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AGe=210 kJ/mol

ABSTRACT: Amyloid formation by the intrinsically disordered a- # mogomer

synuclein protein is the hallmark of Parkinson’s disease. We present -4

atomistic Molecular Dynamics simulations of the core of a-synuclein AGHn—_287 KJ/mol
using enhanced sampling techniques to describe the conformational . \ foril

and binding free energy landscapes of fragments implicated in fibril §=3 N .’"
stabilization. The theoretical framework is derived to combine the vt :/

free energy profiles of the fragments into the reaction free energy of a .

protein binding to a fibril. Our study shows that individual fragments AG™= -77 K]/mol

in solution have a propensity toward attaining non-f conformations,

indicating that in a fibril B-strands are stabilized by interactions with other strands. We show that most dimers of hydrogen-
bonded fragments are unstable in solution, while hydrogen bonding stabilizes the collective binding of five fragments to the end
of a fibril. Hydrophobic effects make further contributions to the stability of fibrils. This study is the first of its kind where
structural and binding preferences of the five major fragments of the hydrophobic core of a-synuclein have been investigated.
This approach improves sampling of intrinsically disordered proteins, provides information on the binding mechanism between
the core sequences of a-synuclein, and enables the parametrization of coarse grained models.

B INTRODUCTION both ends of a fibril (“go”) interrupted by long pauses during
which monomer attachment is hindered (“stop”).

Various experimental and simulation techniques have been
used to understand and explain fibrillar growth. The growth of
a fibril is a complex process that extends beyond nucleation and
elongation: in many cases primary nucleation, elongation,
secondary nucleation, and fragmentation contribute to the
evolution of monomers toward an amyloid fibril.>'*"’

The accumulation of amyloid fibrils is the hallmark of many
neurodegenerative disorders, such as Parkinson’s disease and
Alzheimer’s disease.”” The proteins associated with these
disorders, a-synuclein and the amyloid-J peptide, are known to
adapt their conformations and aggregate into higher order
insoluble aggregates such as oligomers and amyloid fibrils
found in the brains of unhealthy patients.””® Amyloids are : ) L
characterized by a cross-f-sheet arrangement of proteins Furthermore, the irregular elongation of the fibril is

. . ) 15,20
consisting of arrays of fi-sheets running parallel to the long characterlz.ed 2l:;y multiple elongation rates and attachment
axis of the fibrils.?™2 free energies.” Some of these processes extend beyond the

resolution of experimental methods; hence their microscopic
understanding requires a different approach.

Computer simulations represent a powerful and comple-
mentary tool to capture and explain properties and phenomena
that occur on time and length scales where experiments do not
have enough resolution.”””’ A promising computational
method is to study fibrillar growth by coarse grained models.
In the ideal representation, proteins are described as single

The formation of fibrillar structures is kinetically described
by a nucleation and elongation mechanism."”'* The nucleation
phase represents the time that is required for a stable protein
nucleus to form, which can then act as a template for the free
monomers in solution.” During this phase the proteins undergo
conformational changes and rearrange into monomer absorbing
ordered aggregates. While nucleation is a rare event, elongation
is a much faster process that occurs through monomer binding
at fibrillar ends.'* The growth process of an amyloid fibril has

been suggested to manifest two phases: “stop and go”."~'* A Received: February 19, 2018
growth period during which free monomers simply attach at Published: May 1, 2018
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particles able to adapt functionality as a function of the
environment, representing the agility of amyloid-forming
proteins.”*">° These models predicted the formation of a
critical nucleus of four monomers for fibril formation®® and
provided insight into the aggregation pathways, either through
direct growth of fibrils or via oligomeric intermediates.”"**
Furthermore, the one particle models showed that a fibril can
act as a catalyst that enhances the transformation of an
oligomer into a fibril** and reproduced the multistep growth
process including secondary nucleation and fragmentation.”’
Models using a few particles per protein were successfully used
to differentiate between amyloid-forming and amyloid-
protected states and to analyze the formation of distinct
oligomer and fibril morphologies, by various thermodynami-
cally or kinetically selected pathways.”®*’ Fibril elongation
hampered by multiple short arrested states was observed in a
multiparticle chain model.*

