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ABSTRACT: The A53T genetic missense mutation of the
wild-type α-synuclein (αS) protein was initially identified in
Greek and Italian families with familial Parkinson’s disease.
Detailed understanding of the structures and the changes in-
duced in the wild-type αS structure by the A53T mutation, as
well as establishing the direct relationships between the rapid
conformational changes and free energy landscapes of these
intrinsically disordered fibrillogenic proteins, helps to enhance
our fundamental knowledge and to gain insights into the path-
ogenic mechanism of Parkinson’s disease. We employed extensive parallel tempering molecular dynamics simulations along with
thermodynamic calculations to determine the secondary and tertiary structural properties as well as the conformational free
energy surfaces of the wild-type and A53T mutant-type αS proteins in an aqueous solution medium using both implicit and
explicit water models. The confined aqueous volume effect in the simulations of disordered proteins using an explicit model for
water is addressed for a model disordered protein. We also assessed the stabilities of the residual secondary structure component
interconversions in αS based on free energy calculations at the atomic level with dynamics using our recently developed
theoretical strategy. To the best of our knowledge, this study presents the first detailed comparison of the structural properties
linked directly to the conformational free energy landscapes of the monomeric wild-type and A53T mutant-type α-synuclein
proteins in an aqueous solution environment. Results demonstrate that the β-sheet structure is significantly more altered than the
helical structure upon A53T mutation of the monomeric wild-type αS protein in aqueous solution. The β-sheet content close to
the mutation site in the N-terminal region is more abundant while the non-amyloid-β component (NAC) and C-terminal regions
show a decrease in β-sheet abundance upon A53T mutation. Obtained results utilizing our new theoretical strategy show that the
residual secondary structure conversion stabilities resulting in α-helix formation are not significantly affected by the mutation.
Interestingly, the residual secondary structure conversion stabilities show that secondary structure conversions resulting in
β-sheet formation are influenced by the A53T mutation and the most stable residual transition yielding β-sheet occurs directly
from the coil structure. Long-range interactions detected between the NAC region and the N- or C-terminal regions of the wild-
type αS disappear upon A53T mutation. The A53T mutant-type αS structures are thermodynamically more stable than those
of the wild-type αS protein structures in aqueous solution. Overall, the higher propensity of the A53T mutant-type αS protein to
aggregate in comparison to the wild-type αS protein is related to the increased β-sheet formation and lack of strong
intramolecular long-range interactions in the N-terminal region in comparison to its wild-type form. The specific residual
secondary structure component stabilities reported herein provide information helpful for designing and synthesizing small
organic molecules that can block the β-sheet forming residues, which are reactive toward aggregation.
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Parkinson’s disease (PD) results in the loss of the dopaminer-
gic neurons in the substantia nigra of the brain and is char-

acterized pathologically by the presence of large proteinaceous
aggregates termed Lewy bodies.1,2 Lewy bodies are mainly com-
posed of the α-synuclein (αS) protein, an intrinsically disordered
fibrillogenic protein consisting of 140 amino acid residues.3 Further-
more, several cases of familial PD are associated with genetic
missense mutations of the αS protein.4−6 The first of these genetic
missense mutations of the αS protein identified in Italian and Greek
families with early onset PD was the A53T mutation, which results
in the conversion of the 53rd amino acid residue from alanine to

threonine.4 Due to its role in the formation of Lewy bodies, the
aggregation of the αS protein is proposed to play a role in the
pathogenic mechanism of PD. Specifically, the αS monomers and
oligomers are reported to be the neurotoxic species.7,8 Furthermore,
the disordered structures of the monomeric and oligomeric αS are
purported to determine the aggregation mechanism.9,10
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A53T mutation has been shown to alter the neurotoxicity and
aggregation of the wild-type αS protein. Different trends in
the neurotoxicity of the wild-type and A53T mutant-type αS
proteins have been reported in the current literature; Choong
et al. reported that the A53T mutant-type αS is neurotoxic whereas
the wild-type αS is neuroprotective toward the SH-SY5Y cells in
the presence of rotenone and maneb.11 Furthermore, Wersinger
et al. detected an increase in neurotoxicity of the A53T mutant-
type αS in comparison to the wild-type αS for human SK-N-MC
cells in the vicinity of peroxide.12 However, others presented that
the A53T mutant-type αS is less toxic than the wild-type via rat
models and SH-SY5Y cells in the presence of dopamine.7,13

Membrane interaction investigations reported that the A53T
mutation does not affect the binding affinity with vesicles and cell
membranes in comparison to the wild-type αS protein.14−18

Other experiments proposed an increased membrane permea-
bilizing ability upon A53T mutation of the wild-type αS.19,20 It
was reported that the wild-type αS fibrils display a straight
filament structure whereas the A53T mutant-type αS forms
filaments with a twisted structure.15,21−23 In addition, numerous
measurements reported an increased rate of aggregation for both
the fibrillization and oligomerization of the A53T mutant-type
αS in comparison to the wild-type αS protein.9,10,15,21−28 Due
to these measured differences in the aggregation rates and the
proposed direct link between the aggregation mechanism and
the monomeric protein structures, it is crucial to possess the
knowledge of monomeric A53T mutant-type and wild-type αS
structures. However, the exact changes induced by the A53T
mutation at the monomeric or oligomeric level and the structural
and thermodynamic relationships with the aggregation mecha-
nisms and pathology remain poorly understood due to
challenges in measuring the properties of the monomeric and
oligomeric species, such as fast aggregation, rapid conformational
changes, and solvent effects.
Circular dichroism (CD) measurements presented identical

spectra that predicted random coil for both the wild-type and
A53T mutant-type αS proteins.9,21,26,27 Nuclear magnetic res-
onance (NMR) measurements by Bussell and Eliezer reported
that the α-helical character of the αS protein is unaffected by
the A53T mutation.29 However, various single molecular force
(SMF) and Fourier transform infrared (FTIR) and NMR spec-
troscopy measurements presented an increase in β-sheet content
in the A53T mutant-type in comparison to the wild-type αS
protein.9,10,29−31 Furthermore, Bertoncini et al. presented that
long-range interactions between the C-terminal (Lys96−
Ala140) and the non-amyloid-β component (NAC; Lys60−
Val95) regions are released upon A53Tmutation of the wild-type
αS protein.32

