformation ensemble are thus appears to be
crucial, as those might have functional implications or dis-
ease relevance.

Various intrinsic and extrinsic factors, such as tempera-
ture, pH, metal ions and salts, point mutations, post-transla-
tional modification, membrane binding, etc., influence the
misfolding and oligomerization pathways of o.-synuclein®*-2’.
C-terminal truncation of ot-synuclein is one of the most promi-
nent modifications which promote the aggregation of -
synuclein?8-30. C-terminally truncated variants of o-synuclein
are generated by normal cellular processing of full-length ot-
synuclein independent of o-synuclein aggregation in brains
and in cultured cells?®. This lower molecular mass o.-
synuclein species are enriched in o-synuclein aggregates
and represent nearly 15% of all a-synuclein molecules found
in Lewy bodies?®-31. The pathological significance of the C-
terminally truncated variants is further supported by their

992

enhanced accumulation with familial Parkinson’s disease
mutants2®. A better understanding of the structural states of
the C-terminally truncated a-synuclein variants may, there-
fore, prove useful for gaining deeper insights into the dis-
ease mechanism.

The detailed structural characterization of monomeric o
synuclein in solution using conventional experimental tech-
nique is very challenging, due to the conformational hetero-
geneity, rapid conformational change and fast aggregation
rate of o-synuclein. Most experimental techniques often suffer
from limitations in their scale and time resolution, and may
provide average information on the conformational ensemble
of an IDP, in general?':32. Computational techniques includ-
ing molecular dynamics (MD) simulations, with or without
experimental data as input, have become a popular tool to
elucidate the conformational ensemble of IDP of inte-
rest22:33-36_Standard empirical force fields used in MD simu-
lations, which were originally purposed to study folded globu-
lar proteins, however, often fail to provide accurate descrip-
tion of IDP and tend to produce more compact structures3’~
40 Qver the years, significant research efforts have been
made to reassess and reparameterize the standard force
fields to improve their ability of predicting structures of disor-
der proteins without losing their accuracy for folded pro-
teins3841. Due to the complexity of their conformational space
with multiple minima, IDP demands high computational cost
to sample functionally relevant conformations which are oth-
erwise kinetically inaccessible to conventional MD simula-
tions. Enhanced sampling techniques are therefore routinely
applied to ensure adequate sampling of IDP’s conformational
landscape33:3942:43

In the present work, we have carried out extensive atom-
istic MD simulations to determine the conformational en-
semble of a physiologically relevant C-terminally truncated
o-synuclein(1-103) monomer in solution. o-Synuclein(1-
103), referred here as AS(1-103), has virtually all of the C-
terminal domain truncated and is reported to readily convert
to mature fibril, compared to full length c-synuclein or o-
synuclein variants with partly removed C-terminus2®. Here
we have employed Gaussian accelerated molecular dynam-
ics (GaMD)**, an unconstrained enhanced sampling tech-
nique, to characterize the conformational substates explored
by AS(1-103) in solution and determine the nature of the
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underlying free-energy landscape that may serve as the ba-
sis for understanding the misfolding and oligomerization path-
ways.

2. Method

2.1. System preparation

The initial structures of o-synuclein were taken from the
protein ensemble database (PeDB: 9AAC). We have selected
four different full-length ct-synuclein structures with radius of
gyration (Ry) 31.75 A 3242 A 33.18 A and 34.84 A. The
selection crlterlon is based on 27-35 A estimates of R ob-
tained from NMR* and SAXS*6 measurements and aIso
consistent with the selection criterion used in a previous simu-
lation study*’. From the full-length at-synuclein, the residues
104-140 were removed, resulting in C- terminally truncated
AS(1 103) structures with Ry values 28.62 A,30.23 A, 26.30
Aand 25.99 A (Fig. 1). The truncated C-terminus was capped
with amide group. The N-terminus was capped with acetyl
group, as human o.-synuclein has been shown to be N-ter-
minally acetylated in its physiological state*. The protein
was then solvated with water; counter ions were added to
maintain the electroneutrality of the system and NaCl salt
was added to achieve the physiological salt concentration of
150 mM. The simulations were then performed with all-atom
CHARMM36m force field parameters*! for protein and
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(A) Aschematic description of a-synuclein structure. N-termi-
nal, NAC and C-terminal domains are colored gray, cyan and
orange, respectively. (B-E) Four initial structures of C-termi-
nally truncated ot-synuclein variant, AS(1-103), used as stat-
ing structures of our conventional MD simulations, which are
derived from NMR ensemble of full length a-synuclein. Struc-
tures are colored from blue to red, from the N- to truncated C-
terminus; the NAC region falls in the orange to red section.

