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Abstract

The misfolding and pathological aggregation of the a-synuclein forming insoluble amyloid
deposit is associated with Parkinson’s disease, the second most common neurodegenerative
disease in the world population. Characterizing the self-assembly mechanism of a-synuclein is
critical for discovering treatments against synucleinopathies. The intrinsically disordered property,
high degrees of freedom, and macroscopic timescales of conformational conversion make its
characterization extremely challenging /in vitroand in silico. Here, we systematically investigated
the dynamics of monomer misfolding and dimerization of the full-length a.-synuclein using
atomistic discrete molecular dynamic simulations. Our results suggested that both a-synuclein
monomers and dimers mainly adopted unstructured formations with partial helices around N-
terminus (residues 8-32) and various B-sheets spanned the residues 35-56 (N-terminal tail)

and residues 61-95 (NAC region). C-terminus mostly assumed unstructured formation wrapping
around the lateral surface and elongation edge of the p-sheet core formed by N-terminal tail

and NAC regions. Dimerization enhanced the p-sheets formations along with a decrease in
unstructured content. The inter-peptide p-sheets were mainly formed by the N-terminal tail and
NACore (residues 68—78) regions, suggesting that these two regions played critical roles in the
amyloid aggregation of a-synuclein. Interactions of the C-terminus with the N-terminal tail and
NAC region were significantly suppressed in the a-synuclein dimer, indicating that interaction of
the C-terminus with the N-terminal tail and NAC regions could prevent a-synuclein aggregation.
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These results on the structural ensembles and early aggregation dynamics of a-synuclein will help
understanding the nucleation and fibrillization of a-synuclein.
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1.0 — -
W
0.64

0.44

0.24
0.0

Xi2H .

RDF
SRUiey (BT IO LeE I

Monomer
Probability

wnj

0 20 40 60 80 100120140

e -
361 ¥ l'
0.6

0.4

0.24
0.0

RDF

Dimer
Probability
°© 2 M w &

ens- M papnsun

0 20 40 60 80 100120140 3
Residue

Introduction

The misfolding and pathological accumulation of a-synuclein forming insoluble amyloid
deposits in the central nervous system is associated with a series of neurodegenerative
diseases, including Parkinson’s disease (PD), dementia with Lewy bodies (DLB), and
multiple-system atrophy (MSA)14. The a-synuclein is widely abundant in the presynaptic
terminals of neurons®. In addition, a-synuclein is known as a natively unfolded protein

or intrinsically disordered protein (IDP) due to the lack of a stable native structure®.
Similar to the other amyloid degenerative diseases-related peptides (e.g., Ap, amylin, and
Tau)’~9, the aggregation kinetics of a-synuclein followed a sigmoidal pattern with three
distinct phases, where the initial lag phase corresponding to the nucleation of monomers
into oligomers and proto-fibrils followed by rapid elongation of proto-fibrils before
reaching the saturation of mature fibrils19-12. The amyloid aggregation of a-synuclein is
very sensitive to solution conditions (e.g., temperature, pH, and salt concentration)13-15,
Despite the atomic polymorphous fibrillar structures of a.-synuclein structure, featured

of cross-B-sheet motifs, have been determined by cryo-electron microscopy (cryo-EM)?6,
nuclear magnetic resonance (NMR)17: 18 micro-electron diffraction (micro-ED)?, as well
as quenched hydrogen/deuterium (H/D) exchange?® experiments. Mounting experimental
evidence suggested that the soluble low-molecular-weight oligomers formed during the early
nucleation stages of a-synuclein are much more cytotoxic than the mature fibrils21: 22,
However, the molecular mechanism of a-synuclein fibrillization is not fully understood,
due to the oligomers of a-synuclein formed during the early stages being usually
heterogeneous and unstable23. Therefore, the characterization of the monomeric and
oligomeric conformations of a-synuclein is critical for both understanding their pathological
amyloid aggregations mechanism and the future therapeutic strategies development against
PD.
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The full-length a-synuclein is composed of 140 amino acids which could be divided into
three regions at the level of amino acid sequence?* 25: a positively charged amphiphilic
helical N-terminus (residues 1-60), a highly hydrophobic and amyloidogenic central
non-amyloid-p component (NAC, residues 61-95) region, and a strongly acidic and
negatively charged unstructured C-terminus. There are seven 11-residue imperfect helical
repeats with a conserved motif (7.e., KTKEGV) from the first two regions (residue 1-