The coarse grained models are highly efficient but unable to
provide microscopic information into the exact folding
mechanisms or quantitatively reproduce the structural hetero-
geneity of intrinsically disordered proteins. Atomistic simu-
lations provide detailed information on the structural proper-
ties, the folding process, and the binding affinities of peptides
but are still limited due to the many states in which a system
can be. The most investigated intrinsically disordered protein is
amyloid-f3 responsible for Alzheimer’s disease. It is a fairly small
protein of 42 amino acids, making it an ideal candidate for
atomistic simulations in explicit solvent. Conformational
preferences” > as well as structural details of the fibrillar
core’* or interactions with membranes®> have been
investigated for the amyloid-f peptide. The complexity, length,
and intricacy of a-synuclein, the 140 amino acid protein
implicated in Parkinson’s disease, make it difficult to study it as
a whole at the full atomistic level for long time scales. Since the
hydrophobic core is the building block of a-synuclein fibrils,
many atomistic studies are limited to truncated or mutated
fragments of the )proteins‘s_‘?’8 or to simulating on relatively
short time scales.” Studies mainly focus on the importance of
the solvent or the pH on the conformational ensemble*>*' and
long-range interactions between the N- and C-terminal regions
of the protein.*”

Exploring the conformational free energy landscape of the
full a-synuclein protein requires high computational power due
to its conformational flexibility. @-Synuclein, also known as the
“protein chameleon”,” has the ability to adapt its secondary
structure in response to the environment.** It can adopt an a-
helical conformation upon binding to membranes,”* it forms
the characteristic in-register arrangement of S-sheets in fibrils,*®
and it is mainly unstructured in solution. The central ~60
amino acids play a key role in fibril formation and represent the
building block of amyloids.*® The conformational free energy
landscape and binding contributions to S-strand stabilization of
the five main fragments in the core region have, to our
knowledge, not been quantitatively investigated by molecular
dynamics simulations in explicit water, nor are they fully
understood. Starting from the solid state NMR structure of an
a-synuclein fibril,"” we isolate the individual S-strands of the
fibrillar core to characterize their contribution to fibril stability.
In this study, we investigate the conformational preference of
the individual a@-synuclein fragments that play a key role in
amyloids. Furthermore, we report the binding preferences of
the individual strands and characterize the separate contribu-
tions of hydrogen bonds and hydrophobic interactions. This
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aids in understanding the mechanisms behind fibril stability and
provides the necessary information to parametrize coarse
grained models specifically aimed at @-synuclein aggregation.”

B THEORY AND METHODS

System Preparation. The aim of the present study is to
dissect and characterize the individual components of the core
of an a-synuclein fibril and examine their contributions to fibril
growth and stabilization. The fragments have been extracted
from the solid state NMR structure of the orthogonal Greek
key topology of an a-synuclein filament (PDB ID 2NOA)."
The individual fragments are highlighted in Figure 1 by the
different letters and colors:

- m—
’.‘J o ¥

Fibrillar core L.

A. 35-55 .

GVLYV GSKTKEGVVH

B.56-67 ~
. AEKTK EQVTNVG

GVATV : -
N\ ) -
N C. 68-78———=
GAV VTGVTAVA
—
—
s :
~
e
; E. 88-97%
gk?\‘fg SAcs IAA ATGEVKK

Figure 1. Solid state NMR structure of the orthogonal Greek key
topology of an a-synuclein protein (PDB ID: 2N0OA""). The extracted
fragments are highlighted in 35—5S (A, orange), 56—67 (B, black),
68—78 (C, red), 79—87 (D, green), and 88—97 (E, blue). This color
scheme is maintained throughout the paper.

(A) 35—55 (EGVLYVGSKTKEGVVHGVATYV) in orange,
(B) 56—67 (AEKTKEQVTNVG) in black,

(C) 68—78 (GAVVTGVTAVA) in red,

(D) 79—87 (QKTVEGAGS) in green and

(E) 88—97 (IAAATGFVKK) in blue.

