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Human a-synuclein (aS) is an intrinsically disordered protein associated

with Parkinson’s disease. Molecular mechanisms of corruptive misfolding

and aggregation of aS resulting in the disease, as well as the structure and

other properties of the corresponding oligomers are not entirely understood

yet, preventing the development of efficient therapies. In this study, we

investigate the folding dynamics of initially unfolded hypothetical aS con-

structs in water using all-atom molecular dynamics simulations. We also

employ the novel essential collective dynamics method to analyze the

results obtained from the simulations. Our comparative analysis of mono-

meric, dimeric, and tetrameric aS models reveals pronounced differences in

their structure and stability, emphasizing the importance of small oligo-

mers, particularly dimers, in the process of misfolding.

a-Synuclein (aS) is a small cytoplasmic protein found

mainly in the brain tissue and localized primarily in

the nucleus and presynaptic terminals [1,2]. The bio-

logical function of a-synuclein is not entirely clear yet,

although it has been linked with neurotransmitter

release and synaptic plasticity [3–5]. aS is linked to

Parkinson’s disease (PD) and its etiology [6–8]. In

patients diagnosed with Parkinson’s disease, abnormal

intracellular deposits known as Lewy bodies and Lewy

neurites are found [8–10]. These deposits contain a

large amount of aS suggesting that aggregation of aS

might be involved in the pathogenesis of PD [10],

although many details of the specific molecular mecha-

nism are not clear yet.

The human aS is a 140-amino acid protein. In

micelle-bound form, the secondary structure of aS
consists of two noncontacting curved a-helices con-

nected by a short linker in an antiparallel arrangement

as shown in Fig. 1. It can be seen as comprising of

three regions—the N-terminal, the central, and the C-

terminal regions, respectively. The N-terminal region

(residues 1–60) contains imperfect 11-residue repeats
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with a highly conserved hexamer motif, KTK(E/Q)

GV, which have been predicted to have a propensity

to form amphipathic a-helices [11,12]. The central

region of aS, also known as the nonamyloid-b compo-

nent (NAC) domain (residues 61–95), is highly

hydrophobic. The central part of the NAC domain,

particularly a stretch of 12 amino acid residues, 71

through 82, is believed to be amyloidogenic and play

an important role in the aggregation of aS [13–16]. It
is followed by an extended and predominantly unstruc-

tured, highly mobile C-terminal region (residues 96–
140) [17–19]. The C-terminal region is predominantly

acidic and contains high amounts of glutamate, aspar-

tate, and proline residues. The C-terminal region has a

large net charge and low overall hydrophobicity, which

is mainly responsible for the natively unfolded nature

of aS [20]. The 3D NMR structure of human micelle-

bound aS has been reported and deposited in the Pro-

tein Data Bank [21], PDB: 1XQ8 [18].

The structural properties of aS are expected to play

a key role in its biological function. In aqueous

solutions, aS adopts a natively unfolded or intrinsically

disordered conformation exhibiting a random-coil sec-

ondary structure [22,23]. However, upon binding to

lipid membranes, the generally unstructured aS adopts

helical structures as shown in Fig. 1 [23]. A study has

shown that purified aS exists mainly as an unfolded

monomer [24]. Other reports indicate that aS also may

exist as a helically folded tetramer [25–28]. In vitro

studies have demonstrated that monomeric aS can

aggregate into several types of oligomeric species stabi-

lized by b-sheet interaction. These oligomeric species

then form insoluble protofibrils, which in turn form

amyloid fibrils resembling those found in Lewy bodies

[29–31]. The implication is that the transformation of

aS from its native state into corruptive oligomers or

protofibrils involves changes in its conformation

accompanied by an increase in b-sheet content [32]. In
particular, fluorescence resonance energy transfer

(FRET) studies have provided interesting detail on the

oligomerization of aS [33–36]. According to these

studies, oligomerization of aS involves formation of

intermediate partially folded multimeric species with

properties distinct from those of both monomers and

fibrils [33]. The studies also indicate that the oligomer-

ization is accompanied by a conformational change in

aS [34,35], which precedes the formation of b-sheet-rich
species. [34]. It was also demonstrated that several

structural groups of aS oligomers may be formed as a

result of the aggregation [35,36]. However, many

aspects of the specific misfolding mechanisms, and their

implication in aS oligomer formation, remain elusive.

Molecular dynamics (MD) modeling studies of the

oligomerization of aS, its interaction with membranes,

and aggregation of aS to form fibrils using molecular

dynamics and docking tools have been reported [37–
39]. According to these studies, aggregation of mono-

meric aS to form oligomers may or may not occur,

depending on the type of conformations aS dimers

assume. Two types of conformations, a head-to-tail

and a head-to-head dimeric conformation, were

claimed to be involved in formation of the oligomers

[37]. The nonpropagating head-to-tail conformation

was not found to favor further aggregation in the

membrane. In contrast, the propagating head-to-head

conformation, as the name implies, was shown to form

multimers of aS. Studies involving the aggregation of

aS to form fibrils normally focused on the NAC

region, which is believed to play a crucial role in fibril

formation [14,15,40]. Although it is known that aS is

intrinsically disordered in solution [22,23], most of the

published molecular dynamics studies address the

micelle-bound structure of aS with well-defined a-heli-
cal secondary structures. Complementing MD studies,

Monte-Carlo simulations [41] and Langevin dynamics

modeling [42,43] of intrinsically disordered aS chains

have also been reported. Such models are potentially

very efficient; however, they require a calibration

[42,43] or constraining [41] using experimentally deter-

mined structural data. Parameterization of coarse-

grained models toward ultimate predictive reliability

remains in the pipeline.

    1  MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKE
36  GVLYVGSKTKEGVVHGVATVAEKTKEQVTNVGGAV

  71  VTGVTAVAQKTVEGAGSIAAATGFVKKDQLGKNEE
106  GAPQEGILEDMPVDPDNEAYEMPSEEGYQDYEPEA

Fig. 1. The structure and amino acid

sequence of human micelle-bound aS,

according to PDB: 1XQ8 [18]. The two a-

helices are shown in purple (residues 3–37

and 45–92). The NAC region is found in

the second a-helix shown as a thicker

purple and italicized in the sequence

(residues 61–95). The remainder is the

unstructured C-terminal tail (residues

96–140).
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In this work, we are interested in investigating how

monomeric, dimeric, and tetrameric structures of aS
may evolve in the course of an all-atom MD simula-

tion in aqueous solution by starting from a model

built in the absence of any a priori secondary struc-

tures. Our aim is to monitor the evolution of new

emerging secondary structures, particularly the forma-

tion b-sheet structures, and compare the stability of

these structures, in several hypothetical aS constructs

starting from their respective unfolded configurations.

We also report our analysis of the resulting structures

obtained via MD simulations using the novel essential

collective dynamics (ECD) methodology [44–53].

Materials and methods

Materials

The sequence of human micelle-bound aS protein molecule

was obtained from the Protein Data Bank [21] (PDB:

1XQ8 [18]). In this work, the N-terminal of aS has been

denoted as the ‘head’ and the C-terminal has been denoted

as the ‘tail’. Using the primary protein sequence of 1XQ8,

the model for the unfolded monomeric aS molecule was

constructed with MODELLER v9.13 [54,55] (Fig. 2A). Next,

the PYMOL [56] program was used to construct the unfolded

dimer (Fig. 2B–E) and tetramer (Fig. 2F) models utilizing

the unfolded monomer model previously created as the

building block. The dimers were built by first duplicating

the coordinates of the original monomer to produce a sec-

ond monomer. Then a series of translations and/or

rotations were performed on the second monomer coordi-

nates aligning it to the first monomer to achieve the desired

dimer configuration (Fig. 2B–E). For the tetramer, two

units of the dimer (Fig. 2E) were stacked together such that

the resulting model had the same interchain distances

among the monomeric units. Molecular dynamics simula-

tions were performed with GROMACS software package

version 4.6.5 [57] using the OPLS-AA [58] force field for

the protein. All the secondary structure elements were

identified by the DSSP program, which employs backbone

hydrogen bond patterns to discriminate among secondary

structures [59]. The timelines of secondary structures and

distance maps were calculated employing the GROMACS soft-

ware package. Molecular graphics images were produced

using the VISUAL MOLECULAR DYNAMICS (VMD) [60] program

suite.