87), which play a crucial role in the a-synuclein interaction with lipid-membrane®. The
NAC region is responsible for the pathological aggregation of a-synucleinl: 5 11. 26 fFor
example, the fibrillization of a-synuclein is significantly inhibited when some residues from
NAC are deleted?’. Prior experimental and computational studies demonstrated that the
segments (/.e., residues 68-78, also known as NACore) from NAC region of a-synuclein
could spontaneously self-assemble into well-ordered cross-g fibrillar structures!® 28, The
unstructured C-terminal region has been implicated in regulating the nuclear localization
and interactions of a-synuclein with proteins, metals, and small molecules!?: 26. 29, 30,
Monomers of a-synuclein are dramatically disordered and lack stable conformations,
regardless of the neuronal cells and buffer conditions31. Monomeric of a-synuclein is

also known populated with dynamically collapsed conformations with helix-rich or p-sheet-
rich formations, which may assist the aggregation of a-synucleinl 32. 33 For example,

the conformations of monomeric a-synuclein are more compact under physiological

cell conditions than the buffer3l. The a-synuclein monomers are more extended at the
neutral environment than the acidic conditions, stable dimer conformations only exist in

the natural conditions34. Previous experimental study suggested that the aggregation and
neurotoxicity of a-synuclein was initiated by dimerization3®. The presence of a partially
folded intermediate, mediated by a decrease in pH or an increase in temperature, is
strongly correlated with the enhanced formation of a-synuclein fibrils!3. However, the
conformational features of a-synuclein in the monomers and oligomers are still elusive; the
relationship between the dynamical conformations in the monomeric state and aggregation
propensity also remains to be established.

Here, we systemically studied the monomer and dimer (/.¢€., the smallest aggregates at
neutral pH conditions34) structures of the full-length a-synuclein using all-atom discrete
MD (DMD) simulations. DMD is an efficient and predictive MD algorithm widely used

to study protein folding, misfolding, and aggregation36-38, For each molecular system, 100
independent DMD simulations starting from the different initial states were performed with
the duration time of each DMD trajectory up to 800 ns in the monomer and 1000 ns in the
dimer. Our results demonstrated that both a-synuclein monomers and dimers predominantly
adopted unstructured formations with partial local helices and p-sheets. The partial helices
in a-synuclein monomers and dimers were mainly formed by the residues 8-32 of the
N-terminus, consistent with prior X-ray and NMR measurements39-41. Diverse p-sheets
mostly spanned around the N-terminal tail and NAC region, in which the N-terminal tail
(residues 35-56) adopted a typical B-hairpin motif and incorporated with the NAC region
forming various B-sheets. One similar p-hairpin motif formed by the N-terminal tail was
also reported in prior experimental literature*2, Similar B-sheet regions were also present
in various prior biophysical and biochemical approaches that determined amyloid fibril

and unfolded structures of a-synuclein?%:43-51 C-terminus in a-synuclein monomer and
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dimer were very dynamic, mostly assumed unstructured formations, consistent with prior
NMR measurements20: 50. 52,53 The C-terminus preferred dynamically wrapping around
the lateral surface and elongation edge of the B-sheet core formed by the N-terminal

tail and NAC regions. Interactions between C-terminus and N-terminal tail and between C-
terminus and NAC region were significantly suppressed in the a-synuclein dimer, indicating
that the dynamic wrapping and capping of the C-terminus around the p-sheet core may
prevent amyloid aggregation of a-synuclein. Overall, our simulation results uncovered the
conformation and self-assembly dynamics of the full-length a.-synuclein, which will help
better understanding the pathological aggregation of a-synuclein.

Results and discussion

The conformational dynamics of a-synuclein monomers.