Each sequence corresponds to a single f-strand from the
orthogonal Greek topology fibril (further referred to as f'-
structure) that participates in f-sheet formation.

We carry out three sets of simulations: first, Metadynamics
simulations of five monomeric systems containing a single
fragment (A through E) in solution to characterize the internal
conformational preferences of the fragments; second, umbrella
sampling simulations on five dimeric systems containing two
identical fragments (AA through EE, the highlighted pairs in
Figure 1) to determine the hydrogen bonding interaction
contributing to the stability of fibrils; third, umbrella sampling
simulations on two dimeric systems to establish the hydro-
phobic interactions between unlike fragments (AC and CE) in
a fibril.

Simulation Protocol. The simulations were carried out
using the GROMACS 4.6.7 and the GROMACS 2016.1
simulation packages** ™’ for the conformational sampling and
the determination of the binding energies, respectively. All
simulations were performed using the all-atom CHARMM27/
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CMAP force field*** and the TIP3P water model.> The N-
and C-termini of all fragments were capped with acetyl and N-
methylacetamide groups, respectively, using VMD.>* All
systems were maintained at constant temperature and pressure
of 300 K and 1 bar, respectively, by using the modified
Berendsen thermostat™ and the Parrinello—Rahman barostat.”
The temperature and pressure coupling times were fixed to 0.1
and 2 ps, respectively. For the conformational sampling, the
short-range interaction cutoff was set at 1.2 nm, whereas for
sampling of binding energies, it was set at 1.4 nm. The potential
smoothly converges to zero at the cutoff using the Verlet cutoff
scheme.**™" The long-range dispersion correction was applied
for pressure and energy. The Particle Mesh Ewald (PME)
technique®” with a cubic interpolation order, a real space cutoff
of 12 nm (conformational sampling) or 1.4 nm (binding
interactions), respectively, and a grid spacing of 0.16 nm was
employed to compute the long-range electrostatic interactions.
Bond lengths were constrained by means of a fourth order
LINCS algorithm with 2 iterations.”® In all simulations, the
time step was fixed to 2 fs, and periodic boundary conditions
were applied. The positive charges of the E fragment were
neutralized by replacing water molecules with CI™ ions. The
five monomeric systems were each solvated in 16905, 4501,
4359, 2884, and 2848 water molecules in cubic boxes. The
dimeric systems were solvated in triclinic boxes elongated along
the z-axis containing 46875, 11251, 7779, 5443, and 7816 water
molecules for the five hydrogen bonding systems and 14308
and 11111 water molecules for the hydrophobic systems,
respectively. Energy minimization of the systems was followed
by temperature equilibration at 300 K for 0.5 and 2 ns,
respectively, and pressure equilibration at 1 bar. Simulations
were performed at constant NPT with snapshots saved every 5
ps over a total run length of 300 ns for the conformational
sampling (600 ns for the 35—55 fragment) and 200 ns for the
binding sampling.

Metadynamics. One aim of the present study is to
characterize the conformational preferences of the individual
fragments involved in p-sheet formation, which is achieved
using Metadynamics, an enhanced sampling technique that
allows one to reconstruct the multidimensional free energy
landscapes of complex systems.””~®> The main idea behind
Metadynamics is to bias the dynamics of a system by a history
dependent potential, V;, constructed in the space of a set of
collective variables (CVs), S. This potential consists of the sum
of repulsive Gaussians deposited along the trajectory of the
collective variables with the aim to prevent the system from
returning to a configuration that has already been sampled. The
CVs are a set of n functions of the microscopic coordinates of

the system Q, S(Q) = (S,(Q), S%(Q), wy $,(Q)). The bias

potential at time t is described by’

[s — S(ir)]z}
20’2 (1)

with 7 being the deposition interval, @ the height, and ¢ the
width of the Gaussians deposited along the CVs. After a
sufficiently long simulation time, all configurations in CV space
have been sampled (the potential grows approximately linearly
in time) and the free energy landscape of the system can be
estimated by A(S) o —lim,_,,V5(S, t).