Although experimental studies have provided valuable insights
into the effect of the A53Tmutation on the wild-type αS protein,
atomic level information with dynamics can be gained from
theoretical studies of the wild-type and A53T mutant-type αS
proteins at the monomeric level in solution that are not easily
observable using conventional experimental tools. The current
literature includes several theoretical studies, but none of the
existing theoretical investigations have provided a complete
picture of the impact of the A53T mutation on the wild-type αS
structures via assessing the structure and free energy landscape
relationships. For example, Kumar et al. reported an increase in
the aggregation propensity of the A53T mutant-type αS protein
due to similar secondary structure contents of their simulated
A53T mutant-type αS structure to NMR measurements of the
αS fibril structure and a sequence analysis via classical molecular

dynamics (MD) simulations in explicit water.33 Detailed
information regarding the secondary and tertiary structure
contents as well as the thermodynamic properties was not shown
in this study. The effect of the A53T mutation on the phos-
pholipid bilayer or sodium dodecyl sulfate (SDS)-bound
structures of the wild-type αS were determined by Perlmutter
et al. via classical MD simulations.34 They reported that the A53T
mutation has little affect on the structure of wild-type αS.34

Balesh et al. performed classical MD and annealing MD (AMD)
simulations of the wild- and mutant-type αS proteins.35 They
reported similar helical and β-sheet contents for the wild-type
and A53Tmutant-type αS proteins. Furthermore, they presented
a more compact structure for the A53T mutant-type αS than
the wild-type. However, detailed residual information regarding
the secondary and tertiary structure properties, as well as the
relationships of the structural properties with free energy
landscapes, have not been presented. MD simulations of the
wild-type and A53T mutant-type αS, as well as the mouse αS
protein, by Carloni and co-workers reported interesting trends
regarding the impact of the A53T mutation on the wild-type αS
structures.36 Specifically, they found that intramolecular
interactions of the C-terminal region with either the N-terminal
(Met1−Lys60) or NAC regions of the α-synuclein protein are
lost upon A53T mutation. Furthermore, they reported that the
average radius of gyration (Rg) of the A53T mutant-type αS
protein is larger than that of the wild-type αS for most of the
protein ensembles investigated. Even though important insights
are gained from this successful study, detailed secondary
structure and thermodynamic properties were not presented.
We also should mention here that MD simulations without the
usage of special sampling techniques have the potential to suffer
from the multiple minima problem and may result in poor
sampling of intrinsically disordered proteins.
We performed all-atom replica exchange molecular dynamics

(REMD) simulations on the full-length monomeric wild-type
and A53T mutant-type αS proteins in aqueous solution utilizing
implicit and explicit water models. The resulting structures
obtained from these simulations were utilized in calculations of
the secondary and tertiary structural properties, as well as free
energy landscapes, of the wild-type and A53T mutant-type αS.
Furthermore, we applied our recently developed in house
theoretical strategy to provide insight into the thermodynamic
preference of transitions between different secondary structure
components for each residue at the atomic level with dynamics
based on free energy change calculations. In addition, we address
the determined structural variations in aqueous intrinsically
disordered proteins based on the confined aqueous volume effect
using a smaller model protein and an explicit model for water. In
this study, we report the structures and free energy landscapes of
the A53T mutant-type αS protein as well as the impact of A53T
mutation on the structures and free energy landscapes of the
wild-type αS protein in aqueous solution. We relate our results to
the proposed toxicity of these proteins and to the pathology.

■ RESULTS AND DISCUSSION
Figure 1 presents the abundance of secondary structure
components per residue for the wild-type and A53T mutant-
type αS proteins. Specific secondary structure components, that
is, α-helix and β-sheet structures, are proposed to play important
roles in the physiological function and aggregation mechanism of
the αS protein. Overall, the α-helix content of the wild-type and
A53T mutant-type αS proteins shows only minor deviations in
abundance (<5%) with a few notable exceptions. Specifically,
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residues Val3−Lys12 in the N-terminal region, Ala89−Ala91 in
the NAC region, and Asn103−Glu105 in the C-terminal region
adopt up to 10% more abundant α-helix structure upon A53T
mutation of the wild-type αS. However, residues Phe94−Gly101
present an opposite trend with an up to 15% less abundant
α-helix structure formation in the A53T mutant-type αS than in
the wild-type αS. In general, this finding agrees with circular
dichroism (CD) measurements that reported similar α-helix
contents for the wild-type and A53T mutant-type αS.9,10,27,28 In
addition, our results support the findings of Bussell and Eliezer
who reported that the α-helical character of Ala18−Gly31 is
unperturbed by the A53T mutation via NMR measurements.29

Furthermore, we observe that the abundance of α-helix struc-
ture is greater in the N-terminal and NAC regions than in the
C-terminal region, especially for the last 38 residues, for both
the wild-type and A53T mutant-type αS in aqueous solution.
This finding agrees with the observed helical tendency of the first
100 residues of the wild-type and A53T mutant-type αS proteins
via NMR measurements. Jońsson et al. detected the same trend
for the wild-type αS protein structures via Monte Carlo simula-
tions.37We shouldmention here that the formation of the α-helix
structure in the N-terminal and NAC regions of the αS protein
has been proposed to be a key factor for vesicle and membrane
binding.14,17,18,20,38−40 Therefore, the overall similarity in the
α-helix contents in the N-terminal and NAC regions of the wild-
type and A53T mutant-type αS proteins indicates that the bind-
ing of αS to vesicles and membranes would not be significantly
influenced by the A53T mutation. In fact several in vitro and in
vivo experiments reported that the binding affinity of αS with cell
membranes and phospholipid vesicles is unaffected by the A53T
mutation.14−18 Furthermore, our results present that previously
reported differences for the neurotoxicity of the mutant- and
wild-type αS proteins when interacting with cell membranes
might be related to changes in the oligomeric rather than mono-
meric structures. Despite the minimal changes observed in the
α-helix content, large differences in the abundance of 310-helix
formation occur between the wild-type and A53T mutant-type
αS proteins. Residues Val16−Ala18, Glu20−Thr22, Glu28−
Gly31, Val74−Val77, and Glu131−Gln134 form more abundant
(up to 10%) 310-helix in the wild-type protein in comparison
to the same residues in the A53T mutant-type αS protein

structures. On the other side, Val52−Val55, Lys102−Glu105,
and Gln109−Leu113 adopt larger abundant 310-helix structure
(up to 10%) upon A53T mutation of the wild-type αS protein.
The most abundant β-sheet structure (up to 20%) occurs at