The amino acid sequence and initial structure of a-synuclein used in our DMD simulation
are shown in Figure 1. The solution structure of the a-synuclein monomer is still

elusive. Thus, we chose the micelle-bound a.-synuclein monomer>* (PDB: 1XQ8) as

the initial structure, which has been extensively employed as the starting structure in
numerous computational studies for the conformational investigation of a-synuclein®-57,
The equilibrium assessment by examining the time evolution of the several structural
parameters (including radius gyration (Rg), number of hydrogen bonds, and secondary
structure contents) of the representative trajectory, randomly selected from 100 independent
trajectories, suggesting the monomeric simulation reached the steady states in the last 400 ns
(Figure S1a). Not many changes in the time-evolution of ensemble-averaged conformational
parameters (e.g., Rg, number of hydrogen bonds, and secondary structure contents) over
100 independent simulations during the last 400 ns indicated that all the simulation systems
were reasonably converged (Figure S1b). The conformational dynamic analysis revealed that
the helix-rich extended a-synuclein monomer readily collapsed into a compact structure
with more residue-pairwise contacts and fewer hydrogen bonds within 100 ns (Figures
Sla&?2). Time evolution of each residue’s secondary structure revealed that residues from
N-terminus still mainly adopted helical formations, but most residues from the NAC

region converted into B-sheet structures. The negatively charged C-terminal region was

still populated with unstructured formations (random coil and bend structures) wrapping
around the core collapsed by the N-terminal tail and NAC regions (snapshots in Figures
Sla&?2). Transient partial helix and p-sheet were also observed around the C-terminal
region, but these structured formations were easily converted into unstructured formations.
Another recent site-specific structural dynamics of a-synuclein study also showed that
structured formations (e.g., dynamic helix and p-sheet) around N-terminus and NAC region
were more abundant than C-terminus due to the C-terminus mostly remaining unstructured
formations*L: 58, Monomers of a-synuclein collapsing into both helix and p-sheet abundant
formations were consistent with numerous prior experimental studies3: 32. 33, The
monomeric a-synuclein was dramatically disordered under buffer conditions and neuronal
cell conditions3L. The de novo protein structure determination based on the incorporation
of short-distance crosslinking data according to experimental proteomics measurements as
constraints in DMD simulations revealed that the conformational ensemble of a-synuclein
was rather compact globular conformations®’. Using inter-dye distance distributions from
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bulk time-resolved Forster resonance energy transfer as restraints in DMD simulations, Chen
et al. found some globular conformations of a-synuclein were extremely stable with a
lifetime of more than milliseconds®6. The dynamically collapsed conformations with both
helix-rich and B-sheet-rich structures observed in our DMD simulations were consistent with
prior experimental measurements?3: 31-33,

The dimerization and conformation dynamics analysis of a-synuclein.

Similar to the monomeric simulations, the a-synuclein peptides also spontaneously
collapsed into compact structures populated with both helix and B-sheet in two-peptide
simulation by examining the time evolution of radius gyration, the number of contacts and
hydrogen bonds, and secondary structure of each residue (Figure S2). The dimerization

of a-synuclein monitored by the time evolution of intermolecular hydrogen bonds and
contacts featured a significant heterogeneity with diverse lifetimes in dimeric states among
the simulations (Figure S2&3). The increase of intermolecular contacts accompanied by the
rise of inter-peptide main-chain hydrogen bonds indicating dimerization may render inter-
peptide pB-sheets, which was confirmed by the representative snapshots of dimer structures
(Figure S2&3). Dimers of a-synuclein were mostly dynamic with limited duration time
(length of consecutive red pixel regions along the time axes in Figure 4a&b) during the
course of simulations. Although dimers with a certain number of intermolecular contacts
and hydrogen bonds persisted until the end of the simulation were also observed (Figure
3&4&S2). Although dimers a-synuclein featured lower potential energy than two isolated
monomers on average, a large population of isolated monomers could adopt conformations
with much lower potential energy than most dimeric structures (Figure S3). Therefore, some
a-synuclein dimers were unstable and readily dissociated into monomers due to the broad
potential energy overlapping between isolated monomeric and dimeric states in two-peptide
simulation. The probability distribution and potential mean force as a function of the number
of intermolecular contacts suggested that dimer conformation became favorable as the
number of intermolecular contact up to 24 or more (Figure 4a). Thus, the conformations
with the number of intermolecular contacts of more than 24 were used for the structural
analysis of a-synuclein dimers. The first-passage time of two isolated a-synuclein nucleated
into a dimer with a number of inter-molecular contacts larger than 24 and the average
lifetime of the corresponding dimer in each independent DMD simulation featured a

high heterogeneity among the simulations (Figure S4), indicating multiple long-timescale
independent simulations were necessary for investigating the dimerization dynamics of
a-synuclein to get enough conformational sampling. Secondary structure of each residue
and representative snapshots along simulations suggested that residues from N-terminus,
NAC region, and C-terminus preferred to adopt helix, B-sheet, and unstructured formations,
respectively, in both monomer and dimer states (Figure S2&3). The B-sheet formations
around the NAC region were more populated in the dimeric state than the monomeric states,
indicating dimerization may promote the B-sheet structures of NAC segments (Figure 2&3).