An important aspect in Metadynamics is the choice of the
collective variables. In order to efficiently describe the system,
they must clearly differentiate between the different states a

t/t

VG(S, t)=w Z exp{—

i=1
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system can adopt. When dealing with intrinsically disordered
proteins, multiple states can become mapped on the same set of
values of the collective variables. The conformations of a
protein are best characterized in terms of the dihedral angles ¢
and y, denoting the angle about the C,—N and C,—C bonds,
respectively. The peptides discussed here consist of several
amino acids and would require as many pairs of dihedral angles.
This large set of CVs is computationally too expensive, and the
free energy landscape would require a long time to converge. It
is computationally feasible and physically reasonable to describe
a polypeptide via linear combinations of the deviations of the
dihedral angles from their values ¢f and ¥ in a reference
structure. With this in mind, two AlphaBeta collective variables,
S, and S,, were chosen such that

Ly
S, = > Z [1+ cos(qbl. - ¢imf)]
i=1
L&
S, = Y z [1 + cos(y; — y'™)]

@)

with N being the number of amino acids in the peptide chain,
and the solid state NMR structure of an a-synuclein protein*’
was chosen as reference. For small deviations from the
reference structure, the collective variables will have a
maximum value of S ,, = N, while the CVs lose their structural
specificity for larger deviations from the reference structure
with the minimum values of zero. PLUMED2.0°* was used to
deposit the Gaussians every 1 ps, with a height of @ = 0.2 kJ/
mol and a width of ¢ = 0.3.

Umbrella Sampling. To determine the inter- and intra-
molecular binding energies of a-synuclein ' fragments, we use
umbrella sampling.”*~*® The main idea is to add a harmonic
bias to the potential to ensure efficient sampling along a chosen
reaction coordinate of states otherwise hardly accessible. Two
protein fragments were extracted from the solid state NMR
fibrillar structure. The distance between their centers of mass, d,
is used as the reaction coordinate. Following the simulation
protocol of umbrella sampling, the range of d is divided into
several “windows” centered at values d,. The harmonic bias
potential @,(d) restricts the system in the ith window to
fluctuate around d; by

[
—

i

1 2
o) = 1K - ) o
with the force constant K = 1000 kJ/(mol nm?*). The net effect
of the bias potential is to connect energetically separated
regions in phase space®® by changing the total energy of the
system into EY = E* + w,(d), with E being the energy and the
corresponding superscripts denoting the biased and the
unbiased quantities, respectively. The unbiased free energy
for window i is calculated based on the biased probability
distributions P° and the bias potential,
A(d) = —kyT In Pib(d) - w(d) + 1, (4)
with f; being a window-dependent offset. The windows are then
combined into a single free energy curve by using the weighted
histogram analysis method (WHAM)®” to determine the values
of the constants f;.
To improve the sampling efficiency, both fragments are
restricted to sample B’ configurations only. This is realized by
position restraining the backbone of the fragment closest to the
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Figure 2. Free energy surface as a function of the collective variables S, and S, for the fragments building the fibrillar core of an a-synuclein fibril.
The residue numbers constituting every fragment are displayed in the title of every plot. The snapshots show representative conformations for the

highlighted regions. The free energy scale is in kJ mol™.

N-terminus of the protein and by restraining the dihedral angles
in the backbone of the other fragment. In both cases harmonic
restraints with force constants of 1000 kJ/(mol-nm?) for the
positions and 1000 kJ/(mol-rad?) for the dihedrals were applied
using the solid state NMR S’ configuration as the reference
state. The initial configurations were prepared by placing the
two fragments with the long axes of their backbone f-strands
oriented parallel. For the hydrogen-bonding simulations, the
two strands were oriented to form a f-sheet; for the
hydrophobic simulations, the planes of the strands were facing
each other, in both cases realizing orientations akin to those
occurring in the fibril, see Figure 1. At d = 0, the centers of mass
of the fragments coincide; initial configurations at larger values
of d were generated by moving the configuration restrained
protein away from the position-restrained protein, perpendic-
ular to the long axis of the position-restrained protein. The
simulation windows were generated for center of mass
distances up to 2.5 nm, with a step of 0.1 nm. Every window
was simulated under constant NPT conditions for about 200 ns
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where the first 2 ns were considered to be part of the pressure
equilibration phase.