Val70, Val71, Val82, Glu83, Ala89−Ala91, Lys102, Asn103, and
Pro108, Gln109 in the NAC and C-terminal regions of the wild-
type αS. Upon A53T mutation, the β-sheet formation at these
residues is either less stable or disappears. The same trend is also
observed for residues Phe4, Glu13, Val16, Gln24, Ala27, Thr33,
and Lys34 located in the N-terminal region. Prominent β-sheet
formation occurs at Leu8, Ala30, Glu35, Val37, Tyr39, Glu46,
and His50 in the A53T mutant-type structures in comparison to
those of the wild-type αS protein. Overall, these findings show an
increase in β-sheet formation close to the mutation site in the
N-terminal region upon A53Tmutation of the wild-type αS. Our
results at the atomic level with dynamics in aqueous solution
support the findings of Bussell and Eliezer, who reported more
likely β-sheet structure formation around the mutation site of the
A53T mutant-type αS in comparison to the wild-type via NMR
measurements,29 but we also present the specific residues along
with the probabilities of the secondary structure components.
Abundant β-sheet structure upon A53T mutation was also
observed for αS via single molecule force (SMF) and Fourier
transform infrared (FTIR) spectroscopy measurements.9,10,31

Interestingly, Balesh et al. did not detect an increase in β-sheet
propensity around the mutation site of the A53Tmutant-type αS
in comparison to the wild-type via annealing MD simulations.35

The formation of β-sheet structure in αS has been linked to its
aggregation process.9,10,15,26−28,41 Therefore, our results dem-
onstrate that these specific residues located in the N-terminal
region around the mutation site (Ala30−His50) play an
important role in the aggregation mechanism of αS due to the
increase in β-sheet content upon A53T mutation.
Using our recently developed theoretical strategy,42−44 we

studied the change in free energy upon transition between two
different secondary structure components at the atomic level
with dynamics for each residue of the wild-type and A53T
mutant-type αS proteins (Figure 2). The determined free energy
values yield valuable insight into the most preferred secondary
structure transitions for each residue, which provides the most
likely secondary structure component that will precede the

Figure 1.Wild-type and A53T mutant-type αS secondary structure components. Secondary structure component abundances per residue for the wild-
type (black) and A53Tmutant-type (red) αS structures obtained after convergence. The abundances for the π-helix and coil structures are not displayed.
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formation of the secondary structure component of interest.
Transitions to helix and β-sheet structures are of special interest
because of the proposed role of these secondary structure
formations in the physiological function and aggregation process.
Regarding the formation of helical structures, we find that the
transition from either a coil or turn structure to helix structure is
the most stable conversion for the wild-type and A53T mutant-
type αS proteins. Furthermore, the conversion stability yielding
helix is not significantly affected by the A53T mutation. This
finding supports the similar α-helix content of the wild-type and
A53T mutant-type αS proteins.9,10,27−29 Stable coil to β-sheet
conversions occur at Phe4, Glu13, Ala90, Ala91, Lys102, Asn103,
Pro108 ,and Gln109 in the wild-type αS protein structures. Upon
A53T mutation, we note that this thermodynamic stability sig-
nificantly decreases (>1kBT) at Phe4, Glu13, Ala90, and Gln109.
Furthermore, only Tyr39 displays a favorable thermodynamic
preference for conversion to a β-sheet structure from a coil

structure in the structures of the mutant-type protein.
Interestingly, the stability decreases for residual secondary
structure conversions resulting in β-sheet structure from either
a turn, coil, or helix structure at the mutation site (Ala53/Thr53)
in the A53T mutant-type αS protein in comparison to the wild-
type αS protein.
Figure 3 presents the intramolecular protein interactions in the

structures of the wild-type and A53T mutant-type αS proteins,

respectively. Gly86−Asn103 and Glu104−Asn122 located in the
NAC and C-terminal regions present strong intramolecular
interactions (>50%) in the wild-type αS structures in aqueous
solution. Additionally, stable intramolecular interactions (up to
88%) within the NAC region of the wild-type αS are detected
between Val70−Gly84 and Ala85−Leu100. Moreover, abundant
intramolecular interactions occur between Ala56−Gly106 and
Gly84−Gln134 (up to 42%). Upon A53T mutation, the abun-
dance of intramolecular interactions between the NAC and
C-terminal regions (Gly86−Asn103 with Glu104−Asn122) and
within the NAC region (Val70−Gly84 with Ala85−Leu100)
decreases. Furthermore, the intramolecular interactions between
Ala56−Gly106 and Gly84−Gln134 are reduced (<20%) upon
A53Tmutation. The abundance of interactions between Glu28−
Glu46 in the N-terminal region and Glu60−Lys80 in the NAC
region, as well as within the C-terminal region between Gly86−
Glu104 and Glu130−Ala140, of the A53T mutant-type αS
increases slightly upon A53T mutation. Interestingly, we note

Figure 2. Wild-type and A53T mutant-type αS secondary structure
transition stabilities. The stability of secondary structure transitions
between two specific secondary structure components per residue for
the wild-type (WT) and A53T mutant-type (A53T) αS proteins based
on free energy calculations performed using our recently developed
theoretical strategy.44,46 The color scale corresponds to the free energy
value associated with the specific secondary structure transition between
two secondary structure components for a specific residue.