Molecular dynamics simulations

We carried out molecular dynamics (MD) simulations to

generate the trajectories for each of aS models. For each

model system we performed three independent MD simula-

tions. Each protein model was placed in a periodic triclinic

box with a distance of 1.4 nm between the protein and the

edges of the periodic box. Energy minimization in vacuum

was performed on the protein using 1000 steps of the steep-

est descent algorithm in the presence of strong positional

restraints. A force constant equal to 1 9 105 kJ�mol�1�nm�2

was applied on all the heavy protein atoms to prevent large

distortions to the protein structure by the vacuum environ-

ment. The minimized structure was then solvated with SPC

[61] water molecules. Before the addition of counterions,

A B C D E F

Fig. 2. Starting configurations of the unfolded aS used in MD simulations: (A) monomer; (B) head-to-head #1 (HH1) dimer; (C) head-to-head

#2 (HH2) dimer; (D) head-to-tail #1 (HT1); (E) head-to-tail #2 (HT2); (F) tetramer. N-terminal and C-terminal tails are indicated by blue and red

spheres, respectively.
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the solvent around the protein was minimized using 1000

steps of the steepest descent algorithm in the presence of

strong positional restraints. The same restraint values were

used during the in vacuo minimization. This was done to

prevent large distortions to the protein structure by the

nonequilibrium solvent. Counterions (Na+ or Cl�) were

then added to adjust the net charge of the system to zero.

Six cycles of steepest descent minimization using 1000 steps

each were then performed on the system with decreasing

positional restraints on nonhydrogen protein atoms

(Kposre = 105, 104, 103, 102, 10, and 0 kJ�mol�1�nm�2).

Seven sequential steps of MD equilibration followed at a

temperature of 310 K. The first six MD equilibration steps

were performed with constant volume and temperature

(NVT ensemble) while decreasing the positional restraints

on the nonhydrogen protein atoms, the same way as

described during the minimization stage of the protein. The

temperature of the protein and the solvent was maintained

separately by using velocity rescaling with a stochastic term

[62]. The coupling time was set to 0.1 ps. The last MD

equilibration step was performed with constant pressure

and temperature (NPT ensemble) using the canonical sam-

pling through velocity rescaling [62] and the Parrinello–
Rahman barostat [63,64] to maintain the temperature and

pressure, respectively. Isotropic pressure coupling with a

time constant of 1 ps was used to maintain the pressure at

1 bar. The compressibility was set at 4.5 9 10�5 bar�1. All

of the NVT equilibration steps were carried out for 100 ps

each and the NPT equilibration step was carried out for

200 ps.

In all MD simulations, an integration step of 2 fs was

used. A cutoff radius of 1.4 nm was employed for the eval-

uation of both the van der Waals and short-range electro-

static interactions. Long-range electrostatic interactions

were treated with a particle-mesh Ewald summation [65]

using cubic interpolation with a maximum grid spacing of

0.135 nm for the fast Fourier transform. The neighbor list

within the radius of 1.4 nm was updated every 20 fs. The

LINCS algorithm [66] was used to constrain bond lengths

for the protein using fourth order expansion and two itera-

tions. The SETTLE algorithm [67] was used to constrain

water molecules.

We simulated a total of 60 ns for the monomers, 100 ns

for each of the unfolded aS dimer model systems, and

60 ns for the tetramer. The corresponding RMSD plots are

shown in Fig. S1. The resulting MD trajectories were used

to analyze the structural changes and the folding process of

aS, as well as for the analyses using the essential collective

dynamics (ECD) methodology.

Essential collective dynamics analysis

We analyzed the aS model systems using the novel essential

collective dynamics method (ECD) [44,46]. The theory and

derivation of the method have been published previously

[44]. In brief, the essential collective dynamics is an

approach for the analysis of the slow motions of large

molecules such as proteins allowing for the probing of per-

sistent dynamics correlations from a relatively short MD

trajectory of the molecule. The method is based on a statis-

tical-mechanical framework in which a macromolecule can

be described by a set of generalized Langevin equations

(GLEs) employing principal eigenvectors derived through

principal component analysis (PCA) of MD trajectories as

essential coordinates. The time evolution of a system of N

atoms is represented as a time series in 3N-dimensional

configuration space, X~ðtÞ ¼ fX1ðtÞ;X2ðtÞ; . . .;X3NðtÞ; and

PCA is applied to the MD trajectories via the construction

of a symmetric covariance matrix Cij,

Cij ¼ hðXiðtÞ � hXiiÞðXjðtÞ � hXjiÞi; i; j ¼ 1; 2; . . .; 3N ð1Þ
for a subnanosecond segment of the trajectory. The eigen-

vectors Ek~ of the covariance matrix are then arranged

according to the corresponding eigenvalues:

Ek~ ¼ Ek
1;E

k
2; . . .;E

k
3N

� �
; k ¼ 1; 2; . . .; 3N: ð2Þ

By applying PCA on a subnanosecond segment of an equi-

librated MD trajectory, the first kmax principal components

are identified. Around 10–30 principal components usually

sample 90–95% of the total displacement or more. In the

ECD method, a projected all-atom image of the molecule r~i
is constructed in the space of the first kmax principal com-

ponents [44,46],

r~i ¼ r~i
1; r~i

2; . . .; r~i
kmaxg; i ¼ 1; 2; . . .;N;

� ð3Þ

where ri~
k ¼ Ek

i;x;E
k
i;y;E

k
i;z

n o
represent triplets of directional

cosines of principal eigenvector E~
k

relative to x, y, z

degrees of freedom of atom i in the configuration space.

Based on an analysis of the GLEs it has been shown [44]

that distances between images of atoms, dij ¼ jr~i � r~jj, rep-
resent the level of correlation of atoms i and j regardless

of their proximity in the primary, secondary, or tertiary

structure of the protein. It was also demonstrated [49]

that the distances dij represent persistent correlation in a

molecule allowing extrapolating the predictions beyond

the fragments of MD trajectories employed for the analy-

sis. The ECD method employs several descriptors based

on the distances dij. They include the dynamic domains of

correlated motions [44], the main-chain flexibility profiles

of the protein [45], and the pair correlation maps for

main-chain and side-chain atoms [50]. These descriptors

are directly comparable with NMR structural data

obtained on a longer time scale than required for the

ECD analysis [44,45,48–50].

In this work we employ local main-chain flexibility, FCa ,

determined as a distance between the images of the Ca

atoms and the centroid which is calculated over the coordi-

nates of all Ca atoms:
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FCa ðiÞ ¼ jr~Ca
i � e~j; where e~¼ 1

NCa

X
r~Ca
i : ð4Þ

FCa (i) represents the level of dynamic coupling of the

motion of ith Ca atom with respect to the average motion

of the entire main chain of the protein. A low value of FCa ,

that is, low flexibility, represents a strong correlation with

the motion of the entire main chain. In globular proteins

with developed secondary structure, such as prion proteins,

stable a-helices or b-strands are often found in regions of

low flexibility. A high value of FCa , identifies more flexible

parts of the protein [45,48,50].

We also use pair correlation descriptor, dij, obtained

directly from the distance between images of atoms i and j

in the projected image r~i,

dij ¼ jr~i � r~jj: ð5Þ

The descriptor dij is a dimensionless quantity such that a

low value of dij means that the atoms are moving coher-

ently (i.e., strong correlation), whereas larger dij values indi-

cate that the motion is less correlated. The pair correlation

descriptors are typically visualized in the form of correla-

tion maps [50].

We have analyzed each aS model system using the last

10 ns of the corresponding 60- or 100-ns MD trajectories.

Local main-chain flexibilities [45] were determined for the

monomer, dimer, and tetramer models. Pair correlation

plots were also constructed for Ca atoms of the aS mono-

mer, dimer, and tetramer molecules. Average flexibility and

average pair correlations for each model system were com-

puted using fifty 0.2-ns-long segments from the last 10 ns

of the 60- or 100-ns MD trajectory.

Results

We studied the behavior of initially unfolded mono-

meric, dimeric, and tetrameric forms of aS in water

during the course of MD simulations. The starting

configurations of the unfolded monomer, the dimer,

and the tetramer used in this study are shown in

Fig. 2. The dimers are modeled in two configurations,

parallel and antiparallel, which are labeled as either

‘head-to-head’ (HH) or ‘head-to-tail’ (HT). In the

dimer configurations, the difference between

configurations #1 and #2 is that in #2, the second

monomeric chain is rotated by 180° along the main-

chain axis, and therefore the initial orientation of side

chains is different. The tetramer configuration was

made by two units of the HT2 dimer such that there is

an equidistant separation among the monomeric units.

Initial chain separation of 14 �A was used. To facilitate

the identification of the protein terminal tails, the N-

terminal and C-terminal tails are indicated by blue and

red spheres, respectively.

We performed the MD simulations by starting from

the unfolded structures of aS without any of the

secondary structure elements as shown in Fig. 2. The

simulations lasted for 60 ns for most cases, and for

100 ns for several dimer structures, at the temperature

of 310 K. Snapshots of the MD trajectories illustrating

the folding process, timelines for the evolution of the

secondary structures, and details of the analyses using

the ECD method are discussed below. Other relevant

results are given in the Supporting Information.