B RESULTS

Conformational Preferences. To characterize the con-
tributions of the individual strands to fibril formation, we
started by decoupling the conformational degrees of freedom
from the interactions between different strands. As a first step,
we analyze the conformational free energy landscape of the
fragments as a function of the collective variables S; and S, as
shown in Figure 2. The convergence of these simulations with
increasing run time is illustrated in Figure S1. All fragments
show rugged free energy landscapes characterized by multiple
local minima. This lack of a dominant global minimum
surrounded by high energy barriers is a common feature of
intrinsically disordered proteins.’® Every minimum corresponds
to a different conformational state sampled by the biased
simulation. Representative structures are highlighted in the
snapshots next to each free energy surface. The snapshots from
the upper right corners of the free energy plots correspond to
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the fibrillar B’ structures. The J-rich arrangements do not
display any specific minima in the free energy plots despite the
fact that they are sufficiently sampled by the Metadynamics
simulations. The snapshots in the lower right corner of each
free energy plot, Figure 2, show representative, yet not unique,
conformations that the fragments can adopt.

To characterize the transitions between f’- and non-f'-
structures, we calculated the free energy difference, AGy ;_g,
between the two states:

/] / e—A(SI;Sz) /RT dSIdSZ
= '//;_/j, e—A(SllSZ) /RT d31d32
(s)

where S, and S, in the integrals over ' run from N — AS to N
while the integrals over 1 — " run over all the non-f’ states. To
determine the optimal value of AS, we opted for square regions
of the configuration space AS; = AS, = AS. The computed
AGyg ;_p as a function of the value of AS for all five fragments
are shown in Figure 3. The initial rapid decrease of AGgy_z for

exp[—~AGy ;_4(AS)/RT]

A. 35-55

200 ]

& 150f .

100 ,

AG

501 b

AS

AS

Figure 3. Free energy difference AGy ,_y between the f'- and non-f§'-
structures as a function of AS calculated from eq S for all five
fragments.

AS < 0.5 indicates that the integral in the numerator in eq 5
does not yet encompass the entire free energy minimum
associated with the ' conformation for these low values of AS.
The decay levels off beyond AS = 0.5, but fragments A, B, and
C do not show the clear plateau in the free energy that is
required for a well-defined separation of A and non-§’
conformations. The steady decline of the free energy with AS
indicates that the §’ configuration is not stable in solution. To
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obtain a reasonable value for AS, we therefore next turn our
attention to structural details.

To further examine the extent of the ' structure in S, and S,
space, we isolated and analyzed separately every minimum by
studying conformational properties of the fragments. We
examined the Ramachandran plots and other observables
such as root mean squared deviations from the solid state
NMR and radii of gyration. The most revealing information is
given by the deviations A¢ and Ay of the dihedral angles ¢
and y from their corresponding reference values in the f'-state,
¢ and respectively. The dihedral deviations shown in
Figure 4 for fragment C were calculated by extracting from the
Metadynamics simulations all configurations with CVs within
the choice of AS, followed by unbiasing."**” These values
correspond to squares of area AS” in the upper right corners of
the unbiased free energy landscape of fragment C in Figure 2.
For AS = 1, little deviation from the f’ dihedral angles is
observed, as evident from the presence of a single large peak in
Figure 4a. The Ramachandran plot aimed specifically at the
same subspace of the free energy plot confirms that mainly f-
rich states are being sampled (Figure S2). With increasing AS,
upon enlarging the subspace, various other states are being
sampled. For AS = 3, the peak widens considerably and its
maximum shifts toward A¢ = —60°, and a secondary peak
emerges at A¢p = Ay = 60°, giving rise to different secondary
structures such as polyproline II helix and various a-helices. A
further increase to AS = 4 leads to the development of multiple
other peaks, which correspond to a-helical structures. The
other fragments show similar behavior, as can be seen in
Figures S3—S6 in the Supporting Information. We will return
below to the numerical choice of AS.