Secondary structure analysis of the monomeric and dimeric a-synuclein.

We further analyzed the secondary structure of a-synuclein monomer and dimer. The
unstructured formations (i.e., random coil and bend) were the dominant species in both
a-synuclein monomer and dimer with a probability of ~49.0% and ~38.9% (Figure 5a),
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respectively. The propensity of each residue to adopt random coil and bend structures
showed that the unstructured formations mainly spanned the C-terminal region (Figure 5b),
which agreed with prior NMR measurements#0: 41, Significant conformational flexibility of
residues 110-140 was also observed in prior solid-state and solution-state NMR, Electron
Paramagnetic Resonance, and limited proteolysis assays2?: 50: 52,53 Compared to the a-
synuclein monomer, the unstructured propensities of residues from the tail of the N-terminus
and NACore were suppressed in the dimer. The average helical formations were very similar
in a-synuclein monomer (~18.6%) and dimer (~18.8%). The helices were mainly formed by
residues 8-32 from N-terminal regions (Figure 5c). Prior crystal structure of a-synuclein
segment with residues ranging 1-72 carried by maltose-binding protein also had two

helical regions around residues 1-13 and 20-34, which was very similar to our simulation
results3?. Multi-dimensional heteronuclear NMR spectroscopy measurement also showed
the helical structures were mainly presented around residues 6-37 in the N-terminus of the
a-synuclein®0: 41, The helix-rich conformations around the above N-terminal region were
also observed in the all-atom MD5® and DMD simulations®6: 57, The solid-state and solution
NMR spectroscopy found these N-terminal residues adopted a well-defined a-helical
secondary structure to target and anchor a-synuclein to the membrane®. Partial helices with
a weaker average probability than the N-terminal region were also observed in C-terminus
(e.g., around residue 90-130). The a-synuclein dimers featured more turn structures than
monomers (Figure 5d). Dimeric a-synuclein had more B-sheet formations (~26.4%) than the
monomeric a-synuclein (~22.8%). Residue with a strong p-sheet propensity was mostly
located in the tail of the N-terminus and NAC regions. The stability of polymorphic
a-synuclein dimers derived from the experimentally determined fibrils by standard MD
simulation also featured similar B-sheet regions®?. Interestingly, the B-sheet regions in the
various biophysical and biochemical approaches determined amyloid fibril and unfolded
structures of a-synuclein were also present around residues L38-K43, V48-N65, V70-Q79,
and G86-K9720: 43-51 (Figure 5e). The conformational cluster analysis (Figure S5) further
confirmed that both monomers and dimers of a-synuclein mainly adopted unstructured
formations; partial helix and B-sheet formation were also present around N-terminal and
NAC regions, respectively.

Intra-peptide residue-pairwise contact frequency analysis of a-synuclein monomers.