Figure 3. Wild-type and A53T mutant-type αS tertiary structures.
Calculated intramolecular interactions of the wild-type (WT) and the
A53T mutant-type (A53T) αS. The color scale corresponds to the
probability (P) of the distance between the heavy atoms (C, N,O, S) of a
residue being ≤20 Å from each other.
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that the intramolecular interactions of the C-terminal region with
the N-terminal or NAC regions almost disappear upon A53T
mutation. Carloni and co-workers reported a similar loss in
intramolecular interactions between the wild-type and A53T
mutant-type αS proteins using classical MD simulations
in explicit water.36 Furthermore, NMR measurements of the
wild-type and A53T mutant-type αS proteins performed by
Bertoncini et al. also reported decreased long-range interactions
upon A53T mutation, especially between the C-terminal and
NAC regions.32 Therefore, these findings present reduced long-
range interactions involving the NAC region and indicate that
the NAC region is more solvent-exposed upon A53T mutation.
This finding is supported by Hazy et al., who reported that the
A53Tmutant-type αS is more hydrated than the wild-type αS via
differential scanning calorimeter measurements.45 Increased
exposure of the NAC region is related to enhanced aggregation
propensity of αS due to its proposed critical role in the aggre-
gation process. Therefore, our tertiary structure findings indicate
that the aggregation propensity of the αS protein is increased
upon A53T mutation, which is in agreement with previous
experiments.9,10,21−28

Different structures belonging to the wild-type and A53T
mutant-type αS proteins simulated utilizing an implicit water
model were selected (based on abundant α-helix and β-sheet
structure and prominent long-range intramolecular interaction
formations) as initial structures in additional sets of MD
simulations utilizing an explicit model for water in order to
address the impact of different water models on the simulated
structures of the large-size disordered proteins. Figure 4 shows
the specific initial structures (REMD; implicit water) and the
obtained final structures (MD; explicit water). The secondary
structures per residue with dynamics, which are in agreement
with experiments and some previous theoretical studies, are not
influenced significantly by the usage of an explicit water model
(Figure 5). However, additional β-sheet formation occurs at
Val40, Ser42, and Asn122 (structure I; Figure 5); Gly101 and
Asn103 (structure III; Figure 5); and Gly101 and Met116
(structure V, Figure 5) in the conformations of the wild-type αS
protein simulated using an explicit model for water. The β-sheet
at Ala78 and Pro120 (structure I; Figure 5) andGln24 and Glu28
(structure V; Figure 5) in the wild-type αS protein confor-
mations disappear when an explicit watermodel is used. Interestingly,
such differences in β-sheet formation do not occur for the A53T
mutant-type αS protein (Figure 5). However, helical and turn
structure formations at some residues of the mutant-type form
are slightly influenced by the usage of an implicit or explicit water
model (Figure 5). Moreover, for understanding whether the
usage of an implicit and explicit water model affects the simulated
intramolecular interactions, the distance variations between the
heavy atoms of different residues were calculated utilizing the
following relationship:

Δ⟨ ⟩ = ⟨ ⟩ − ⟨ ⟩r r rin explicit water in implicit water

where r is the distance between heavy atoms (C, N, O, S) of
different residues. We note differences demonstrated by theΔ⟨r⟩
values for the long-range intramolecular interactions of the wild-
type αS (see Supporting Information). Even though the over-
all trend for the long-range intramolecular interactions is not
significantly affected, the distances between the heavy atoms
located at residues in the N- and C-terminal or NAC regions of
the wild-type protein are different than the ones simulated using
an implicit model for water. These findings show that inter-
molecular hydrogen-bonding interactions between the surrounding

water molecules and the wild-type αS may influence the abun-
dance of specific residual intramolecular interactions. As shown
above, the long-range intramolecular interactions between the
different regions either are less abundant or disappear upon
A53T mutation of the wild-type αS. This trend does not change
with the usage of an explicit model for water (see Supporting
Information).
Different than the simulations of native state proteins, which

usually have a more stable structure than disordered proteins,
one needs to consider the confined aqueous volume effect in the
simulations of highly flexible intrinsically disordered large-size
proteins. The current literature includes studies on intrinsically
disordered proteins solvated in water utilizing explicit water
models and small volumes, which in turn usually do not cap-
ture the many hydration shells around the protein, nor do such
simulations provide the required space for the disordered protein
to adopt specific conformations. For example, αS simulations
were performed with small solvation shell thicknesses up to
5.0 Å.45,59 A smaller intrinsically disordered protein, amyloid-β
(Aβ), which is at the center of neurodegenerative diseases, has
been widely investigated using small aqueous volumes with
hydration shell thicknesses usually ≤5.0 Å.62−64,68 The confined
aqueous volume effect is visible when we compare the structures
reported by different groups using varying hydration shell thicknesses

Figure 4.Wild-type and A53Tmutant-type αS structures in implicit and
explicit solvent. Pictorial representation of the wild-type (WT) and
A53T mutant-type (A53T) αS structures obtained from REMD
simulations in implicit solvent (Implicit) and from the classical MD
simulations in explicit solvent (Explicit). The secondary structure of
each residue is displayed according to the color of the protein back
according to the following key: α-helix (blue), 310-helix (gray), π-helix
(purple), β-sheet (red), β-bridge (black), turn (yellow), and coil
(white).
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for the same intrinsically disordered protein: Raffa and Rauk
reported β-sheet formation in the N-terminal region of Aβ42
using a small confined aqueous volume that captures only the
first hydration shell.64 However, Luttman and Fels showed no
β-sheet formation in the N-terminal region of Aβ42 utilizing a
larger hydration shell thickness of 22.0 Å in their simulations.67