Interplay of Interactions in Fibril Formation. The
complex interplay between conformational preference, hydro-
gen bonding, hydrophobic interactions, salt bridges etc. lies at
the heart of amyloid formation. Having characterized the
fragments from a conformational point of view, the next natural
step is to investigate the influence of the interactions on fibril
formation and stabilization. We start by describing the
hydrogen bonds (H-bonds) and then proceed with the
hydrophobic interactions.

Hydrogen Bonding. To describe the importance of
hydrogen bonds along the direction of fibrillar growth, we
built five separate systems, each consisting of two identical
protein fragments extracted from the solid state NMR structure
corresponding to two different a-synuclein proteins, see the
snapshots in Figure 1. The results from this analysis allow us to
separately examine the contributions of each fragment to the
hydrogen bonding interactions to form the fibril.

Figure S shows the free energy curves for all fragments as
functions of the reaction coordinate, the center of mass to
center of mass distance d. The snapshots highlight
representative conformations at 0.5 nm and at larger distances
together with hydrogen bonds formed between two fragments.
The free energies mainly reflect the strength of the hydrogen
bonds between two peptides, yet one should keep in mind that
the interactions between the side chains also contribute. The
plots in Figure S show a clear dependence of the curves’ shapes
and depths on structure and the number of amino acids in the
fragments. Upon pulling two short fragments slightly apart, as
for fragment D, they completely detach from each other, hence
the single well-defined minimum in Figure SD. The maximum
number of hydrogen bonds formed between two D fragments is
low because the 8 content of this fragment is low. Note that the
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last H-bond recorded is formed internally within a peptide
despite the conformation restrictions. With increasing number
of amino acids, the detachment becomes a more complex
process. The free energy of the E fragment (blue curve) shows
a deep minimum at the optimal attachment distance and a
small ledge following the breaking of several hydrogen bonds at
~0.7 nm. This small plateau widens as the number of residues
in the fragment increases, as seen by comparing E with C and
B. For these longer fragments, the detachment proceeds
stepwise: at first about three hydrogen bonds break
simultaneously, and the dimers are stabilized by the remaining
five bonds. With increasing distance, these bonds break in rapid
succession. Interestingly, the longest peptide (A) does not
show an intermediate plateau but a fairly uniform rise of the
free energy profile, suggesting a sequential breaking of the
hydrogen bonds. Closer inspection reveals that the initial 17
hydrogen bonds still dissociate in steps of three to four
hydrogen bonds with increasing distance, with the last seven
bonds breaking simultaneously.

Interestingly the depth of the free energy curve of fragment E
is lower than that for fragments B and C even though all three
dimers are connected by a maximum of 8 hydrogen bonds. The
E peptide is not only the most bent one but also the sole
charged fragment. Here an additional contribution to the free
energy arises from the electrostatic contribution due to the
charges. Note that the optimal attachment (center of mass to
center of mass) distance is at 0.5 nm for all dimers independent
of the sequence structure. The shape of the free energy curves
is mainly dictated by the length of the fragments, whereas the
depth is mainly driven by hydrogen bonds with small
contributions arising from van der Waals and electrostatic
interactions. The contributions of each fragment to fibril
stabilization arising from hydrogen bonding contributions are
calculated by’
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4rd,’

Qdy) o

+
AG™ = —RT ln[ ‘ Q(d) dJ]

(6)

as derived in the Appendix. Here the partition function as a
function of the distance is obtained from the simulations for
small distances, Q(d) = exp[—A(d)/(RT)] and from the
entropy-dominated extrapolation Q(d) Q(d,)d*/dy,> for
distances beyond the interaction range. Here d, is an arbitrary
distance (beyond the interaction range) used to merge the two
partial solutions, d¥ location of the transition state of the
binding reaction, R the gas constant, and ¢, a reference
concentration typically taken as 1 M. As a consequence of the
high transition states to the calculated functions A,;(d),
implying low populations of the transition regions, the precise
locations of the transition states d¥ are of little influence; we
selected d* = 2.0 nm for all fragments. This distance was also
used as the reference d, in the evaluation of the long-distance
distribution.