To characterize the dominant inter-residue interactions in a-synuclein monomers, we
calculated the main-chain and side-chain residue-pairwise contact frequency maps (Figure
6a). The high intra-chain contact frequencies along the diagonal around residues 8-32
(greater than 0.40) suggested a strong helical tendency in this region (snapshot 1 in Figure
6b), consistent with the secondary structure propensity analysis (as discussed in Figure 5c¢)
and prior experimental measurements3®-41, The tail of the N-terminus featured a typical
B-hairpin contact pattern perpendicular to the diagonal with the p-strand spanned residues
35-44 and 47-56 (snapshot 2 in Figure 6b). An extended B-hairpin structure formed by
residues 37-54 with the p-strands around residues 38-43 and 48-53 stabilized by p-wrap
proteins AS69 was also reported by an experimental study#2. These two B-strands regions
(7.e., residues 35-44 and 47-56) incorporated with the NAC region forming various both
parallel and anti-parallel p-sheets were also observed (corresponding contact patterns and
snapshots 3~5 shown in Figure 6a&b). Representative B-sheet motifs (e.g., residues 37-44
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vs 70-77, residues 52-56 vs62-66, and residues 47-56 vs69-78) revealed that these
B-sheets were mainly stabilized by the interactions among hydrophobic residues from the
tail of N-terminus and NAC region. The interactions between the N-terminal tail and NAC
region forming diverse p-sheets were also supported by an extensive set of intramolecular
paramagnetic relaxation enhancement (PRE) data from measurement32. The familial PD
mutations around the N-terminal tail region (including E46K2, H50Q60, G51D%1, A53T62,
and A53ES3) could affect the pathogenic aggregation of a-synuclein4®: 64 65 indicating the
residues from the tail of N-terminus may participate in forming p-sheet dominated fibrillar
formations with NAC region. For example, the fibrillization of a-synuclein was inhibited
when the B-hairpin structure around residues 37-54 was wrapped by AS6942, due to the
interactions between residues 37-54 and NAC region were prevented. The rigid core of
a-synuclein oligomers incorporated residues 30—-60 and the NAC region was also reported
in the prior experiment5. Residues from the NAC region, which were necessary for the
fibrillization of a-synuclein2’- 87 had a strong propensity to form various -hairpins (e.g.,
residues 61-67 vs70-76, residues 70-78 vs81-89, residues 70-82 and 86-98) driven by
hydrophobic interactions. Such B-hairpin motifs formed by residues from the NAC region
were also supported by NMR measurements32. The B-hairpin-rich formations within the
NAC segment were also observed in the conformational ensemble of a-synuclein monomers
determined by short-distance crosslinking constraint-guided DMD simulations®6: 57, A -
hairpin formation formed by the tail of the NAC region and the head of the C-terminus
(residues 93-100 vs 108-115) driven by the interaction between residues V95 and L113 was
observed (illustrated as snapshot 10 in Figure 6). Residues from C-terminus mostly adopted
unstructured formations along with partial dynamic structures (Figure 2&3). Transient
helical patterns were very short, with the residue length 6~11 (snapshots 9 and 11 illustrated
in Figure 6). Dynamic short helices within the C-terminal region were consistent with the
NMR Ca chemical shift4°. In addition, we also observed long-range unstructured contact
patterns between N- and C-terminus (snapshot 12 illustrated in Figure 6).

The side-chain residue-pairwise contact frequency suggested residues from the C-terminus
could dynamically interact with both N-terminus and NAC regions but didn’t induce
obviously B-sheet structured contact patterns (Figure 6a). The time evolution of the

contact surface areas of the NAC region with N- and C-terminus and the representative
snapshot suggested partial N-terminus (residues 35-56) preferred to incorporate with the
NAC region forming B-sheet formations with relative stable contact surface areas (Figure
S6a&b). Residues 1-35 populated with helical formation featured weakly side-chain contact
frequency with the NAC region and C-terminus (Figure 6a). C-terminal could dynamically
wrap around the NAC and N-terminal tail regions (Figure S6a&b) with unstructured
formations. The dramatically faint p-sheet patterns formed by the C-terminus participated
with the NAC region or N-terminal tail (Figure 6a), as well as the weak B-sheet propensity
of the C-terminus (Figure 5e), suggested that C-terminus could also dynamically adopt
B-sheet formations capped to the B-sheet elongation edges (Figure S6a&b). Contact surface
area probability distribution showed that the interface between the C-terminus and the
NAC region was smaller than the contact area of the N-terminus with the NAC region or
C-terminus (Figure S6c). The radius distribution function of each Ca atom showed that
most residues from the N-terminal and NAC regions were buried inside, whereas residues
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from the C-terminus preferred to expose outside (Figure S6d). Prior studies suggested that
hydrophobic interactions between the C-terminal tail and the NAC region may lead to
globular formations31: 57: 68 The a-synuclein with the C-terminus truncated was more prone
to aggregate than the wild-type of a-synucleinb®. Enhancing the exposure of the N-terminus
and the beginning of the NAC region of a-synuclein upon disruption of the contacts with the
C-terminus through calcium binds could accelerate fibrilization of a-synuclein’0. Overall,
these studies indicated the dynamic interaction between the C-terminus with NAC and
N-terminal regions might modulate the aggregation of a-synuclein.

Residues from the NACore and N-terminal tail played critical roles in the dimerization of

a-synuclein.

Residue-pairwise contact of the dimeric a-synuclein was also analyzed to investigate the
aggregation mechanism. Both the helix and B-sheet contact patterns and the corresponding
structures observed in the monomeric a-synuclein (Figure 6) were also present in the
a-synuclein dimers (Figures 7a&S4). For example, the N-terminal tail and NAC region
were still populated with various p-sheet formations (snapshots 2—7 in Figure S7b).