Fig. 1.

CHARMM-modified TIP3P water model*? that includes spe-
cific modification of water hydrogen LJ parameters to scale
up the protein-water dispersion interactions in order to over-
come the problem of overly compact IDP ensemble. The
CHARMM36m force field involves refinement of CHARMM36
force filed, with improved accuracy for generating conforma-
tional ensembles for IDP4!. We have performed four inde-
pendent conventional molecular dynamics (cMD) simulations,
starting with different disordered structures of AS(1-103) (Fig.
1B-E). For cMD simulations, the protein was solvated in a
116x116x116 A3 cubic box filled with ~48500 water mol-
ecules, 138 Na* and 143 CI~ ions. From the final snapshots
of cMD simulations, we have performed four independent
Gaussian accelerated molecular dynamics (GaMD) simula-
tions, after truncating the simulation box to 106x106x106 A3
dimension that contains ~39000 water molecules, 111 Na*
and 116 CI~ ions.

2.2. Molecular dynamics simulations

All cMD simulations were performed using Groningen
Machine for Chemical Simulations (GROMACS) package
version 5.0.4%0%1 A 2 fs time step was used for integrating
the equations of motion. The Linear Constraint Solver (LINCS)
algorithm®2 was applied to preserve hydrogen covalent bond
lengths. Simulations were performed under isothermal-iso-
baric (NVT) ensemble. The temperature of the system was
maintained at 310 K by employing the v-rescale (stochastic
velocity rescaling) thermostat® with a time constant of 0.5
ps. The temperatures of protein and solvent (water and ions)
were controlled independently. We have chosen to perform
our simulations at 310 K, as the physiological temperature
(human body temperature) is about 310 K. Periodic bound-
ary conditions were applied in all three directions. The par-
ticle mesh Ewald method® was employed for long-range
electrostatic interactions with a real space cutoff of 10 A.
The van der Waals interactions were treated using the
Lennard-Jones potential with a cutoff distance of 10 A. The
neighbour lists were updated every 20 steps with a cutoff of
10 A. Each of the four systems was first energy minimized.
The systems were then equilibrated for 5 ns with position
restraints on protein heavy atoms, followed by another 5 ns
equilibration with position restraints only on protein backbone.
After equilibration, all restraints were released and each sys-
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tem was subjected to a production simulation of 100 ns (i.e.
cumulative 4x100 ns of cMD).

We have employed recently developed novel GaMD
method, to achieve both unconstrained enhanced sampling
and free energy calculations**. A major advantage of GaMD
is that it does not need to set any predefined reaction coordi-
nates. GaMD enhances the conformational sampling of
biomolecules by adding a harmonic boost potential to smooth
the potential energy surface®*. As the boost potential follows
a Gaussian distribution, the original free energy profile of the
system is achieved via cumulant expansion to the second
order*®. The details of the method will be found else-
where?:95 Recent studies have shown that GaMD greatly
reduces the energy barrier and accelerates the conforma-
tional transition of a protein by orders of magnitude®°-6.