Monomer

We performed three independent 60-ns production

MD simulations for the monomer. Snapshots of the

structures at time 0, 20, 40, and 60 ns for one of the

production MD simulations are shown in Fig. 3, and

the evolution of the secondary structures is depicted

in Fig. S2. Early in the simulations, the monomer

collapses to form random coils without a stable

secondary structure. As the simulation progresses, we

can see the appearance of b-sheets and isolated

b-bridges in various parts of the protein chain. Over

the first 20 ns, the b-structures are seen appearing and

disappearing in a transient manner in the course of the

simulation. Toward the last 20 ns of the trajectory, a

stable b-sheet has formed where b-bridges have been

often found earlier. One a-helix, and a 310-helix struc-

ture have been appearing occasionally. Table 1 shows

the number and the corresponding identity of residues

of all b-sheets, b-bridges, a-, and 310-helices identified

over the last 10 ns in this MD trajectory. Residue

sequences populated by stable b-sheets for more than

t = 0 ns t = 20 ns t = 40 ns t = 60 ns

Fig. 3. Secondary structure evolution of the monomer in the course of a 60-ns simulation. The snapshots of the structure at t = 0, 20, 40,

and 60 ns are shown.
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80% of the time are highlighted with a sign (*). One

stable antiparallel b-sheet formed by residues 82–83
and 86–87 has been identified in the monomer. In gen-

eral, our data indicate that the monomer folds into an

irregular conformation dominated by random coils

with many isolated b-bridges. b-sheets, a-helices, and

310-helices also appear occasionally. The locations of

the secondary structures, however, were found in dif-

ferent regions in the protein chain across different

MD trajectories performed. The observed folding pro-

cess of the monomer is consistent with the behavior

of an intrinsically disordered protein in solution

[22,23].

To analyze the folding dynamics of the monomer

into a greater depth, we applied the ECD method onto

the last 10 ns of the MD trajectory. We analyzed fifty

200-ps segments. Each MD segment contained 2000

protein conformations excluding the water molecules

and the ions. PCA was applied using 20 principal com-

ponents for each MD segment and taking into account

all heavy atoms, that is, excluding hydrogen atoms of

the protein. We then computed the average main-chain

ECD flexibility profile for the monomer from Fig. 3

[see Eqn (4) in the Materials and methods section]. In

Fig. 4, a sequence of maxima and minima of the flexi-

bility is visible at random locations. In the graph, low

values of the flexibility descriptor indicate relatively

rigid locations in the chain, whereas high values of the

flexibility descriptor represent more mobile parts. It

can be seen that two stable b-strands, 82–83 and

86–87, are located close to the local minima of the

flexibility. However, no pronounced connection

between the locations of other flexibility minima and

secondary structure elements has been established due

to the transient nature of the majority of secondary

structure.

Next, we have analyzed the pair correlations of the

Ca-atoms throughout the monomer [see Eqn (5) in the

Materials and methods section]. We have computed

the average values of the ECD correlation descriptor

over multiple short 200-ps segments and visualized

them in the form of a correlation map. Figure 5A

shows the average Ca-atom correlation plot of the

monomer calculated from the last 10 ns of the 60-ns

MD trajectory. Several regions of highly correlated

motions can be identified from Fig. 5A. Some of these

highly correlated regions involve the residues where b-
strands or b-bridges are located. For example, motion

of the stable b-sheet involving residues 82–83 and 86–
87, shows a pronounced correlation with residues 98–
122, where a b-strand formed from residues 105–106
and several b-bridges are contained. The mean short-

est interatomic distance map for the collapsed mono-

mer is given in Fig. 5B. Comparison of Fig. 5A, B

reveals numerous coincidences of strong pair correla-

tions with close interchain contacts. However, not all

close contacts result in strong correlations. For exam-

ple, C-terminus of the monomer exhibits close con-

tacts, but not dynamical correlations, with residues

80–90. Overall, the described analysis indicates that

the monomer folds into an irregular conformation

dominated mostly by random coils without pro-

nounced secondary structure, although a minor b-
sheet content may appear occasionally. Such b-sheet

Table 1. Positions and names of residues and the locations of all b-sheetsa, b-bridges, a-, and 310-helices identified for the aS monomer

over the last 10 ns of the MD trajectory illustrated by Fig. 3.

b-sheets *82VE83 *86GS87 105EG106

b-bridges M5 G7 K10 A11 K12 V16 A18 A19 T22 V26 A29 T33 V37 E46

V49 H50 T54 A56 T59 T64 N65 G67 G68 V71 K80 V82 E83 G84

G86 S87 T92 G93 V95 K96 G101 E104 E105 G106 E110 P117 P120 E139

a-helix 45KEGV48

310-helix 57EKT59

a b-sheets that are observed for more than 80% of the time are highlighted with a (*).

Fig. 4. Average main-chain ECD flexibility profile of the monomer.

The locations where secondary structures were identified

according to Table 1 are shown with black-, red-, blue-, and gray-

colored bars for isolated b-bridge, b-sheets, a-helix, and 310-helix,

respectively, along the x-axis corresponding to the residue number.
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content seems to promote the strongest intrachain

interactions in the monomer.

Dimers

We performed three independent 100-ns production

MD simulations for head-to-head dimers HH1 and

HH2 (Fig. 2B, C, respectively) and head-to-tail dimers

HT1 and HT2 (Fig. 2D, E, respectively) each. At the

beginning of the preproduction MD simulations, the

dimer model systems were constructed from two

unfolded monomeric units of aS (Fig. 2A) and sepa-

rated by a 14 �A distance. Figure 6A–D displays snap-

shots of the molecular structures of the HH1, HH2,

HT1, and HT2 dimers, respectively, at time 0, 20, 60,

and 100 ns. In order to illustrate how the secondary

structures evolved in the course of the simulations,

typical secondary structure timelines for HH1, HH2,

HT1, and HT2 dimers are shown in Figs S3 through

S6, respectively.

We have observed that as early as around 2 ns in

the simulation of the dimers, b-strands start forming

and remain stable during the course of the simulations.

As the simulations progress, more b-structures are

formed. However, the location where those stable

b-structures developed varies with each of the dimer

systems. We identified the residues responsible for the

formation of these secondary structures. Table 2 lists

the positions and names of all residues where b-strands
are observed in each of the dimers between 90 and

100 ns of the respective MD trajectories. As in the

case of the monomer, sequences populated by stable

b-sheets for more than 80% of the time are high-

lighted. Most of the b-strands identified in Table 2

include one or more of the hydrophobic amino acids

F, I, L, M, V, and Y, and polar amino acids Q and T,

which are known to be strong b-sheet formers [68–70].
b-strands develop in all the three regions of aS chains,

as long as at least one of the strong b-sheet former

amino acids is found nearby. b-strands in the dimers

tend to form two-stranded parallel or antiparallel

b-sheets. Two strands in the b-sheets belong to differ-

ent chains at adjacent locations in most cases. The

exceptions involve a stable b-sheet formed by residues

2–6 and 10–13 of chain 2 in dimer HH1, and a stable

b-sheet formed by residues 89–95 and 99–103 of chain

1 in dimer HT1.

Experiments suggest an association of aS multimer-

ization with the conserved repeat motifs KTK(E/Q)

GV [28]. Consistent with this, it is evident from

Table 2 that the residues of the conserved hexamer

motif repeat are frequently involved in the formation

of b-strands in the dimers. Also, many b-strands are

found in the central region of aS, or the NAC domain,

which is known to play an important role in the

oligomerization of aS [13–16]. In particular, stable

Fig. 5. (A) Average Ca-atom correlation plot of the monomer calculated from the last 10 ns of a 60-ns MD trajectory. Low values of the

descriptor dij in the plot (purple and blue colors) correspond to strong correlations. High values of the descriptor dij (yellow and red colors)

correspond to relatively independent motion. The locations where secondary structures were identified are shown with black-, red-, blue-,

and gray-colored bars for b-bridges, b-sheets, a-helix, and 310-helix, respectively, opposite the residue numbering axes. (B) Mean shortest

distance map for the monomer calculated from the last 10 ns of a 60-ns MD trajectory.
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b-strands spanning through the central region of the

NAC domain (residues 68–82) are observed in three of

the four dimers. Amino acids from peripheral regions

of the NAC domain are also involved in the formation

of stable b-strands, particularly in dimers HT1 and

HT2. Regions adjacent to the NAC domain are also

frequently involved. In HT1, chain 1 has developed a

stable antiparallel, intrachain b-sheet formed from resi-

dues 89–95 and 99–103. Notably, the monomer

(Table 1) also exhibits a stable antiparallel b-sheet in a

nearly located region. Alternatively, b-content that

does not involve the repeat motifs or residues from the

NAC region, tends to be located in N-terminal regions

of the chains.

The formation of a-, p-, and 310-helices was also

observed during the simulations as Table 3 indicates.

These helices, however, tend to appear and disappear

at various points in the trajectories, remaining for

< 50% of the time. The amino acids A, E, H, and V,

which are found frequently in helical regions [68], are

often involved in the formation of the transient a- and
310-helices, as Table 3 shows.