The difference of each residue-pairwise intra-molecular contact frequency of a-synuclein
between the dimer and monomer was also calculated by subtracting each residue-pairwise
contact in the monomer from the corresponding value in the dimer (Figure 7b). Compared
to a-synuclein monomers, C-terminus interacted with N-terminal and NAC regions were
suppressed, and the B-sheet formations around N-terminus were slightly enhanced (Figure
5e and snapshots 12 in Figure S7b). For example, formations of residue 100-140 capping
to the N-terminal tail and NAC regions featured with the p-sheet pattern were decreased

in a-synuclein dimers (Figure 7b). The intermolecular residue-pairwise main-chain contact
showed that inter-peptide B-sheets were mainly formed among NAC regions, and NAC
segments incorporated with N-terminal tail B-sheets were also observed (Figure 7c). The
specific interactions between monomers within the polymorphic fibril-like a-synuclein
dimers by all-atom MD simulations also showed that both N-terminal and the NACore
domains play a role in the dimerization of all polymorphic alpha-synuclein dimers2°,
Representative residue-pairwise contact motifs with obvious B-sheet structured patterns were
mostly formed by NACore (residues 68—78) participated with residues from the N-terminal
tail and NAC region forming various p-sheets (e.g., snapshots 1, 2, 3, 5, 6, 8, and 9 in Figure
7d). In addition, the N-terminal tail (e.g., residues 35-56) involved B-sheets conformations
were also abundant (e.g., snapshots 5, 6, 7, 8, 9, 10, 11, and 12 in Figure 7d). Overall, both
NACore and N-terminal tail segments played curial roles in forming intermolecular p-sheet
dimeric conformations of a-synuclein. The NAC and N-terminal tail regions displayed

a less interacted tendency with C-terminus in the a-synuclein dimer than the monomer,
indicating the presence of the C-terminus around the NAC and N-terminal tail region may
hinder a-synuclein aggregation. In addition, residues from the N-terminal tail (/e residues
35-56) and NACore (/.¢e., residues 68—78) region had a smaller number of contacts with the
C-terminus in dimer than monomer (Figure S8). Prior experimental studies have also shown
that preventing the C-terminus from interacting with N-terminus and NAC regions could
accelerate the aggregations of a-synuclein89: 70,

ACS Chem Neurosci. Author manuscript; available in PMC 2023 November 02.
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Conformational free energy landscape analysis.

To better understand the conformational features of a.-synuclein monomers and dimers,

we calculated the potential of mean force (PMF; also known as the effective free-energy
landscape) as a function of B-sheet and a.-helix contents (Figure. 8a&c). There was only one
flat and broad energy basin with the helix and p-sheet contents of 10%~30% and 10%~40%,
indicating conformations of a-synuclein monomers and dimers were very diverse. The
typical snapshots randomly selected for the basin center of each system (snapshots 3-10

in Figure 8a and snapshots 2—7 in Figure 8c) further validated the diversity of a-synuclein
monomers and dimers. Low p-sheet (<0.1) or low helical (<0.1) content formations were
unfavourable with high free energy (shapshots 1, 2 and 12 in Figure 8a, and snapshots 1

and 8 in Figure 8c), suggested that the intrinsically disordered protein a.-synuclein assumed
with partial local helices and B-sheets. Secondary structure (Figure 5) and residue-pairwise
contact frequency (Figure 6&7) analyses, as well as the representative snapshots in Figure
8, suggested that local helical formation mostly formed around N-terminus (residues 8-32).
Diverse pB-sheets were mostly formed by residues from the N-terminal tail (residues 35-56)
and NAC region. The C-terminal residues predominantly adopted unstructured formations
wrapping around the local -sheet core (representative snapshots in Figure 8). The radius
distribution function of each Ca atom from each region revealed that residues from the
NAC region were mostly buried inside, while the C-terminal residues were exposed outside
(Figure 8b&d).