The final structures from the four cMD simulations, after
truncating their box dimension as mentioned above, were
used as the starting structures for four independent GaMD
simulations. The ParmEd tool was used to convert the simu-
lation files in AMBER format®”. The GaMD module imple-
mented in the GPU version of AMBER18%7 was then applied
to perform GaMD simulations. To calculate the GaMD accel-
eration parameters, first we ran a 10 ns cMD simulation with
no boot potential and collected the potential statistics e.g.
the maximum (V/,,,), minimum (V,;,), average (V) and
standard deviation (cy,) values of system potential energies.
Then we performed 10 ns equilibration by adding the boost
potential, followed by GaMD production simulations with 0.5-
1.5 us durations (a total of 3.8 us). All GaMD simulations
were performed at “dual-boost” level with one boost poten-
tial applied to the dihedral energy term and another to the
total potential energy term. In our calculations, the system
threshold energy is set as E = V,,, 4. Further, o, which is
the upper limit of c, was set to 6.0 kcal/mol for both dihe-
dral and total energetic terms. The SHAKE algorithm®® was
used for restraining bonds contacting hydrogen atoms. The
Langevin thermostat®® with a damping constant of 2 ps™
was used to maintain temperature of the system at 310 K,
under NVT ensemble. The periodic boundary conditions were
applied for all of the simulation systems. A 10 A cut-off was
used for the Lennard-Jones interactions. Coulombic interac-
tions were evaluated using the PME algorithm®* with real
space cut-off of 10 A. The PyReweighting toolkit®® was used
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for reweighting. Analyses were performed averaged over all
GaMD production trajectories, unless stated otherwise.
VMD8" and PyMol®2 were used for visualization.

2.3. Dihedral principal component analysis

In order to construct the free-energy landscape, we have
performed the dihedral principal component analysis®?
(dPCA) on the trajectories sampled by GaMD simulations.
The backbone dihedral angles are the main degrees of free-
dom that determine the conformational dynamics of a pro-
tein. In the dPCA method, the Cartesian coordinates are re-
placed by the dihedral angles (¢;, ;) of the protein back-
bone, where i = 1, 2,--, n (n is amino acid residues of the
protein). To avoid potential problems due to periodicity of
dihedral angles, instead of using (¢;, ;) angles directly in
the dPCA, Mu et al.%* used the variables

X4j_ 3= COS((;), Xgi_ o = Sin (@)

Xgi_1 = C0OS(W}) , X4 = sin ()

In this method, first a covariance matrix is constructed using
sines and cosines of (@, y) angles. The matrix is then di-
agonalized to obtain a set of orthogonal principal compo-
nents (dPCs) and the corresponding eigenvalues. Finally,
we projected our trajectory, with reweighted contributions,
along the two main dPCs to construct the free-energy land-
scape in these collective coordinates. The free-energy sur-
face is calculated as

AF (dPC1, dPC2) =
— kgT [In P(dPC1, dPC2) - In P, . (dPC1, dPC2)]

where, In P(dPC1, dPC2) is the probability distribution, from
which P, (dPC1, dPC2) is subtracted to ensure that AF
(dPC1, dPC2) = 0 for the lowest free-energy minimum.

3. Results and discussion

3.1. Secondary structure

We have calculated the secondary structure content of
AS(1-103) in water using the widely used computer
programme DSSP (Dictionary of Secondary Structure of Pro-
teins)®°. DSSP assigns o-helix, m-helix, 3;o-helix, B-sheet,
[3-bridge, turn and bend structures to each residue of a pro-
tein. If a residue does not satisfy any of the above structure
types, it is assigned as coil®. Fig. 2A shows the average
total secondary structure content of AS(1-103) in water. The
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results indicate that AS(1-103) is predominantly disordered
in solution with some residual - and helical structures. The
protein adopts 48% coil, 27% bend and 10% turn structures
on an average. The average 3-sheet and 3-bridge contents
of AS(1-103) are found to be 8 and 3%, respectively. The
helical contents of the protein include only 2% oi-helix and
1% 34q-helix. This finding is in agreement with the single-
molecule force spectroscopy (SMFS) characterization that
predicted 54.5% random coil and 7.3% [-sheet like struc-
ture in monomeric a-synuclein in solution, without any inter-
ference of soluble oligomeric forms2!. Formation of helical
and B-sheet structures has been proposed to play crucial
role in the aggregation of IDP21:3443,