Figure 7 shows the interatomic distance maps for

the dimers listed in Table 2. It is clearly seen that in

each of the two HH dimers (Fig. 7A,B) many inter-

chain contacts are formed. The majority of the closest

contacts occur near the central regions of both chains

where stable b-strands can also be found forming

A

t = 100t = 60t = 20t = 0

B

C

D

Fig. 6. Secondary structure evolution of the dimers in the course of a 100-ns simulation. The snapshots of the structures illustrated are

taken at simulation times t = 0, 20, 60, and 100 ns: (A) HH1; (B) HH2; (C) HT1; and (D) HT2.
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parallel b-sheets. In both dimers, the central parts have

retained their head-to-head alignment, whereas a sig-

nificant part of C-terminal regions has unbuckled and

adopted an antiparallel HT-like alignment with

adjacent regions of the dimer. Antiparallel b-sheets
have been observed in these regions.

Comparison of the distance maps for two HT

dimers indicates that their behavior is somewhat

Table 2. Positions and names of residues where all b-strandsa are observed in each chain of the dimers over the last 10 ns of the

corresponding MD trajectories.

Dimer Chain 1 b-strand Note Chain 2 b-strand Note

HH1 *35EGVLYV40 *2DVFMK6

*64TNVGGAVVT72 NAC *10KAKE13

76AVAQK80 NAC *37VLYVGS42

112ILED115 *69AVVTGVT75 NAC

79QKT81 NAC

110EGIL113

138PE139

HH2 6KG7 4FM5

16VAAAEK21 7GLSKA11

30AGKTK34 RM 39YVG41

38LYV40 *44TK45 RM

*45KE46 RM *49VHGVATVAEKTKEQV63 RM

*50HGVATVAEKTKEQV63 RM *75TAVAQK80 NAC

*77VAQKTVEG84 NAC 97KDQ99

103NEEG106

*112IL113

HT1 7GLS9 8LS9

*19AEKTKQGVAEAAGKTKEGV37 RM 13EGVVA17

51GV52 32KTKEG36 RM

*89AAATGFV95 NAC 38LY39

*99QLGKN103 72TG73

128PS129 *90AATGFVKKDQLGKNEEGAP108 NAC

113LEDM116

HT2 28EAAG31 6KG7

*35EGVLY39 *20EK21

44TK45 RM *28EAAGKTKEGVLYVGSKT44 RM

*56AEKT59 *49VHGVATVAE57

*66VGGAVVTG73 NAC *61EQVT64 NAC

*81TVEGAGSIAAATGFVK96 NAC 68GA69 NAC

*117PVD119 75TA76 NAC

127MP128 82VE83 NAC

*88IAAATGFV95 NAC

a The most stable b-sheets that are observed for more than 80% of the time are highlighted with a (*). Overlaps with repeat motifs (RM)

and (NAC) residues are indicated.

Table 3. Positions and names of all residues where a- and 310-helices are observed in the dimers during the last 10 ns of the trajectories.

Dimer a-helix 310-helix

HH1 None observed Chain 1: 16VAA18 47GVV49 133YQD135

Chain 2: 75TAV77 132GYQ134

HH2a Chain 1: 82VEGA85 87SIAAA91 Chain 1: 3VFM5 15VVA17 123EAY125

Chain 2: None observed Chain 2: 12KEGV15 82VEGA85 88IAAA91

HT1 Chain 1: None observed Chain 1: None observed

Chain 2: 3VFMK6 53ATVA56 Chain 2: 3VFMK6 12KEG14 47GVVH50 52VATV55 87SIA89

HT2 Chain 1: 49VHGV52 Chain 1: 48VVH50 76AVAQK80

Chain 2: None observed Chain 2: None observed

a An ap-helix was also observed in chain 1 of HH2 dimer (residues 83–87, EGAGS).
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different from each other. In HT1 (Fig. 7C), residues

near N-terminal tail of chain 1 have remained in a

close contact with residues near the C-terminal of

chain 2. Interestingly, this region also has developed a

long two-stranded antiparallel b-sheet consisting of

residues 19–37 from chain 1 and residues 90–108 from

chain 2. However, most of the other parts of the dimer

have separated and formed mainly random coils with

little stable secondary structure. In HT2 (Fig. 7D), the

two chains have retained most of their head-to-tail

alignment, and stable b-strands have formed in various

locations of each chain. b-strands from one chain form

antiparallel b-sheets with the adjacent b-strands of the

other chain in most cases, such as for example, a

b-sheet formed from residues 81–96 of chain 1 and

residues 28–44 of chain 2. The formation of such a

long and stable b-strand close to the C-terminal region

of the NAC domain in one chain seems to be

Fig. 7. Mean shortest distance maps for the dimers calculated from 90 to 100-ns MD trajectory: (A) HH1; (B) HH2; (C) HT1; (D) HT2.
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influenced by the presence of a complementary

antiparallel b-strand of similar length in the N-term-

inal region of the other chain. This is clearly in con-

trast with the case of the aS monomer, where stable b-
strands rarely form in this region in the absence of a

proper chain alignment (see Table 1).

To quantitatively compare the dynamics of the

dimer structures, we performed ECD analysis for each

dimer using the last 10 ns of the simulations between

90 and 100 ns of the MD trajectories. The average

main-chain ECD flexibility profiles for the HH and

HT dimers are shown in Figs 8 and 9, respectively.

All residues involved in the formation of secondary

structure elements, as listed in Tables 2 and 3, are

indicated by color bars along the top and bottom of

the x-axes. In most cases, the alignment of b-strands
across the two chains of each dimer can be clearly

seen. It is also evident that the nature and positions of

the secondary structure elements, as well as the shapes

of the flexibility profiles displayed in Figs 8 and 9 are

different from the corresponding plot for the mono-

mer in Fig. 4.

In globular proteins, regions of ECD flexibility pro-

files with relatively high values usually correspond to

random coils and loops, and regions of minima typi-

cally indicate the location of stable a-helices and b-
sheets [45,48–53]. However, the stable b-sheets which

developed during the MD simulations of the aS dimers

seem to influence the flexibility in a somewhat different

way. In the case of the HH dimers in Fig. 8, the

Fig. 8. Average main-chain ECD flexibility profiles of the (A) HH1 and (B) HH2 dimers. The locations where secondary structures were

identified are shown with red-, blue-, purple-, and gray-colored bars for b-sheets, a-helix, p-helix, and 310-helix, respectively, along the x-axes

corresponding to the residue numbers of chain 1 (green) and chain 2 (dark red).

Fig. 9. Average main-chain ECD flexibility profiles of the (A) HT1 and (B) HT2 dimers. The locations where secondary structures were

identified are shown with red-, blue-, and gray-colored bars for b-sheets, a-helix, and 310-helix, respectively, along the x-axes corresponding

to the residue numbers of chain 1 (green) and chain 2 (dark red).
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dynamics of N-terminal and central regions in one

chain seems to be influenced by adjacent regions in the

other one. When an interchain, two-stranded b-sheet
develops, this seems to result in a certain degree of

alignment of the main-chain flexibility profiles of the

two chains. Such an alignment can be seen in Fig. 8A,

particularly for residues 30–40 and 60–75, and in

Fig. 8B for residues 40–80. This involves the alignment

of the levels of the flexibility, as well as close positions

of maxima and minima across two chains in these

regions. However, stable b-sheets do not necessarily

coincide with minima of the main-chain flexibility in

these dimers. For example, the longest b-sheet in HH2

is located close to local maxima of the flexibility pro-

files in both chains.

The ECD flexibility profiles for the HT dimers are

depicted in Fig. 9. The flexibility profiles of the second

chain were flipped relative to the first chains and also

shifted by a certain number of residues depending on

which residues in the two chains are in close proxim-

ity. This flipping of the second chain was done in

accordance with the 3D structure geometry of each of

the two dimers. Similarly to the HH dimers, the

dynamics of one chain seems to be influenced directly

by the other one in the regions where stable interchain

b-sheets are observed. The maxima and minima of the

flexibility profiles of the two chains are found at close

locations, and the levels of the flexibility adopt close

values in these regions. In HT1 dimer (Fig. 9A), such

an alignment of the dynamics is found in the region of

b-sheet involving residues 19–37 of chain 1 and resi-

dues 90–108 of chain 2. In HT2 dimer (Fig. 9B), adja-

cent chains exhibit close levels of flexibility throughout

an extensive central region, where multiple stable b-
sheets are observed.

Next, we have calculated the ECD pair correlations

of the Ca-atoms for all the dimers and visualized them

in the form of correlation maps. As in the case of the

monomer, we performed the calculations of the aver-

age values over multiple short 200-ps segments using

the last 10 ns of the 100-ns MD trajectory. The aver-

age Ca-atom correlation maps for the HH and HT

dimers are shown in Fig. 10.

Regions of highly correlated motions can be iden-

tified from the correlation maps. In Fig. 10A, B, the

correlations observed in HH1 do not differ signifi-

cantly from HH2. Similar regions can be identified

in both plots, indicating that similar residues partici-

pate in correlated motions regardless of the different

orientation of the side chains against each other in

the initial constructs. Regions of the highest inter-

chain correlations shown in blue color in Fig. 10A,

B follow closely the contact distance maps in

Fig. 7A, B, often involving stable interchain b-sheets.
However, major b-strands tend to show strong inter-

chain correlations almost exclusively within their

b-sheets. Correlations of stable b-strands with other

regions tend to be relatively weak. Consistent with

the contact distance maps in Fig. 7A, B, it is also

evident that in both HH dimers, the C-terminal

tail in one of the chains has folded back and

developed correlations representative of a partially

HT-like orientation.