To the best of our knowledge, the confined aqueous volume
effect on the simulated structures of full-length intrinsically dis-
ordered proteins, which are at the center of neurodegenerative
diseases, has not been addressed in detail. We performed
additional sets of MD simulations on the full-length Aβ42
peptide using an explicit water model for addressing this effect.
Our results (Supporting Information) clearly show that the con-
fined aqueous volume using an explicit model for water signif-
icantly impacts the simulated structures. We should mention
here again that simulations using an implicit water model do not
face these challenges and limitations, but they ignore the inter-
molecular hydrogen bonding interactions between the disor-
dered proteins and water molecules.
The intramolecular interaction maps that we obtain from our

simulations are in excellent agreement with experiments and
the simulation results of Carloni and co-workers,36 who used an
explicit model for water. In agreement with their findings, our

results show that intramolecular interactions of the C-terminal
region with either the N-terminal (Met1−Lys60) or NAC
regions of the α-synuclein protein are lost upon A53T mutation.
This trend does not change using an implicit or explicit model for
water. Furthermore, they reported that the average radius of
gyration (Rg) of the A53T mutant-type αS protein is larger than
that of the wild-type αS for most of the protein ensembles
investigated, which is in agreement with our findings (see below).
Possible variations in the results reported by Balesh et al.35 and
between our studies, which are in agreement with experiments
and the results presented by Carloni and co-workers,36 may
occur due to various reasons: the initial structure chosen by
Balesh et al. is the micelle bound αS structure instead of an
extended structure or an experimentally determined free αS
conformation; the impact of the confined aqueous volume on the
simulations performed by Balesh et al. cannot be addressed
because the solvation process is not described in detail (volume
and number of water molecules are missing); decreasing the
temperature to 0 K might influence the reported structures for
the body temperature depending on the simulation time.35

The probability distribution of the Rg values for the wild-type
and A53Tmutant-type αS proteins are presented in Figure 6. For

Rg values less than 35 Å, we observe that the probability is higher
for the wild-type αS structures rather than the A53Tmutant-type
αS structures. At Rg values larger than 35 Å, we find that the
A53T mutant-type αS structures have higher probabilities than
the wild-type αS structures. Based on these distributions, the
average Rg of the wild-type and A53T mutant-type α-synuclein
proteins are 35.3 ± 6.1 Å and 38.1 ± 5.7 Å, respectively. Differ-
ential scanning calorimeter experiments reported a more hydrated
structure for the A53T mutant-type rather than wild-type αS
protein.45 Furthermore, classical MD simulations performed by
Losasso et al. reported larger Rg for most conformers of the A53T
mutant-type than the wild-type αS.36 However, small-angle X-ray
scattering (SAXS) measurements by Li et al. conducted at a pH
value of 7.5 in 100mMNaCl yielded the same Rg value (40± 1 Å)
for both the wild- and A53T mutant-type αS proteins.9,10 On the
other hand, annealing MD simulations by Balesh et al. suggested
that the A53T mutant-type αS protein is more compact than the
wild-type αS protein.35 More compact protein structures are more
likely to exhibit a higher abundance of intramolecular interactions
between different regions of the protein. Therefore, the lower
probability of A53T mutant-type structures in comparison to the

Figure 5. Secondary structures of the wild-type and A53T mutant-type
αS structures in implicit and explicit solvent. Secondary structure
components per residues of the wild-type (WT) and A53T mutant-
type (A53T) αS conformations obtained from REMD simulations in
implicit solvent (Implicit) and MD simulations in explicit solvent
(Explicit). The color scale next to each figure displays the secondary
structure component associated with a specific color.

Figure 6.Wild-type and A53Tmutant-type αS radius of gyration values.
The probability distribution of the radius of gyration (Rg) values of the
wild-type (black) and A53T mutant-type (red) αS for the structures
obtained after convergence.
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wild-type αS protein with Rg values smaller than 35 Å agrees with
the less probable long-range interactions in the A53T mutant-
type αS structures described above. Furthermore, the αS struc-
tures with a higher Rg value are more solvent exposed, which as
stated above may result in a higher aggregation propensity of
these structures. Consequently, the higher probability of A53T
mutant-type αS structures with Rg > 35 Å in comparison to the
wild-type αS is related to the increased rate of aggregation of the
αS protein upon A53T mutation.9,10,21−28

The average conformational Gibbs free energies along
with their enthalpic and entropic contributions are presented
in Table 1. The structures of the A53T mutant-type α-synuclein
are thermodynamically more preferred than the structures of the
wild-type α-synuclein by a ΔG value of 132.9 kJ mol−1. This
result suggests that the A53T mutant-type αS structures are
more stable than the wild-type αS protein structures in an
aqueous solution medium. Specifically, the thermodynamic
results suggest that the structures of the A53T mutant-type are
more stable than its wild-type form largely due to the enthalpic
contribution. Overall, these findings are attributed to the solvent
exposure variations of the two intrinsically disordered proteins
(see above).
Following our recent studies on intrinsically disordered pro-

teins, we also assessed the conformational preferences of the
wild-type and A53T mutant-type αS proteins using the potential
of mean force (PMF) surfaces along the coordinates of the Rg
and end-to-end distance (RE‑E) as shown in Figure 7.42,44,46−48

The PMF surfaces provide information on whether these
structural parameters are affected by the mutation via linking
these characteristics to thermodynamics with dynamics. The
presence of different basins with similar thermodynamic values
along the PMF surface indicates that different conformations of
the same protein have similar thermodynamic preferences.
Evaluating the structures located in these different thermody-
namically preferred basins yields insights into which conforma-
tional properties influence the favorability of the protein
structures. The wild-type αS protein shows two favorable PMF
basins: basins IA and IB. Basin IA occurs at Rg values varying
between 28.0 and 35.5 Å and at RE‑E values from 51 to 98 Å,
whereas basin IB is located at Rg values varying between 37.4 and
42.0 Å and RE‑E values varying between 108.0 and 148.1 Å. The
PMF surface for the A53T mutant-type αS protein also presents
two favorable basins located at Rg values varying between 29.0
and 33.0 Å for basin IA and 34.0 and 43.2 Å for basin IB and RE‑E
values varying between 45.2 and 73.1 Å for basin IA and 91.1 and
137.3 Å for basin IB. Moreover, the PMF surfaces indicate that
transitions between the structures located in basin IA and basin
IB require the overriding of larger energy barriers (>1kBT) for
both the wild-type and A53T mutant-type αS proteins.
For gaining insights into the relationships between the struc-

tural properties and PMF surfaces, we also calculated the se-
condary and tertiary structure components per residue of each
PMF basin for the wild-type and A53T mutant-type αS proteins.
As shown in Figure 8, the basin IA structures of the wild-type αS
protein present themost abundant α-helical structure (up to 56%)