Next we have calculated the secondary structure propen-
sity of each residue of AS(1-103) and presented in Fig. 2B-
D. We observed that the residues 7-16 and 53-61 located at
N-terminal domain exhibit highest propensity to adopt oi-he-
lical structure (up to 10 and 14%, respectively) (Fig. 2B).
Small residual o-helical content is also detected in the NAC
region. The 1-95 residues of a-synuclein contain seven 11-
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residue repeats that include a highly conserved KTKEGV
motif, which is proposed to be associated with the formation
of a-helical structure®. However, the residual o-helical struc-
ture observed in our simulations of AS(1-103) in water is not
nearly as extensive as the o-helical structure observed in
presence of detergent micelle'® and in lipid membrane'3. In
addition, our simulations indicate abundant B-sheet forma-
tion at the N-terminal domain (Fig. 2C). Resides 37-40 and
46-53 exhibit highest probability (~30% or above) of forming
[B-sheet. Formation of B-sheet at the N-terminal domain was
proposed to be crucial for fibril formation of a-synuclein and
the fibril structures determined by solid-state NMR' and cryo-
electron microscopy'® show existence of B-strands at N-ter-
minal domain starting from residue 35 and 44, respectively.
In our simulations, we also observed significant B-sheet for-
mation at the NAC region (Fig. 2C). The residues 69-83, in-
cluding the core of the NAC domain consists of residues 71-
82, adopt B-sheet with an abundance of up to ~28% during
our simulations. The NAC-core of a-synuclein exhibits re-
portedly the highest propensity to fold into 3-sheet structure
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Fig. 2. The secondary structure propensity of AS(1-103) in water. (A) Total fraction of secondary structure components sampled and (B-D) per
residue secondary structure propensities, including helix (oc-helix, m-helix and 344-helix), B-(sheets and bridge) and disordered (every-
thing else) secondary structures. In (B-D) the NAC region of the protein is marked as the gray area.
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Fig. 3. (A) The time evolution of the number of backbone hydrogen bonds formed in different domains of AS(1-103) along a simulation trajectory
(light colours) and the corresponding 500-point running averages are shown in dark colours (B) the time-averaged hydrogen bonds
formed by different domains over last 1250 ns of the simulation trajectory. (C) The time-averaged hydrogen bonds divided by the number

of residues of the corresponding domain.

and is critical for aggregation of o-synuclein®87. Consis-
tent with our finding, a recent crosslinking guided computa-
tional study reported existence of transient secondary struc-
ture elements, o-helix and B-sheet, in the conformational
ensembles of monomeric o-synuclein in solution2,

Next we have examined how the hydrogen bond dynam-
ics of the protein backbone is changing with time. For those
calculations, we have divided the protein into four domains:
N-terminal residues 1-30, residues 31-60 (referred as pre-
NAC domain), residues 61-95 (NAC domain) and residues
96-103 (the truncated C-terminus), and calculated the num-
ber of backbone hydrogen bonds formed within each domain
(Fig. 3). In addition, we have also calculated the pair radial
distribution function, g(r), between the backbone heavy at-
oms of each domain of AS(1-103) and the oxygen atoms of
the water molecules (Fig. 4). Here we have presented the
results of a single GaMD trajectory; whereas similar results
are obtained from other trajectories. As discussed in the above
section, the pre-NAC and NAC domain exhibit high second-
ary structure propensities. In consistent with the secondary
structure analysis, we observed that the maximum numbers
of intra-domain hydrogen bonds are formed in the pre-NAC
and NAC domain (Fig. 3). Accordingly we observed deple-
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tion of water from the solvation shell around these two do-
mains, compared to other domains (Fig. 4). We have also
observed significant inter-domain interactions between pre-
NAC and NAC domains and also between N-terminal and
the NAC domain, as discussed in details in the later sec-
tions. Such inter-domain interactions also contribute in de-
pleting water molecules from the solvation shells of these
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Fig. 4. The pair radial distribution function, g(r), between the back-
bone heavy atoms of each domain of AS(1-103) and the oxy-
gen atoms of the water molecules.
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domains. The N-terminal 1-30 residues exhibit the interme-
diate behaviour (Figs. 3 and 4). Whereas, the minimum in-
tra-domain hydrogen bonds are formed in the C-terminal
domain (Fig. 3), which is the most disordered region of AS(1-
103) observed in our simulations. Accordingly the correspond-
ing g(r) plot shows that this domain is highly solvated, with
maximum number of water molecules present in its solva-
tion shell (Fig. 4). Summarising, we observed that the do-
main of AS(1-103) which exhibits the high secondary struc-
ture propensity, forms larger number of intra-domain hydro-
gen bonds and consequently, is less solvated by water mol-
ecules and vice-versa.