Unlike the HH dimers, pair correlations plots of the

HT1 and HT2 dimers are pronouncedly different, as

Fig. 10C, D, respectively, illustrates. As Figs 6C and

7C indicate, the two chains of HT1 dimer have largely

separated, whereas in HT2 dimer the two chains have

retained their alignment. Nonetheless, in both HT

dimers, stable b-structures as well as regions of highly

correlated motions are observed. For HT1 dimer, the

correlation map shown in Fig. 10C exhibits a strong

correlation within the longest antiparallel b-sheet
consisting of residues 19–37 of chain 1 and residues

90–108 of the complementary b-strand in chain 2.

However, beyond the long b-sheet and adjacent

regions, the chains of HT1 have separated and

collapsed into globular-like structures with many ran-

dom coils. Correlations of the collapsed regions exhibit

maxima at random locations, reminiscent of the

dynamics of the monomer. In HT2 dimer (Fig. 10D)

highly correlated motions show a pronounced associa-

tion with pair correlations of stable b-strands from

one chain with complementary b-strands from the

other chain forming b-sheets. For example, the longest

b-strand identified in HT2 dimer comprising residues

81–96 of chain 1 is strongly correlated with residues

28–44 of chain 2, and similar correlations are observed

for other major b-strands in HT2.

Tetramer

Next, we have investigated the structure and dynamics

of aS tetramer model constructed from two HT2

dimers, as Fig. 2F shows. Although several tetrameric

configurations of aS might be constructed, in this

study we have focused on the secondary structure sta-

bility in a tetramer that involves both parallel and

antiparallel configurations of the chains. The tetramer

that we have considered can be seen as a combination

of two HH dimers and two HT dimers at the same

time, all chains interacting with each other as depicted

in Fig. 2F. To clarify the interpretation of the interac-

tions among the four chains of the tetramer, Table 4

lists the six pairs of the monomeric chains present in

the tetramer, and identifies them as either HH or HT
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dimeric configurations. The tetramer was constructed

such that the separation among the four constituent

monomeric chains was similar as in the dimers.

We performed three independent 60-ns production

MD simulations on the tetramer model with varying

equidistant separations among the monomeric units.

The results discussed in this section are for tetramers

with a 14-�A separation among the monomeric chains.

From the trajectories of the production MD, we cap-

tured snapshots of the tetramer molecular structures at

time 0, 20, 40, and 60 ns as shown in Fig. 11. The typ-

ical secondary structure timelines for this tetramer are

displayed in Fig. S7. Early in the production simula-

tion, b-strands started forming in the tetramer. As the

simulation has progressed, more secondary structures

have formed including a- and 310-helices (see Fig. S7).

Table 5 lists the positions and names of residues where

Table 4. Six pairs of chains in the tetramer and the resulting dimer

configurations.

Tetramer chain index Dimer configuration

1 and 2 HT

1 and 3 HH

1 and 4 HT

2 and 3 HT

2 and 4 HH

3 and 4 HT

Fig. 10. Average Ca-atom correlation plot of the dimers calculated from the last 10 ns of a 100-ns MD trajectory: (A) HH1; (B) HH2; (C) HT1;

and (D) HT2. Low values of the descriptor dij in the plot correspond to strong correlations and high values correspond to a relatively

independent motion. The color scheme is as in Fig. 5A. The locations where secondary structures were identified are shown with red-,

blue-, purple-, and gray-colored bars for b-sheets, a-helix, p-helix, and 310-helix, respectively, opposite the residue axes. The longer dark

green and dark red bars indicate chains 1 and 2, respectively.
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all b-sheets, a-, and 310-helices are observed in the tet-

ramer between 50 and 60 ns of the MD trajectory.

Residue sequences populated by stable b-sheets for

more than 80% of the time during the last 10 ns of

the simulations are marked with an (*). Out of these,

two antiparallel b-sheets and one parallel b-sheet are

present almost 100% of the time in this simulation.

These include one antiparallel b-sheet formed by resi-

dues 15–16 of chain 1 and residues 15–17 of chain 3;

and another antiparallel b-sheet formed by residues

19–23 of chain 1 and residues 98–103 of chain 4. The

stable parallel b-sheet in the tetramer is formed by

residues 38–40 of both chains 1 and 3. Two less stable

parallel b-sheets have been also identified in the tetra-

mer. One of these b-sheets, formed by residues 63–66
of chain 2 and residues 65–68 of chain 4, is present for

about 65% of the time in the last 10 ns of the simula-

tion. The other parallel b-sheet, present for about 25%
of the time, is formed by residues 45–53 of chain 1

and residues 46–52 of chain 3. The other b-sheets

listed in Table 5 are even less stable and tend to

appear and disappear in a highly transient manner

during the simulations.

Most of b-strands that we have identified contain at

least one of the amino acids such as I, L, M, Q, T, V,

or Y, which are known to be strong b-sheet formers

[68–70]. Parts of the conserved hexamer motif KTK(E/

Q)GV were observed in stable b-sheet content of chain
1 of the tetramer. Several b-strands coincided with the

NAC domain. In particular, residues 63–66 of chain 2

and residues 65–68 of chain 4 have been identified as

parts of b-strands, both of which are present about

65% of the time. Chains 1 and 3 also exhibit b-strands
in regions 63–69 and 65–68, respectively; however,

these b-strands are present only 1% of the time.

We have also identified several a-helices and 310-

helices in the tetramer, as Table 5 lists. In distinction

from the monomer and dimers where all helical con-

tent appears in a highly transient manner, in the tetra-

mer several residue sequences are populated by a- and

t = 20 t = 40 t = 60t = 0

Fig. 11. Secondary structure evolution of the tetramer in the course of a 60-ns simulation showing snapshots of the structure at times

t = 0, 20, 40, and 60 ns.

Table 5. Positions and names of residues where all b-sheetsa, a-, and 310-helices
b are observed in the tetramer during the last 10 ns of the

trajectory illustrated by Fig. 11.

Structure Chain 1 Chain 2 Chain 3 Chain 4

b-sheet *15VV16 7GLSK10 *15VVA17 5MKG7

*19AEKTK23 23KQGVA27 *38LYV40 35EGVLYVG41

*38LYV40 34KE35 46EGVVHGV52 50HG51

45KEGVVHGVA53 39YVGSK43 56AE57 65NVGG68

55VA56 63VTNV66 65NVGG68 75TA76

63VTNVGGA69 68GA69 76AV77 *98DQLGKN103

92TG93 95VKK97

99QLG101 100LG101

112IL113

120PD121

127MP128

a-helix 109QEGI112 **29AAGK32 None observed None observed

310-helix **2DVF4 **19AEKT22 29AAGK32 29AAG31

69AVV71 29AAG31 122NEA124 45KEG47

**98DQL100 **77VAQK80

a b-sheets marked with (*) are observed for more than 80% of the time.
b a- and 310-helices marked with (**) are observed for more than 50% of the time.
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310-helices for more than 50% of the time during the

last 10 ns of the simulations. Such residue sequences

are marked with an (**) in the table. They include one

a-helix formed by residues 29–32 of chain 2, and four

310-helices formed by residues 2–4 of chain 1, residues

19–22 and 98–100 of chain 2, and residues 77–80 of

chain 4.

Figure 12 shows the snapshot of the structure of the

tetramer at 60 ns similar to that in Fig. 11, with chains

1, 2, 3, and 4 colored green, dark red, blue, and pink,

respectively, to clarify the conformations adopted by

each chain. Despite a partial collapse seen in Figs 11

and 12, the tetramer has largely retained the chain

alignment. Except for a C-terminal part of chain 3,

most of the interchain interactions have persisted

throughout the simulations. In comparison to the

dimers, the tetramer shows significantly less stable b-
sheet content. However, the helical content is found to

be more stable in the tetramer than in the dimers.

These observations appear consistent with experimen-

tal studies [25,26] suggesting that aS may adopt its sol-

uble tetrameric form enriched in helical content in the

absence of lipid bilayers or micelles. Although the

hypothetical model of helically folded aS tetramer [26]

differs from the initial structure studied in this paper,

our results indicate that a bundle of four aS chains

may promote the presence of helical content, in agree-

ment with experimental observations.