Numerical results on the detachment free energies are
provided along the diagonal of Table 1. The A fragment has the
largest stabilizing hydrogen bonding effect whereas the shortest
peptide (D) has the least stabilizing effect.

Table 1. Free Energy Contributions (in kJ/mol) of Each
Fragment to Fibril Formation and Stabilization”

A B C D E AGy_p
A -96 -2.5 106
B —38 39
C -2.5 =33 =25 30
D —14 0
E -2.5 —60 35
connectivity —41 0
total ~ —287 210

“The AGy,_p values are reported for AS = 2. The diagonal elements
represent hydrogen bonding between like fragments, the off-diagonal
elements represent hydrophobic interactions between unlike frag-
ments, and the last column represents conformational free energies for
AS = 2. The “connectivity” contribution is discussed in the main text
and derived in the Appendix. The two totals refer to the binding and
conformational free energies, respectively.

Hydrophobic interactions. To measure the strength of
the hydrophobic interaction, we extracted the fragments A, C,
and E from the solid state NMR structure. Following the
procedure described in the Umbrella Sampling section, in the

first set of simulations, the C fragment was kept fixed through
position restraints, and the configuration restrained E peptide
was sampled at a series of intersegmental center of mass
distances. In the second set of simulations, the A fragment was
for computational reasons reduced to the part that interacts
with C, that is, residues 48—SS. This truncated A fragment was
position restrained, and the configuration restrained C peptide
was sampled at various distances. The calculated free energies
are shown in Figure 6ab, with snapshots highlighting the
representative fragments chosen for analysis. The hydrophobic
contributions are small relative to the hzfdro§en bondmg
interactions; application of eq 6 yields AGMWdrophobics —
kJ/mol for both the AC interaction and the CE 1nteract10n.

B DISCUSSION AND CONCLUSION

The growth of amyloidogenic a-synuclein fibrils is the hallmark
of Parkinson’s disease. Fibrillar structures develop through a
nucleation and growth mechanism, and their evolution has
been widely explored by both experimental and simulation
techniques. Still little is known about the individual and
collective contributions of the f-strands to fibril formation and
stabilization. With this in mind, numerical simulations using
enhanced sampling techniques have been carried out on the a-
synuclein fragments that form the core of amyloid fibrils. The
conformational stabilities and the binding affinities of each
individual peptide fragment have been separately investigated.
Molecular dynamics simulations with explicit solvent have been
carried out on each individual fragment starting from its ideal
p'-conformation as extracted from solid state NMR.”” The
simulations show rugged free-energy surfaces for all protein
fragments, independent of their sequence length or hydro-
phobicity. The absence of free energy barriers is a common
feature for intrinsically disordered proteins, but it has, to our
knowledge, not been demonstrated at this level for a-synuclein
before. Computational studies on the amyloid-(1—42) peptide
revealed that all possible secondary structure categories are
being sampled, making it an 1ntr1n51cally disordered protein
with a heterogeneous tertiary ensemble.”’ Other studies have
characterized populations of a-synuclein in terms of distinct
order metrics but did not examine the conformational
preferences of the individual fragments and their contributions
to the stability of the protein.”' The present study shows that
individual fragments have a high preference toward non-f'-
states. The ideal f’-rich conformations do not represent local
minima in the free energy curves. The same preference for non-
f' states was observed also in other studies on a-synuclein, tau,
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Figure 6. Free energy curves as a function of the center of mass distances between two protein fragments corresponding to the same protein. The
snapshots highlight the three most hydrophobic fragments, which were chosen for analysis: the interactions of the C fragment in red with (a) the E
fragment 88—97 in blue and (b) the second half of the A fragment in orange.
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and amyloid-5.”>”* Studies on Alzheimer’s amyloid-f peptide
revealed that the conformations are dominated by loops and
turns but show some helical structure in the C-terminal
hydrophobic tail.”* Furthermore, an increased a-helical content
during fibrillogenesis of most amyloid-f peptides was
reported.”>’® The free energy landscape of Figure 2 suggests
that fragments in solution are likely to adapt multiple
conformations, including the helical conformation usually
adapted by membrane-bound a-synuclein.*>”’