3.2. Intra-molecular interactions and chain dimension

We have generated the contact map by calculating the
fraction of AS(1-103) structures where pairs of residues had
at least one pair of heavy atoms within 5 A of each other
(Fig. 5). The contact map shows existence of substantial in-
tra-molecular interactions between different parts of the pro-
tein. We have detected strong contacts between residues
34-54 at the N-terminal domain with residues 65-88 at the
NAC domain of AS(1-103), with an abundance of ~30-40%.
The N-terminus residues 1-8 also found to interact with resi-
dues 73-81 of NAC domain. We noted prominent contacts
between residues 53-68 and 83-95, located within the pre-
NAC and NAC domains. There are intra-domain contacts
within the N-terminal domain between residues 13-20 and
33-42 and between residues 36-39 and 41-51. Thus we find
moderate contacts between the N-terminal and NAC do-
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Fig. 5. Residue-residue contact map of AS(1-103).

JICS-35

mains. Such intra-molecular interactions contribute in deter-
mining the tertiary structure of a protein.

In order to estimate the dimension of the polypeptide
chain, we have calculated the radius of gyration (R ). Fig. 6
represents the probability distribution of R The probablllty
of structures having R values between 13 5At0185Ais
large, with a prominent peak at 15 A. There is relatively much
smaller number of structures with larger Rg values, 25-33 A.
These results suggest that the protein predominantly have
collapsed polypeptide chain, with small population of ex-
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Fig. 6. Probability distribution of the radius of gyration (Rg).

tended structures in solution (Fig. 6). A recent computational
study combined with experimentally derived short-range
crosslinking constraints, reported ~ 15AR for the full-length
o- synuclem in water22. In our simulation the Ry values, 13.5-
18.5 A, adopted by the majority of the AS(1- 103) structures
are much smaller than the R values, 27-35 A, obtained from
NMR*> and SAXS*6 experiments for the full length o-
synuclein in solution. However, we should mention here that
in the present work, instead of full length o-synuclein, we
have AS(1-103), where residue 104-140, that is nearly all
the C-terminus domain is truncated. The highly acidic C-ter-
minal domain is the most disordered part of the protein with
highly extended structures, which contributes to the larger
Rg value of full length oc-synuclein obtained from experiment.
Moreover, the conventional experiments, such as NMR and
SAXS, provide ensemble averaged information of the pro-
tein. Thus the larger Ry values determined by these tech-
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niques, to some extent may also be caused by the co-exist-
ing monomeric and oligomeric states of o.-synuclein in solu-
tion under the experimental conditions?2. Standard empiri-
cal force fields used in MD simulations, often produced overly
compact IDP structures. This issue has been taken care in
the present work. We have performed extensive atomistic
simulations (3.8 us of GaMD simulations in total) using
CHARMM36m force filed*! with CHARMM-modified TIP3P
water model*®, which is reported to be an appropriate force
field for IDPs3941,