To further investigate the folding dynamics of the

tetramer, we calculated the average main-chain ECD

flexibility profiles for each of the four chains as

depicted in Fig. 13. The flexibility profiles are plotted

in pairs as listed in Table 4. Two of the pairs adopt an

HH alignment (Fig. 13B, E) and four of them adopt

HT alignments (Fig. 13A, C, D, F). The secondary

structure elements identified for each chain are indi-

cated along the top and bottom of the x-axes accord-

ing to Table 5. For all pairs of chains within the

tetramer regardless the alignment, the flexibility pro-

files adopt close levels with the positions of maxima

and minima tending to align in many cases. As in the

case of the dimers, flexibility of each chain in the tetra-

mer seems to be influenced by neighboring chains,

especially in the central regions. However, the align-

ment of b-strands across the chains in the tetramer, as

well as the influence of the secondary structure on the

flexibility, is less pronounced than in the HH and HT

dimers, suggesting somewhat weaker interchain inter-

actions in the tetramer.

The average Ca-atom ECD correlation map for the

tetramer is shown in Fig. 14. Each quadrant in Fig. 14

represents correlations between a pair of chains, and

long color bars identify the chains using a similar

color scheme as in Fig. 12. N-terminal regions of

chains 1 and 3 and C-terminal regions of chains 2 and

4, while maintaining a significant part of their align-

ment, have collapsed into a globule showing strong

interchain correlations throughout the globule. The

C-terminal tail of chain 3 has detached from the rest

of the tetramer and therefore lost correlations with the

Fig. 12. Snapshot of the structure of the tetramer at time t = 60 ns. The colors green, dark red, blue, and pink identify chains 1, 2, 3, and

4, respectively.
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other chains; while the other three chains have

retained most of their alignment. In particular, most

of the NAC regions of all the four chains have

remained well-aligned and show pronounced

correlations between the chains. The most stable b-
sheets identified for the tetramer seem to determine

the strongest interchain correlations. For example,

residues 15–16 and 38–40 of chain 1 show strong

Fig. 13. Average main-chain ECD flexibility profiles of the tetramers plotted as dimer pairs: (A) Chains 1 and 2 (HT); (B) Chains 1 and 3 (HH);

(C) Chains 1 and 4 (HT); (D) Chains 2 and 3 (HT); (E) Chains 2 and 4 (HH); (F) Chains 3 and 4 (HT). The locations where secondary structures

were identified are shown with red-, blue-, and gray-colored bars for b-sheets, a-helix, and 310-helix, respectively, along the x-axes

corresponding to the residue numbers of chain 1 (green), chain 2 (dark red), chain 3 (blue), and chain 4 (pink).
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correlated motions with residues 15–17 and 38–40 of

chain 3. This is also true for residues 19–23 of chain 1

and residues 98–103 of chain 4. Similarly, the b-sheets
formed between residues 63–66 of chain 2 and residues

65–68 of chain 4, both belonging to the NAC region,

also exhibit high levels of correlated motions. The

motion of stable a-helix in chain 2 does not seem to

strongly correlate with the other secondary structures.

The motion of 310-helix formed by residues 98–100 of

chain 2, however, correlates with the 310-helix formed

by residues 77–80 of chain 4.

Discussion

We have investigated the folding dynamics of initially

unfolded aS chains in water. The model examples con-

sidered include a monomer, four dimers comprising

two head-to-head (HH) and two head-to-tail (HT) con-

figurations, and a tetramer. For each model system, we

have performed molecular dynamics simulations in

water at a temperature of 310 K and monitored the

formation and evolution of secondary structure ele-

ments such as b-sheets, b-bridges, a-, and 310-helices.

We also have analyzed dynamic correlations in these

model systems employing the novel ECD method.

Our results indicate that the initially unfolded aS
monomer collapses into an irregular globular

conformation dominated by random coils and isolated

transient b-bridges, as expected for an intrinsically dis-

ordered protein in solution [22,23].

In contrast, two hypothetical dimeric structures, HH

and HT, exhibit stable two-stranded parallel or

antiparallel b-sheets, mostly across two chains of the

dimers, which are present for more than 80% of the

time during the last 10 ns of the simulations. Most of

b-strands identified in the dimers include one or more

amino acids that are known to be strong b-sheet form-

ers. Many of stable b-strands either are found in the

N-terminal regions of the chains, or are located in the

vicinity of conserved hexamer motif KTK(E/Q)GV, or

they involve the NAC domain residues. However, the

exact positions of these b-strands are different in the

four dimer systems that we have explored. Regions of

the dimers where stable interchain b-sheets have

formed retained most of their alignment throughout

the simulations. Alternatively, a trend to collapse into

irregular structures with many random coils has been

observed in parts of the chains without stable b-con-
tent. In both HH dimers, a significant part of C-term-

inal regions has unbuckled and adopted an antiparallel

HT-like alignment with adjacent parts of the dimer.

More b-sheet content has been observed in HT dimers

than in HH dimers. No stable helical content has been

identified in any of the dimers.

Our comparative analysis of structure and dynamics

of the hypothetical HH and HT dimeric constructs

allows concluding that both parallel and antiparallel

alignment of aS chains in water promote a buildup of

stable b-sheets. In order to more closely investigate the

relative stability of b-sheets in the HH and HT align-

ments, we have analyzed tetrameric constructs com-

posed of two initially unfolded HT dimers, such that

the formation of parallel and antiparallel b-sheets is in
competition. In such a tetramer, folding trends differ-

ent from each of the dimers have been observed.

Despite some collapse and occasional buckling of the

chains, the tetramer appears to retain the chain align-

ment and maintain the corresponding interchain inter-

actions better than the dimers. At the same time, the

tetramer also exhibits significantly less stable inter-

chain b-sheets in comparison to the dimers. Most b-
strands detected in the tetramer tend to appear and

disappear in a transient manner during the simula-

tions. No pronounced prevalence of parallel b-sheets
over antiparallel ones has been observed. The helical

content is found to be more stable in the tetramer than

in any of the other constructs considered. We have

observed an a-helix and several 310-helices present for

more than 50% of the time during the last 10 ns of

the simulations. Overall, the close contact of two HT

Fig. 14. Average Ca-atom correlation plot of the tetramer

calculated from the last 10 ns of a 60-ns MD trajectory. Low

values of the descriptor dij in the plot correspond to strong

correlations and high values correspond to a relatively independent

motion. The locations where secondary structures were identified

are shown with red-, blue-, and gray-colored bars for b-sheets, a-

helices, and 310-helices, respectively, opposite the residue axes.

The longer green, dark red, blue, and pink bars identify the

locations of chains 1, 2, 3, and 4, respectively.
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dimers appears to decrease their propensity to form

stable b-sheets through competing interactions of the

four chains.

To investigate the dynamics of the monomeric,

dimeric, and tetrameric models into a greater depth,

we have applied the novel essential collective dynam-

ics (ECD) method [44–53]. The method allows for the

determination of persistent dynamic correlations of

atoms within a protein, and related dynamical deter-

minants such as main-chain flexibilities, from short

MD trajectories. We found that the strongest correla-

tions of motion often occur between pairs of main-

chain atoms located in close proximity, as one could

expect. However, the spatial proximity is not the only

factor influencing the correlations. For the monomer,

some regions of highly correlated motions involve

interacting b-sheets or isolated b-bridges. In the

dimers, high correlations are found between stable b-
strands forming parallel or antiparallel b-sheets. In

such cases, the motion of stable b-strands in one

chain is highly correlated with stable b-strands in

another chain of the dimer. In the tetramer, stable b-
sheets and some of stable 310-helices also seem to

influence interchain correlations of motion. However,

due to a lesser number of stable secondary structures

in the tetramer, most of the correlations occur just

between closely positioned atomic groups. The com-

parison of ECD flexibility profiles of the monomer,

dimer, and tetramer reveals differences in the shape

of the profiles. However if one compares the flexibil-

ity of two chains in each dimer, the dynamics of one

chain seems to be influenced by the other chain in

regions where stable interchain b-sheets are observed.

The maxima and minima of the flexibility profiles of

the two chains are found at close locations, and the

levels of the flexibility adopt close values in these

regions. However, stable b-sheets do not coincide

with minima of the main-chain flexibility in the

dimers, distinct from the case of globular proteins

[45,48–53]. For the tetramer, the flexibility of each

chain also seems to be influenced by the neighboring

chains. However, the influence of the secondary struc-

ture on the flexibility profiles is less pronounced in

the tetramer than in the dimers.

Overall, our comparative analysis of the folding

dynamics of initially unfolded monomeric, dimeric,

and tetrameric aS models in water reveals pronounced

differences. Although the monomer simply collapses

into an irregular globule with transient appearance of

secondary structures, both HH and HT dimers develop

significant stable b-sheet content. Interchain b-sheets,
either parallel or antiparallel, seem to play an impor-

tant role in determining structural stability and

dynamics of these constructs. Formation of multiple

interchain b-sheets results is a better retention of the

chain alignment. The four chains of the tetrameric

construct also have retained their alignment in our

simulations. However in distinction of the dimers,

structure and dynamics of the tetramer has been found

less dependent on the b-sheet content, which is also

less pronounced in the tetramer than in each of the

dimers. At the same time, the helical content is found

to be more stable in the tetramer than in the other

structures, consistent with experimental observations

[25,26].