in the C-terminal region at Phe94−Gly101. This abundance
decreases by 30% for the basin IB structures (Figure 8). Instead,
basin IB structures of wild-type αS present the highest abun-
dance of α-helix formation in the N-terminal and NAC regions at
Glu20−Val26, Lys32−Gly36, and Lys28−Thr64 (up to 46%),
which decreases in the basin IA structures. In addition, α-helix
content at Met5, Lys6, Glu28, Ala29, Leu38, Val40−Lys43,
Glu61, Lys80−Glu83, and Ala89−Thr92 decreases from basin
IA to basin IB. Along the PMF surface, only residues Glu20−
Gln24 and Lys32−Glu35 present a decreasing abundance of
α-helix structure with decreasing PMF values for structures located
in basin IB (basin IB > basin II > basin III) of the wild-type αS.
Differences in the 310-helix structure abundance of the structures
in the favorable PMF basins of the wild-type αS protein are also
noted (Figure 8). Specifically, residues Lys43−Lys45, Gln79−
Ala85, and Asp121−Tyr125 present a more abundant 310-helix
structure in the basin IA rather than basin IB structures, whereas
the opposite trend is detected for residues Val15−Ala17, Gly25−
Gly31, Gly36−Leu38, Val40−Ser42, Gly86−Ile88, Val95−
Gln99, and Gly101. The β-sheet content of the wild-type αS
structures also shows significant deviations between the con-
formations located in basins IA and IB. Residues Val16, Gln24,
Glu35, Val70, Val71, Lys102, and Pro108 adopt β-sheet structure

Table 1. The Calculated Average Enthalpy (H), Solvation Free Energy (Gsol),H − Gsol, Entropy (TS), and Gibbs Free Energy (G)
Values for the Wild-Type (WT) and A53T Mutant-Type (A53T) α-Synuclein Protein Structures in an Aqueous Solution
Environment

peptide ⟨Etotal⟩ (kJ mol
−1) ⟨Gsol⟩ (kJ mol−1) ⟨H⟩ (kJ mol−1) −T⟨S⟩ (kJ mol−1) ⟨G⟩ (kJ mol−1)

WT 7146.5 ± 174.3 −16704.1 ± 169.7 −9557.4 ± 18.4 −7043.8 ± 8.4 −16601.4 ± 13.0
A53T 7700.0 ± 188.8 −17362.3 ± 185.2 −9662.3 ± 21.0 −7072.0 ± 9.6 −16734.3 ± 10.2

Figure 7.Wild-type and A53Tmutant-type αS PMF surfaces. Change in
the potential of mean force (ΔPMF) of the wild-type (WT) and A53T
mutant-type (A53T) αS along the coordinates of radius of gyrations
(Rg) and end-to-end distance (RE‑E) in units of kJ mol

−1. The reference
values for the PMF surfaces are 6.73 kJ and 6.48 kJ mol−1 for the wild-
type and A53T mutant-type αS, respectively.
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in the basin IA conformations (up to 22%) of the wild-type αS
protein. On the other side, the most abundant β-sheet formation
(up to 60%) occurs at Phe4, Glu13, Val82, Glu83, Ala90, Ala91
and Gln109 in the structures located in basin IB.
For the A53T mutant-type αS protein, the most abundant

α-helix formation occurs in the N-terminal region at Val3−Ala11
(up to 50%) for the structures located in basin IA but this stability
decreases by up to 20% in the same region in the structures
located in basin IB (Figure 8). Residues Lys96−Gln99 in the
C-terminal region of the structures located in basin IB form
abundant α-helix (up to 45%), which form less stable α-helix in
the structures located in basin IA. Residues Lys21−Gln24 in the
N-terminal region adopt more abundant α-helix in the structures
located in basin IB rather than the same region in the structures
located in basin IA of the A53T mutant-type αS. The opposite
trend is detected for Lys32−Glu35 located in the N-terminal
region. Regarding 310-helix structure formation, the most promi-
nent formations occur in parts of the NAC and N-terminal
regions (Val52−Gly61) and the C-terminal region (Gln109−
Glu114) with up to 40% abundance for both basins IA and IB.
Interestingly, more abundant 310-helix formation occurs in the
structures located in basin IA rather than those in basin IB for

the A53T mutant-type αS (Lys32−Glu35, Val40−Ser42, and
Lys102−Glu105), whereas the opposite trend is detected at
Lys43−Lys45, Phe94−Lys96, and Pro120−Ala124. However,
helical structure abundance does not display a consistent trend
with PMF values. Furthermore, we determined the noteworthy
deviations in the β-sheet formation of the wild-type and the
A53Tmutant-type α-synuclein between the most preferred PMF
basins. The N-terminal region of the basin IA structures of the
A53T mutant-type αS presents the highest abundance of β-sheet
structure at Glu35 and Tyr39 (up to 20%), but decreases in the
basin IB conformations. Further significant β-sheet structure
formations are detected at Gly7, Leu8, Glu13, Gly14, Gly101,
Asn103, and Gly106 in the basin IA structures. On the other side,
the basin IB structures form the highest β-sheet content at Thr81
and Ala91 in the NAC region (up to 12%), which is not present
in the basin IA structures. In addition, slightly less abundant
β-sheet formation is also observed at Leu8, Val15, Val26, Ala30,
Glu46, His50, Lys102, and Pro108. However, distinct trends in
the abundance of β-sheet formation along the PMF surface are
not evident for the A53T mutant-type αS protein.
The intramolecular interactions of the structures located in