3.3. Free-energy landscape

A protein composed of N atoms has a 3 N dimensional
conformational space. Here we have employed dPCA to re-
duce the dimensionality of this complex conformational space
and to study the important collective motions of the protein.
The contributions of first five dPCs to the internal coordi-
nates are 15.07, 10.89, 6.43, 4.75 and 4.09%, in the se-

. C
~ {_ (basin“b™)

quential order. Therefore the collective contribution from the
first two slowest modes is ~26%. We constructed the two-
dimensional free-energy landscape along the first two dPC
modes corresponding to the largest eigenvalues (Fig. 7). The
free-energy landscape of AS(1-103) contains several energy
minima of varying depths. We have clustered the structures
populated in the dominant basins and a representative struc-
ture from each basin is shown in Fig. 7.

The most dominant basin is referred as “a”. B-Sheet con-
formations are enriched in this basin (Fig. 7A). We observed
formation of several B-strands at different parts of the N-
terminal and NAC domain. Some of the 3-strands are loosely
packed together, resulting in a relatively compact structure
with Rg 15.01+0.01 A. We observed formation of a B-hairpin
motif in the NAC domain involving residues 69-71 and 77-
80. Another B-hairpin formed at the pre-NAC region (defined
as residue 31-65 in Fig. 7) of the N-terminal domain between
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Fig. 7. The free-energy landscape of AS(1-103) in aqueous solution obtained from GaMD simulations as a function of the first two principal
components dPC1 and dPC2. The representative structures from different basins are displayed as snapshots, at the periphery of the
free-energy landscape. In these snapshots, the N-terminal residues 1-30, pre-NAC region of N-terminal domain (residues 31-60), the
NAC domain (residues 61-95) and the C-terminal residues 96-103 are shown in blue, green, yellow and orange, respectively.
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residue 37-40 and 51-53. Among which, residue 37-40 is
found to interact with above mentioned residue 69-71 of the
NAC domain to form a parallel B-sheet, which is the longest
persistent B-sheet formed in this cluster (Fig. 7A). The N-
terminal 2-5 residues also interact with 77-80 of the NAC
domain to form an antiparallel B-sheet. There is also a short
[3-stand formed by residues 28-29 of the N-terminal domain.
The structures populated in basin “a”, contain an average
13% PB-sheet and 5% B-bridge contents. There is no helical
conformation detected in this basin. The structures have pre-
dominant disordered regions, with 47% coil, 27% bend and
9% turn contents on an average.

We have also shown a lower energy representative con-
formation from another cluster of this broad basin “a” in Fig.
7B. Here again, we observed formation of a 3-hairpin at the
NAC domain by residues 69-72 and 77-79. Residues 37-40
in the pre-NAC region of the N-terminal domain interact with
residues 69-72 of NAC domain to form a parallel 3-sheet. An
antiparallel B-sheet motif has also been formed between the
N-terminal 3-5 residues and residues 77-79 of the NAC do-
main. However, as compared to the lowest energy represen-
tative (Fig. 7A), the antiparallel B-sheet is found to be persis-
tently more stable than the parallel one. The structures popu-
lated in this cluster have slightly lesser B-content (11% B-
sheet and 3% [-bridge) and are more disordered (with 50%
coil, 29% bend and 7% turn) regions. An average R, value
of this conformational subpopulation is 15.46+0.02 A.