In agreement with experiments [33–35], the struc-

ture and folding dynamics observed in our dimeric

and tetrameric constructs is different from both

monomers and mature amyloidal fibrils. The propen-

sities to develop and maintain stable b-sheet content

are clearly more pronounced in the dimers and tetra-

mer than in the monomer. Yet the irregular, random-

coil rich structure of the dimeric and tetrameric mod-

els is different from the anticipated morphology of

mature fibrils, supporting the hypothesis that major

structural conversion of early oligomers is required

for the fibrils to be formed [34,35]. Interestingly, both

HH and HT constructs appear capable of maintain-

ing their alignment, and they exhibit both parallel

and antiparallel b-sheets. Detailed mechanism result-

ing in one of the alignments prevailing in amyloidal

fibrils has yet to be understood. The details of the

structure and folding dynamics of the aS constructs

with various hypothetical alignments of the chains

described in this work shed light onto the properties

of early aggregation intermediates, particularly

emphasizing the importance of smaller oligomers,

such as dimers, in the process of b-conversion of a-
synuclein.

Acknowledgements

The authors thank Dr. Lyudmyla Dorosh for stimulat-

ing and helpful discussions. Support of the work by

the Alberta Prion Research Institute is gratefully

acknowledged. Computational resources were provided

by Compute Canada facilities. All molecular graphics

images were created using the VISUAL MOLECULAR DY-

NAMICS (VMD) [60] program suite.

Author contributions

Conceived the study and experiment: MS. Performed

the experiments: JM. Analyzed and interpreted the data:

JM and MS. Prepared the draft of the article: JM and

MS.

683FEBS Open Bio 6 (2016) 666–686 ª 2016 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

J. Y. Mane and M. Stepanova Dynamics of unfolded a-synuclein in water



References

1 Maroteaux L, Campanelli JT and Scheller RH (1988)

Synuclein: a neuron-specific protein localized to the

nucleus and presynaptic nerve terminal. J Neurosci 8,

2804–2815.
2 Kr€uger R, M€uller T and Riess O (2000) Involvement of

a-synuclein in Parkinson’s disease and other

neurodegenerative disorders. J Neural Transm 107,

31–40.
3 Chandra S, Gallardo G, Fern�andez-Chac�on R, Schl€uter

OM and S€udhof TC (2005) a-Synuclein cooperates with

CSPa in preventing neurodegeneration. Cell 123,

383–396.
4 Burr�e J, Sharma M, Tsetsenis T, Buchman V, Etherton

MR and S€udhof TC (2010) a-Synuclein promotes

SNARE-complex assembly in vivo and in vitro. Science

329, 1663–1667.
5 Watson JB, Hatami A, David H, Masliah E, Roberts

K, Evans CE and Levine MS (2009) Alterations in

corticostriatal synaptic plasticity in mice overexpressing

human a-synuclein. Neuroscience 159, 501–513.
6 Lees AJ, Hardy J and Revesz T (2009) Parkinson’s

disease. Lancet 373, 2055–2066.
7 Breydo L, Wu JW and Uversky VN (2012) a-Synuclein

misfolding and Parkinson’s disease. Biochim Biophys

Acta 1822, 261–285.
8 Lashuel HA, Overk CR, Oueslati A and Masliah E

(2013) The many faces of a-synuclein: from structure

and toxicity to therapeutic target. Nat Rev Neurosci 14,

38–48.
9 Baba M, Nakajo S, Tu PH, Tomita T, Nakaya K, Lee

VM, Trojanowski JQ and Iwatsubo T (1998)

Aggregation of alpha-synuclein in Lewy bodies of

sporadic Parkinson’s disease and dementia with Lewy

bodies. Am J Pathol 152, 879–884.
10 Spillantini MG, Schmidt ML, Lee VM-Y, Trojanowski

JQ, Jakes R and Goedert M (1997) a-Synuclein in

Lewy bodies. Nature 388, 839–840.
11 Davidson WS, Jonas A, Clayton DF and George JM

(1998) Stabilization of a-synuclein secondary structure

upon binding to synthetic membranes. J Biol Chem 273,

9443–9449.
12 Uversky VN and Fink AL (2002) Amino acid

determinants of a-synuclein aggregation: putting

together pieces of the puzzle. FEBS Lett 522, 9–13.
13 U�eda K, Fukushima H, Masliah E, Xia Y, Iwai A,

Yoshimoto M, Otero DA, Kondo J, Ihara Y and

Saitoh T (1993) Molecular cloning of cDNA

encoding an unrecognized component of amyloid in

Alzheimer disease. Proc Natl Acad Sci USA 90,

11282–11286.
14 Biere AL, Wood SJ, Wypych J, Steavenson S, Jiang Y,

Anafi D, Jacobsen FW, Jarosinski MA, Wu G-M,

Louis J-C et al. (2000) Parkinson’s disease-associated

a-synuclein is more fibrillogenic than b- and c-synuclein
and cannot cross-seed its homologs. J Biol Chem 275,

34574–34579.
15 Giasson BI, Murray IVJ, Trojanowski JQ and Lee

VM-Y (2001) A hydrophobic stretch of 12 amino acid

residues in the middle of a-synuclein is essential for

filament assembly. J Biol Chem 276, 2380–2386.
16 Rodriguez JA, Ivanova MI, Sawaya MR, Cascio D,

Reyes FE, Shi D, Sangwan S, Guenther EL, Johnson

LM, Zhang M et al. (2015) Structure of the toxic core

of a-synuclein from invisible crystals. Nature 525,

486–490.
17 Goedert M (2001) Alpha-synuclein and

neurodegenerative diseases. Nat Rev Neurosci 2,

492–501.
18 Ulmer TS, Bax A, Cole NB and Nussbaum RL (2005)

Structure and dynamics of micelle-bound human alpha-

synuclein. J Biol Chem 280, 9595–9603.
19 Ulmer TS and Bax A (2005) Comparison of structure

and dynamics of micelle-bound human a-synuclein and

Parkinson disease variants. J Biol Chem 280,

43179–43187.
20 Uversky VN, Gillespie JR and Fink AL (2000) Why

are “natively unfolded” proteins unstructured under

physiologic conditions?. Proteins 41, 415–427.
21 Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat

TN, Weissig H, Shindyalov IN and Bourne PE (2000)

The Protein Data Bank. Nucleic Acids Res 28,

235–242.
22 Weinreb PH, Zhen W, Poon AW, Conway KA and

Lansbury PT (1996) NACP, a protein implicated in

Alzheimer’s disease and learning, is natively unfolded.

Biochemistry 35, 13709–13715.
23 Eliezer D, Kutluay E, Bussell R Jr and Browne G

(2001) Conformational properties of a-synuclein in its

free and lipid-associated states. J Mol Biol 307, 1061–
1073.

24 Fauvet B, Mbefo MK, Fares M-B, Desobry C, Michael

S, Ardah MT, Tsika E, Coune P, Prudent M, Lion N

et al. (2012) a-Synuclein in central nervous system and

from erythrocytes, mammalian cells, and Escherichia

coli exists predominantly as disordered monomer. J Biol

Chem 287, 15345–15364.
25 Bartels T, Choi JG and Selkoe DJ (2011) a-Synuclein

occurs physiologically as a helically folded tetramer

that resists aggregation. Nature 477, 107–110.
26 Wang W, Perovic I, Chittuluru J, Kaganovich A,

Nguyen LTT, Liao J, Auclair JR, Johnson D, Landeru

A, Simorellis AK et al. (2011) A soluble a-synuclein
construct forms a dynamic tetramer. Proc Natl Acad

Sci USA 108, 17797–17802.
27 Dettmer U, Newman AJ, Luth ES, Bartels T and

Selkoe D (2013) In vivo cross-linking reveals principally

oligomeric forms of a-synuclein and b-synuclein in

684 FEBS Open Bio 6 (2016) 666–686 ª 2016 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Dynamics of unfolded a-synuclein in water J. Y. Mane and M. Stepanova



neurons and non-neural cells. J Biol Chem 288,

6371–6385.
28 Dettmer U, Newman AJ, von Saucken VE, Bartels T

and Selkoe D (2015) KTKEGV repeat motifs are key

mediators of normal a-synuclein tetramerization: their

mutation causes excess monomers and neurotoxicity.