the most favorable PMF basins for the wild-type and A53T

Figure 8. Wild-type and A53T mutant-type αS secondary structure components of the PMF basin structures. Calculated secondary structure
abundances per residue for the structures of the wild-type (WT) and A53Tmutant-type (A53T) αS located in basin IA (purple), basin IB (blue), basin II
(green), and basin III (red) along the PMF surface. The abundances for the π-helix and coil structures are not displayed.
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mutant-type αS proteins display prominent differences
(Figure 9). The NAC and C-terminal regions of the wild-type
αS protein present abundant interactions (up to 90%) both
between and within the regions Gly86−Glu104 and Val70−
Glu83 or Glu105−Ala124 (Figure 9). Moderately abundant (up
to 45%) interactions of the C-terminal regions are also observed
with the N-terminal and NAC regions: Val55−Gly86 and
Gly104−Tyr136. Furthermore, residues Leu8−Val16 of the
N-terminal region and Gly132−Ala140 of the C-terminal region
interact weakly (5%) in the conformations located in basin IA of
the wild-type αS protein. Similar to the basin IA structures, the
basin IB structures of the wild-type αS protein present abundant
intramolecular interactions between the NAC and C-terminal
regions via Thr72−Ile88 and Ile88−Val118 as well as Ala90−
Asn103 and Glu104−Pro120 (Figure 9). Weak intramolecular
interactions between Met1−Ala18 in the N-terminal region and
the NAC or C-terminal regions in basin IA conformation are no
longer present in the basin IB structures. Instead, we observe an
increase in abundance of the intramolecular interactions within
the N-terminal region between residues Met1−Lys10 and
Gly14−Gly25. Deviations in the intramolecular interactions of
the basin IA and basin IB structures of the A53T mutant-type αS
are also observed. Strong intramolecular interactions (50−90%)

occur between Glu83−Glu110 and Leu100−Pro128 in the NAC
and C-terminal regions of the basin IA conformations of the
A53T mutant-type αS protein. Interestingly, strong intra-
molecular interactions between the same regions are observed
in the basin IB structures, as well as between Leu100−Pro120
and Ala85−Gly106. However, the moderately abundant
interactions between Lys58−Ala78 and Gly84−Leu100, as well
as those between Gln24−Gly47 and Lys60−Ala76, that are
present in the basin IA structures are weaker by up to 20% in the
basin IB structures of the A53Tmutant-type αS protein. Further-
more, the weakly abundant intramolecular interactions of the
N-terminal and NAC regions (Met1−Val66) with the C-terminal
region (Ala124−Ala140) in the basin IA conformations disappear
in the basin IB structures. These findings clearly demonstrate
that the structure and thermodynamic property relationships are
largely affected by the A53Tmutation of the wild-type αS protein
in an aqueous solution.
The results and discussions presented in the Supporting

Information section for the confined aqueous volume effect in
the simulations of intrinsically disordered proteins clearly show
that the chosen aqueous volume impacts the simulated dis-
ordered protein structures. Even though simulations using an
implicit water model do not capture the intermolecular

Figure 9.Wild-type and A53T mutant-type αS tertiary structures of the favorable PMF basin structures. Calculated intramolecular interactions of the
wild-type αS structures located in basin IA (WT IA) and basin IB (WT IB) of the PMF surface and of the A53T mutant-type αS structures located in
basin IA (A53T IA) and basin IB (A53T IB) of the PMF surface. The color scale corresponds to the probability (P) of the distance between the heavy
atoms (C, N, O, S) of a residue being ≤20 Å from each other.
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interactions between the protein and water molecules, such
simulations do not suffer from the confined aqueous volume
effect, which impacts the simulated structures of intrinsically
disordered proteins enormously because these proteins lack a
stable structure unlike native state proteins and require a
larger confined volume than the ones presented in the current
literature.

■ SUMMARY
Overall, we report the structural and thermodynamic properties
including the conformational Gibbs free energies and secondary
structure conversion free energies at the atomic level with
dynamics for the wild-type and A53Tmutant-type αS proteins in
aqueous solution, which reveals the impact of the A53Tmutation
at the monomeric level on the wild-type αS protein. Even though
some structural properties have been presented by experiments
and theoretical studies before, in this work, we present all struc-
tural properties in detail along with thermodynamic properties,
and we provide details that are currently not available in the
literature. The helical content of wild-type αS is minimally
affected by the A53T mutation except for a few residues in the
N-terminal and C-terminal regions. This result agrees with
several reported experimental measurements as well as the
similar binding affinities of the wild-type and A53T mutant-type
αS proteins for phospholipid vesicles and membranes.
Interestingly, we detect a decrease in the β-sheet content formed
in the NAC and C-terminal regions, while the N-terminal region
around the mutation site presents an increase in β-sheet
abundance upon A53T mutation. This finding indicates that
the N-terminal region close to the 53rd amino acid residue plays
an active role in the aggregation mechanism of the A53Tmutant-
type αS protein. Furthermore, our newly developed strategy
reveals that the free energy stability of secondary structure
transitions resulting in a helical structure formation is unaffected
by the A53T mutation. However, the preferred residual se-
condary structure component transitions to a β-sheet structure
shift to the N-terminal region around the mutation site except at
the 53rd amino acid residue itself, which shows a significant
decrease in the stability for transitions yielding a β-sheet struc-
ture. Additionally, transitions from a coil to a β-sheet structure
are the most favorable for the abundant β-sheet forming residues
(see above) of the wild-type and A53T mutant-type αS proteins
in aqueous solution. The intramolecular interactions occurring in
the wild-type and A53Tmutant-type αS protein structures reveal
that the long-range interactions between the NAC region and the
N- and C-terminal regions disappear upon A53T mutation. This
result indicates that the NAC region is more solvent exposed in
the A53T mutant-type rather than wild-type αS, which is related
to an increase in the rate of aggregation. In addition to the overall
secondary and tertiary structural characteristics of the wild-type
and A53T mutant-type αS, the PMF surfaces of both proteins
present two favorable conformational basins with different
secondary and tertiary structural properties. However, transitions
of structures between these two basins are predicted to occur
more readily for the A53T rather than the wild-type αS due to the
decreased energy barrier between the basins in the A53Tmutant-
type in comparison to the wild-type αS protein. Overall, our
results show that the A53T mutation significantly impacts the
structural properties of the wild-type αS protein. These resulting
differences agree with previous observed experimental measure-
ments and can provide further insight into the aggregation
mechanism of these two proteins. The details yielded from
this study aid in providing the currently missing fundamental

knowledge about the A53T mutant-type αS protein and the
impact of the A53T mutation on the structures of the wild-type
αS protein. The results reported herein can help in the design
and synthesis of more efficient drugs that can block the specific
residues forming certain structures, that is, β-sheet structure,
which are reactive toward aggregation.