Structures in the other two energy basins “b” and “c” are
predominantly disordered with mostly partial oi-helical struc-
tures (Fig. 7C, D). In basin “b” a short a-helix is persistently
formed at residues 50-53 of the N-terminal domain. There is
also short B-sheet motif formed by residues 38-39 of N-ter-
minal domain and 82-83 of NAC domain (Fig. 7C). Overall,
this conformational subpopulation contains 6% o~ and 1%
340-helical contents, 4% [B-sheetand 2% B-bridge structures.
Whereas, structures of basin “c” exhibit presence of a a-
helix involving residues 11-16 (Fig. 7D) and have a total of
7% a-helical, 3% 34-helical, 2% [3-sheet and 4% B-bridge
secondary structures. We have identified another minor ba-
sin “d”, which contains structures with short -sheet involv-
ing residues 35-36 and 49-50 (Fig. 7E), with an average of
3% B-sheet and 2% B-bridge contents and barely any o
helical structures. These three basins, “b”, “c”, and “d”, popu-

lated relatively extended polypeptide chains with Rg values
16.85+0.04, 17.1120.05 and 17.0520.05 A, respectively.

Taken together, the free-energy landscape of AS(1-103)
reveals coexistence of distinct conformational subpopula-
tions, suggesting that the protein populates an heterogeneous
ensemble of conformations in aqueous solution owing to its
intrinsically disordered nature. We found that the predomi-
nant conformational ensemble of AS(1-103) is enriched in [3-
structures consists of multiple B-hairpin and [3-sheet motifs
(Fig. 7). In agreement with our findings, an earlier coarse-
grained simulation study had also reported transient [3-hair-
pin formationin full-length o-synuclein monomer in solution®.
Accumulating evidences from previous experimental stud-
ies support the importance of the B-hairpin states in o-
synuclein aggregation. In fact, the designed peptides that
presumably recognize B-hairpins were able to capture the
monomeric state of a-synuclein and block the aggregation
process8970. On the other hand, the reagents that are known
to stabilize B-hairpins, can promote c-synuclein aggrega-
tion”!. Moreover, the B-sheet structure formation is frequently
linked to the aggregation process of o-synuclein37273 The
increased formation of B-sheet structures in different familial
o-synuclein mutants is often associated with greater oligo-
merization and/or aggregation propensities2® 7273, Therefore,
the formation of transient B-sheet structures observed in our
simulations could promote the formation of early oligomeric
states, and might account for the experimentally determined
higher aggregation propensity of this C-terminally truncated
variant of o.-synuclein28-30,

4. Conclusion

C-terminal truncation is an important modification of full-
length a-synuclein, which occurs naturally in cellular envi-
ronment and has shown to promote the pathogenic aggre-
gation of o-synuclein?8-30. An earlier experimental study has
shown that a physiologically relevant C-terminally truncated
o-synuclein AS(1-103), but not the full-length o-synuclein,
has the capacity to readily convert into amyloid fibrils at physi-
ological pHZ. To identify the conformational signature that
promotes the misfolding and aggregation process, in this work
we have carried out atomistic MD simulations to character-
ize the conformational ensemble of AS(1-103) monomer in
aqueous solution. For an adequate sampling of the confor-
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mational space of the protein, we have employed extensive
GaMD simulations (a total of 3.8 us), using CHARMM36m
force field*! that has been successful in reproducing the con-
formational behaviour of IDPs. Our results show that the pro-
tein adopts multiple distinct conformations in solution with
varying degree of fransient secondary and tertiary structures.
Interestingly, we observed spontaneous formation of B-sheet
structures at residues 37-53 of the N-terminal and residues
69-82 of the aggregation-prone NAC domain. Formation of
such partially folded B-sheet enriched conformations could
be the key factor for aggregation proliferation of AS(1-103)
observed in experiment??. It has been proposed that the
negatively charged carboxyl terminus (residues 96-140) of
the full-length oi-synuclein counteracts protein aggregation
through electrostatic interactions with the positively charged
N-terminus and also through its interactions with the NAC
domain’#75. In absence of charged C-terminal segment (resi-
dues 104-140), we found that the N-terminal domain freely
interacts with the NAC domain, which could be responsible
in stabilizing the partially folded [B-rich conformations of AS(1-
103). The insights obtained from our simulations may help in
understanding the molecular basis of the pathogenic involve-
ment of the C-terminally truncated AS(1-103) in Parkinson’s
disease and prove useful for designing new therapeutics to
combat the disease.
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