Proc Natl Acad Sci USA 112, 9596–9601.
29 Conway KA, Harper JD and Lansbury PT (1998)

Accelerated in vitro fibril formation by a mutant

a-synuclein linked to early-onset Parkinson disease. Nat

Med 4, 1318–1320.
30 Conway KA, Lee S-J, Rochet J-C, Ding TT,

Williamson RE and Lansbury PT (2000) Acceleration

of oligomerization, not fibrillization, is a shared

property of both a-synuclein mutations linked to early-

onset Parkinson’s disease: implications for pathogenesis

and therapy. Proc Natl Acad Sci USA 97, 571–576.
31 Karpinar DP, Balija MBG, K€ugler S, Opazo F, Rezaei-

Ghaleh N, Wender N, Kim H-Y, Taschenberger G,

Falkenburger BH, Heise H et al. (2009) Pre-fibrillar

a-synuclein variants with impaired b-structure increase

neurotoxicity in Parkinson’s disease models. EMBO J

28, 3256–3268.
32 Goldberg MS and Lansbury PT Jr (2000) Is there a

cause-and-effect relationship between a-synuclein
fibrillization and Parkinson’s disease? Nat Cell Biol 2,

E115–E119.
33 Kaylor J, Bodner N, Edridge S, Yamin G, Hong D-P

and Fink AL (2005) Characterization of oligomeric

intermediates in a-synuclein fibrillation: FRET Studies

of Y125W/Y133F/Y136F a-synuclein. J Mol Biol 353,

357–372.
34 Nath S, Meuvis J, Hendrix J, Carl SA and Engelborghs

Y (2010) Early aggregation steps in a-synuclein as

measured by FCS and FRET: evidence for a contagious

conformational change. Biophys J 98, 1302–1311.
35 Cremades N, Cohen SIA, Deas E, Abramov AY, Chen

AY, Orte A, Sandal M, Clarke RW, Dunne P, Aprile

FA et al. (2012) Direct observation of the

interconversion of normal and toxic forms of

a-synuclein. Cell 149, 1048–1059.
36 Horrocks MH, Tosatto L, Dear AJ, Garcia GA, Iljina

M, Cremades N, Dalla Serra M, Knowles TPJ, Dobson

CM and Klenerman D (2015) Fast flow microfluidics

and single-molecule fluorescence for the rapid

characterization of a-synuclein oligomers. Anal Chem

87, 8818–8826.
37 Tsigelny IF, Bar-On P, Sharikov Y, Crews L,

Hashimoto M, Miller MA, Keller SH, Platoshyn O,

Yuan JX-J and Masliah E (2007) Dynamics of

a-synuclein aggregation and inhibition of pore-like

oligomer development by b-synuclein. FEBS J 274,

1862–1877.
38 Tsigelny IF, Sharikov Y, Miller MA and Masliah E

(2008) Mechanism of alpha-synuclein oligomerization

and membrane interaction: theoretical approach to

unstructured proteins studies. Nanomedicine 4, 350–357.
39 Yoon J, Jang S, Lee K and Shin S (2009) Simulation

studies on the stabilities of aggregates formed by fibril-

forming segments of a-synuclein. J Biomol Struct Dyn

27, 259–269.
40 Park S, Yoon J, Jang S, Lee K and Shin S (2015) The

role of the acidic domain of a-synuclein in amyloid

fibril formation: a molecular dynamics study. J Biomol

Struct Dyn 1–8.
41 Nath A, Sammalkorpi M, DeWitt DC, Trexler AJ,

Elbaum-Garfinkle S, O’Hern CS and Rhoades E (2012)

The conformational ensembles of a-synuclein and taus:

combining single-molecule FRET and simulations.

Biophys J 103, 1940–1949.
42 Smith WW, Schreck CF, Hashem N, Soltani S, Nath

A, Rhoades E and O’Hern CS (2012) Molecular

simulations of the fluctuating conformational dynamics

of intrinsically disordered proteins. Phys Rev E 86,

041910.

43 Smith WW, Ho P-Y and O’Hern CS (2014) Calibrated

Langevin-dynamics simulations of intrinsically

disordered proteins. Phys Rev E 90, 042709.

44 Stepanova M (2007) Dynamics of essential collective

motions in proteins: theory. Phys Rev E 76, 051918.

45 Blinov N, Berjanskii M, Wishart DS and Stepanova M

(2009) Structural domains and main-chain flexibility in

prion proteins†. Biochemistry 48, 1488–1497.
46 Stepanova M (2011) Identification of dynamic

structural domains in proteins, analysis of local bond

flexibility and application for interpretation of NMR

experiments. Mol Simul 37, 729–732.
47 Barakat K, Issack BB, Stepanova M and Tuszynski J

(2011) Effects of temperature on the p53-DNA binding

interactions and their dynamical behavior: comparing

the wild type to the R248Q mutant. PLoS One 6,

e27651.

48 Santo KP, Berjanskii M, Wishart DS and Stepanova

M (2011) Comparative analysis of essential collective

dynamics and NMR-derived flexibility profiles in

evolutionarily diverse prion proteins. Prion 5, 188–
200.

49 Potapov A and Stepanova M (2012) Conformational

modes in biomolecules: dynamics and approximate

invariance. Phys Rev E 85, 020901.

50 Issack BB, Berjanskii M, Wishart DS and Stepanova M

(2012) Exploring the essential collective dynamics of

interacting proteins: application to prion protein

dimers. Proteins 80, 1847–1865.
51 Dorosh L, Kharenko OA, Rajagopalan N, Loewen MC

and Stepanova M (2013) Molecular mechanisms in the

activation of abscisic acid receptor PYR1. PLoS

Comput Biol 9, e1003114.

52 Stueker O, Ortega VA, Goss GG and Stepanova M

(2014) Understanding interactions of functionalized

685FEBS Open Bio 6 (2016) 666–686 ª 2016 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

J. Y. Mane and M. Stepanova Dynamics of unfolded a-synuclein in water



nanoparticles with proteins: a case study on lactate

dehydrogenase. Small 10, 2006–2021.
53 Dorosh L, Rajagopalan N, Loewen MC and

Stepanova M (2014) Molecular mechanisms in the

selective basal activation of pyrabactin receptor 1:

comparative analysis of mutants. FEBS Open Bio 4,

496–509.
54 Mart�ı-Renom MA, Stuart AC, Fiser A, S�anchez R,

Melo F and �Sali A (2000) Comparative protein

structure modeling of genes and genomes. Annu Rev

Biophys Biomol Struct 29, 291–325.
55 �Sali A and Blundell TL (1993) Comparative protein

modelling by satisfaction of spatial restraints. J Mol

Biol 234, 779–815.
56 The PyMOL Molecular Graphics System Version 1.8

Schr€odinger. LLC. URL www.pymol.org/citing

57 Pronk S, P�all S, Schulz R, Larsson P, Bjelkmar P,

Apostolov R, Shirts MR, Smith JC, Kasson PM, van

der Spoel D et al. (2013) GROMACS 4.5: a high-

throughput and highly parallel open source molecular

simulation toolkit. Bioinformatics 29, 845–854.
58 Jorgensen WL, Maxwell DS and Tirado-Rives J

(1996) Development and testing of the OPLS all-atom

force field on conformational energetics and

properties of organic liquids. J Am Chem Soc 118,

11225–11236.
59 Kabsch W and Sander C (1983) Dictionary of protein

secondary structure: pattern recognition of hydrogen-

bonded and geometrical features. Biopolymers 22,

2577–2637.
60 Humphrey W, Dalke A and Schulten K (1996) VMD:

visual molecular dynamics. J Mol Graph 14, 33–38.
61 Berendsen HJC, Postma JPM, van Gunsteren WF and

Hermans J (1981) Interaction models for water in

relation to protein hydration. In Intermolecular Forces

(Pullman B, ed), pp. 331–342. Springer, Dordrecht, the

Netherlands.

62 Bussi G, Donadio D and Parrinello M (2007)

Canonical sampling through velocity rescaling. J Chem

Phys 126, 014101.

63 Nos�e S and Klein ML (1983) Constant pressure

molecular dynamics for molecular systems. Mol Phys

50, 1055–1076.
64 Parrinello M and Rahman A (1981) Polymorphic

transitions in single crystals: a new molecular dynamics

method. J Appl Phys 52, 7182–7190.
65 Darden T, York D and Pedersen L (1993) Particle

mesh Ewald: an N�log(N) method for Ewald sums in

large systems. J Chem Phys 98, 10089–10092.
66 Hess B, Bekker H, Berendsen HJC and Fraaije JGEM

(1997) LINCS: a linear constraint solver for molecular

simulations. J Comput Chem 18, 1463–1472.
67 Miyamoto S and Kollman PA (1992) Settle: an

analytical version of the SHAKE and RATTLE

algorithm for rigid water models. J Comput Chem 13,

952–962.
68 Chou PY and Fasman GD (1974) Conformational

parameters for amino acids in helical, b-sheet, and
random coil regions calculated from proteins.

Biochemistry 13, 211–222.
69 Kim CA and Berg JM (1993) Thermodynamic b-sheet

propensities measured using a zinc-finger host peptide.

Nature 362, 267–270.
70 Smith CK, Withka JM and Regan L (1994) A

thermodynamic scale for the beta-sheet forming

tendencies of the amino acids. Biochemistry 33, 5510–
5517.

Supporting information

Additional Supporting Information may be found

online in the supporting information tab for this arti-

cle:
Fig. S1. displays the time dependencies of root-mean-

square deviations (RMSDs) of the monomer (S1A),

the dimers (S1B–S1E), and the tetramer (S1F).

Figs S2–S7. display the timelines of secondary struc-

ture evolution of the monomer (S2), dimers (S3–S6),
and tetramer (S7) during MD simulations.
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