Conclusions

We systematically investigated the conformational dynamics of monomer folding/misfolding
and dimerization for full-length a.-synuclein with long timescale all-atom DMD simulations,
accumulatively 80.0 s for monomers and 100.0 us for dimers. Our results demonstrated
that both a-synuclein monomers and dimers predominantly adopted unstructured formations
with partial local structured formations around N-terminal and NAC regions. Helical
formations in a-synuclein monomers and dimers are mainly formed by the residues 8-32 of
the N-terminus, consistent with prior X-ray and NMR measurements3%-41 and computational
simulations®>-57. Diverse B-sheets mostly spanned around the N-terminal tail and NAC
region, in which residues 35-56 from the N-terminal tail adopted a typical pB-hairpin motif
and incorporated with the NAC region forming various B-sheets. An experimental study
also reported a similar extended B-hairpin structure formed by residues 37-54 stabilized by
B-wrap proteins AS69*2. In addition, the residues 68-78 of NACore displayed significant
B-sheet tendency, agreed with prior experimental and computational studies!®: 2829, C-
terminus mostly assumed unstructured formation wrapping around the B-sheet core formed
by the N-terminal tail and the NAC region. Compared to the a-synuclein monomers, the
intermolecular interaction among N-terminal tail and NACore forming inter-peptide p-sheet
enhanced the average B-sheet content in a-synuclein dimers. Residue-pairwise contact
frequency suggested that the C-terminus dynamic capping with the N-terminal tail and NAC
region hindered the dimerization of a-synuclein, indicating that preventing the C-terminus
from interacting with N-terminus and NAC regions could accelerate the aggregations of
a-synuclein agreed with prior experimental results6% 70, Overall, our study provides a full
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picture of the monomer conformations and dimerization dynamics of a-synuclein, which
will help better understanding the pathology of a-synuclein aggregation.

Materials and Methods.

Simulation systems.

The amino acid sequence and initial structure of a-synuclein used in our simulation is
taken from protein data bank (PDB: 1XQ8) determined by solution NMR spectroscopy
measurement in the micelle-bound form (Figure. 1), which is composed of two helical
regions formed by residues VV3-V37 and K45-T92 and an extended hydrophilic C-
terminus®®. According to the previous studies, both a-synuclein monomer and dimer
existed in the natural conditions, and dimerization accelerated the formation of neurotoxic
aggregates and amyloid fibrils in vitro®* 35, To understand the aggregation of mechanism
of a-synuclein, we systematically performed both one- and two-peptide simulations using
all-atom DMD. For each molecular system, 100 independent trajectories were obtained
starting with different initial state. In the two-peptide system, two isolated a-synuclein
monomers were randomly placed in the simulation box with the intermolecular distances at
least 1.5 nm. The durations of each DMD trajectory in one- and two-peptide systems were
0.8 ps and 1.0 ps, respectively.

Discrete molecular dynamics (DMD) simulations.

Al the simulations were performed using the all-atom DMD algorithm?! with the Medusa
force field, which has been benchmarked for the accurate prediction of protein stability
change upon mutation and protein-ligand binding affinity’2 73, DMD is a unique type of
MD algorithm, where the continuous potential functions in the standard MD simulations
were replaced by discrete step functions. A comprehensive description of the atomistic
DMD algorithm can be found in prior studies36: 71. 74, Similar to the standard MD,

both bonded interactions (including covalent bonds, bond angles, and dihedrals) and non-
bonded interactions (including van der Waals, hydrogen bond, and electrostatic terms) were
considered in DMD3’. To reduce the computational cost, the implicit solvent model of
effective energy function (EEF1) for proteins in the solution proposed by Lazaridis and
Karplus was used to model solvation effects’>. The solvation free energy of a protein
molecule is a sum of group contributions, which are determined from values for small
model compounds’®. The accuracy of Medusa force field with EEF1 implicit solvent model
has been well benchmarked in protein folding and aggrgation37: 72 76, Wiith significantly
enhanced sampling efficiency and rapid computational speed, DMD simulations have

been widely used in studying protein folding, amyloid aggregation, and small molecule/
nanoparticle—protein interactions by both our group”: 8 77. 78 and others38 79-81 The units of
mass, time, length, and energy used in our DMD simulations with an implicit water model
are 1 Da, ~50 fs, 1 A, and 1 kcal/mol, respectively. The DMD program is available via
Molecules in Action, LLC (http://www.moleculesinaction.com).

Analysis methods.