■ METHODS
Intrinsically disordered proteins can adopt a multitude of different
conformations. As a result, the theoretical method for investigating
intrinsically disordered proteins needs to be chosen carefully so that the
different possible protein conformations are adequately sampled.
REMD simulations utilize special sampling throughout the course of
the simulation to overcome energy barriers between different minimum
energy conformations.49,50 We performed extensive REMD simulations
with the AMBER 11 software package on the wild-type and A53T
mutant-type αS proteins utilizing the AMBER ff99SB force field
parameters for proteins.51,52 The usage of an explicit solvent model in
REMD simulations can result in errors due to variations in the heat
capacity of water as well as conformational effects due to confined
aqueous volume and therefore the Onufriev−Bashford−Case General-
ized Born implicit solvent model was utilized.43,44,47,53,54 A total number
of 56 replicas were employed for the wild-type and A53T mutant-type
αS with temperature exponentially distributed between 283 and 400 K,
yielding an exchange probability of 0.70.55 The initial fully extended
structures of the wild-type and A53T mutant-type αS proteins were
equilibrated for 500 ns per replica. REMD simulations were performed
for a total of 40 ns with exchanges between replicas attempted every 5 ps
with a time step of 2 fs. Trajectories were saved every 500 steps.
Langevin dynamics was used to maintain the temperature of each replica
with a collision frequency of 2 ps−1.56,57 Following our recent studies,
the particle mesh Ewald (PME) method was used to treat long-range
interactions.56,57 The bonds to hydrogen atoms were constrained using
the SHAKE algorithm.58 Despite the confined aqueous volume effect in
the simulations of highly flexible large-size intrinsically disordered pro-
teins, usage of an implicit water model in the simulations of these species
ignores the impact of intermolecular hydrogen bonding interactions as
well as short- and long-range solvent structuring and local density effects
on the determined disordered protein conformations. Therefore, sets of
additional simulations were performed utilizing specific wild-type and
A53T mutant-type conformations that we obtained from our REMD
simulations using an implicit water model as the initial structures.
Specifically, all structures were solvated using the modified TIP5P
explicit model for water74,75 in a box where the closest distance between
the protein and any box edge was 20 Å and simulated for additional 30 ns
via separate classical MD simulation runs at the same temperature and
pressure of interest (310 K temperature and a pressure of 0.1 MPa). In
order to further address the confined aqueous volume effect on the
simulations of a disordered protein using an explicit water model, we
also performed all-atom MD simulations using a smaller size disordered
protein in water, amyloid-β(1−42) (Aβ42). Aβ42 was solvated in cubic
boxes with layers of water for 20 and 30 Å in two separate simulations
(corresponding to 10 314 and 25 777 explicit water molecules),
respectively. We should mention here that the current literature
includes smaller solvation boxes used in the simulations of intrinsically
disordered proteins, and the confined aqueous volume effect becomes
more significant in such simulations.36,45,59−68 The integration time step
was set to 2 fs. An isobaric−isothermal ensemble was applied using
Langevin dynamics.56,57 The RATTLE algorithm was applied to restrain
the bonds between heavy atoms and hydrogen atoms.69 The
temperature was set to 310 K to correlate to the physiological
temperature. The long-range interactions were treated using the particle
mesh Ewald method and the cutoff value for nonbonded interactions
was set to 12 Å.56,57 Counter ions (Na+) were used for neutralizing the
charges.

The cumulative secondary structure abundance (see Supporting
Information) was used to verify the convergence of the REMD simula-
tions of the wild-type and A53T mutant-type αS proteins at 20 ns of
simulation time as shown in our previous studies on intrinsically
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disordered proteins.42,44,46−48,70 The structural and thermodynamic
properties of the wild-type and A53T mutant-type αS proteins were
calculated from the structures obtained after convergence from the
replica closest to physiological temperature (310 K). The abundances of
the secondary structure components per residue for the wild-type and
A53Tmutant-type αS proteins were calculated via the DSSP program.71

In addition, we applied our recently developed theoretical strategy to
calculate the free energy change associated with transitions between two
different secondary structure components at the atomic level with
dynamics.42,44,46 This method calculates the PMF of each transition via
the conditional probability, defined as (P(ti→j|Stj)). Within this condi-
tional probability, P(ti→j) is the probability of a transition between two
different secondary structures, i and j, while P(Stj) identifies probability
of a transition resulting in the formation of a specific secondary struc-
ture, j, for a certain residue. The free energy change of each secondary
structure transition is then calculated using our ProtMet software
package (eq 1):

λ= −k T ZPMF ln ( )B (1)

where kB is the Boltzmann constant, T is the temperature, and Z(λ) is
the conditional probability ratio of the specific secondary structure
transition. More details can be found in refs 42, 44 and 46. The
intramolecular interactions of the wild-type and A53T mutant-type αS
proteins were determined by calculating the probability of interactions
between two different residues. Intramolecular interactions between two
different residues occur if a heavy atom (C, N, O, or S) of a residue is at
least 20 Å from a heavy atom of any other residue, as shown in our
previous studies regarding the αS protein.44,46 The thermodynamic
preferences of the wild-type and A53T mutant-type αS proteins were
determined using both the MM/PBSA and PMF methods as shown in
our previous studies on intrinsically disordered fibrillogenic pro-
teins.42,44,46−48,70 The MM/PBSA method utilizes the potential energy
(Etot), solvation free energy (Gsol), and entropy (S) of each protein
structure to calculate the estimated conformational Gibbs free energy
(G) of the same protein structure at a specific temperature (T) via eq 2:

= + −G E G TStot sol (2)

The Gsol is the summation of the electrostatic and nonpolar contribu-
tions of each protein structure to theG. The electrostatic contribution to
the G is calculated using dielectric constant values of 1 and 80 for the
protein and solvent environment, respectively. The entropy values were
estimated using the normal-mode analysis method.72 Entropy value
calculations using a quasi-harmonic method, namely, the Schlitter
method,73 were also attempted; however, the conformational changes
were too large for this method to be applied. The coordinates of Rg and
RE‑E were used to determine the PMF surfaces of both the wild-type and
A53T mutant-type αS proteins, as shown in our previous studies of the
αS and amyloid-β proteins.42,44,46−48
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