The Secondary structure analysis was performed using the dictionary of secondary structure
of protein (DSSP) method®2. A hydrogen bond was considered to be formed if the distance
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between the backbone N and O atoms less than 3.5 A and the angle of NH.--O was more
than 120°76. A residue pairwise contact was defined if they had at least one heavy atom
contact within the cutoff distance of 0.65 nm. The two-dimensional potential of mean

force, PMF, was constructed using — k5 7InP(X, y), where & is Boltzmann constant, 7
denotes the temperature of 300 K, and P(x, y) corresponds to the probability of selected
reaction ordinates, x and y. The radial distribution function g(r) of atom in each system
corresponding to the complex center was calculated by the following equation g(#) = M r+dr/
(4rerdr), where N r+qr 1S the number of atoms within distances of r and r+dr away from the
center of the complex28, Cluster analysis was performed using the Daura algorithm83-85 and
the Ca root-mean-square deviation cutoff of 0.80 nm and 1.0 nm for monomer and dimer of
a-synuclein structured regions (residue 1-103).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Amino acid sequence and initial structure of a-synuclein.
The amino acid sequence a) and initial structure b) of full-length a-synuclein used in our

DMD simulation. The N-terminus, NAC region, and C-terminus are colored by blue, green,
and red, respectively.
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Figure 2. The conformational dynamics of a-synuclein monomer.

The conformational dynamics of the a-synuclein monomer are monitored by the time

350 ns

310 ns
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770 ns

800 ns

evolution of the secondary structure of each residue (a& d), the number of contacts and

main-chain hydrogen bonds (b& €) and representative snapshots (c&f). For clarity, the

N-terminus, NAC region, and C-terminus are colored blue, green, and red, respectively.

Two trajectories are randomly selected from 100 independent DMD simulations.
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Figure 3. The conformational dynamics of a-synuclein dimerization.
The dimerization dynamics are monitored by the time evolution of the secondary structure

of each residue (a, d, & g) and the number of contacts and main-chain hydrogen bonds (b,
e, & h). The representative snapshots along the simulation time are also present (c, f, &i).
For clarity, the N-terminus, NAC region, and C-terminus are colored by blue, green, and
red, respectively. Three trajectories were randomly selected from 100 independent DMD
dimerization simulations.
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Figure 4. Dimerization dynamics analysis of a-synuclein.
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bonds b) in each trajectory. All the 1000 ns simulation data of each independent trajectory is
used for the probability distribution calculation.
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Figure 5. Secondary structure analysis of a-synuclein monomer and dimer.
a) The averaged probability of each secondary structure of a-synuclein monomer and dimer.

The averaged propensity of each residue adopted unstructured structure b), helix ¢), turn

d), and p-sheet €) formations in a-synuclein monomer and dimer. The p-sheet propensity
profile (lower panel) is compared with the regions of the sequence found experimentally to
form the p-sheet core region (upper panel) of the oligomer and fibrils (color bars) according

to the references indicated in the inset. All the last 400 ns simulation trajectories of the

Residue

a-synuclein monomer DMD simulation are used for the conformational analysis. Dimers of
a-synuclein with the number of inter-molecular contact up to 24 or more are selected for the
secondary structure analysis. The error bar of each propensity is estimated by computing the
mean difference between the first and last 50 independent DMD simulations.
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Figure 6. Contact frequency analysis of a-synuclein monomer.
The residue-pairwise contact frequency map of a-synuclein monomer is computed both

between main-chain atoms (MC-MC) and between side-chain atoms (SC-SC) based on

the last 400 ns trajectories of 100 independent DMD simulations after reaching steady
state a). The representative structured motifs with high contact frequency patterns, mostly
corresponding to the helices or p-sheets, labelled as 1-12 in the contact frequency map, are
also presented b).
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Figure 7. Theresidue-pairwise contact frequency of dimeric a-synuclein.
a) The intra-chain residue-pairwise contact frequency of a-synuclein in the dimer. b) The

difference of each residue-pairwise intra-molecular contact frequency of a-synuclein in

the dimeric and monomeric state by subtracting each residue-pairwise contact in monomer
from the corresponding value in the dimer. c) The intermolecular residue-pairwise contact
frequency in the a-synuclein dimer. The representative p-sheet structures with high contact
frequency patterns labelled as 1-12 in the contact frequency map are also presented d).
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Figure 8. The confor mational free energy landscape of a-synuclein monomersand dimers.
The potential mean force as a function of B-sheet and helix contents of a.-synuclein

monomers a) and dimers c). Representative structures labelled in the PMFs are also shown.
The radius distribution function of Ca atom from N-terminus, NAC region, and C-terminus
in a-synuclein monomers b) and dimers d).
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