Fibrillar structures are characterized by a high p-sheet
content. The lack of any clear preference of the analyzed
fragments toward this state indicates that external factors, that
is, binding energies between fragments, compensate for the
conformational loss in free energy. Dimers of conformationally
restrained protein segments have been simulated to characterize
the inter- and intraprotein interactions. The results suggest that
the detachment depends on the length of the fragments as
longer peptides undergo a stepwise detachment as compared to
the abrupt disconnection observed for shorter fragments. A
similar pattern was observed in a recent study on small
fragments of the Af peptide and Sup35,”® which showed that
the growth and stability of fibrils depends on the peptide
sequence.

The conformational free energies of the fragments, AG}}/’I_/)”,
the hydrogen bonding free energies of the five pairs of like
fragments in their ' configurations, AG,???, and the hydro-
phobic binding energies between the two ana?fzed pairs of
unlike fragments in their ' configurations, AGHoPhobe based
on the free-energy profiles in the Results section, are collected
in Table 1. The total free energy change associated with a
randomly coiled truncated a-synuclein in solution binding to an
existing fibrillar template, with the five fragments adopting
conformations and binding to the fibril's f-sheets, is calculated
as

AG™ = Y AGh ,_p+ D, AGH

+ Z AGi}éYdehobiCS + A Gconnectivity

i=A,E (7)
The connectivity term, derived in the Appendix, corrects for the
five fragments being connected into a single protein. A single i’
fragment in the ' configuration loses translation and rotation
entropy upon binding to a fibril, which is included in the
calculated values of AGH?. But the sum of the entropy losses of
five separate segments binding to a fibril differs from the
entropy loss of a single chain of five fragments binding to a
fibril: the five separate segments in solution move independ-
ently and therefore collectively possess more entropy than a
single chain of five segments permanently moving together.
The corresponding correction in the above expression for the
free energy of a protein attaching to a fibril is calculated in the
Appendix as AG®™™MY ~ —41 kJ/mol. The free energies
AGhYdrophebies of the two hydrophobic interactions cannot
simply be added to this expression, as it would reintroduce
double counting of the entropy loss. Hence, we derive in the
Appendix an equation to approximate the contributions,
AGhydropbobics ¢ the overall binding free energy, which based
on the umbrella sampling simulations yield values of
approximately —2.5 kJ/mol for both AC and CE. As discussed
in the Results section, the conformational free energies
AG/}r‘l_ﬂf are susceptible to the definition of the f’
configuration, that is, the selection of AS. The values in
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Table 1 correspond to AS = 2, which emerged from the
previous discussion as a reasonable estimate. Equation 7 then
yields a binding contribution AG™ = —287 kJ/mol and a
conformational contribution AG®f = 210 kJ/mol, resulting in
the total free energy change AG™" = =77 kJ/mol indicating that
binding is favorable. For comparison purposes, similar
calculations with AS = 1 and AS = 3 are provided in the
Supporting Information. The lower value raises the conforma-
tional free energy and renders AG™ positive, that is, the protein
will not bind to the fibril. The higher AS, however, lowers the
conformational free energy and thereby promotes binding. We
note that the free energy of two proteins in solution binding to
form a short fibril of two proteins is readily obtained by double
counting the configurational free energies in eq 7. The resulting
values are positive for the two smaller values of AS, indicating
that these short fibrils are unstable, while for the unrealistically
large AS = 3 the value is slightly negative. A fibril of n proteins
is stable when the n — 1 binding free-energy gains between
proteins outweigh the n conformational free-energy losses or (n
— DAG"™ + nAG™ < 0, which for AS = 2 requires n > 4
while for AS = 1 this break-even point is never reached. This
indicates that the formation of a fibril nucleus is a rare event
involving multiple proteins, even when addition of a single
protein to an existing stable fibril is thermodynamically
favorable.

The overall contributions per fragment to the free energy,
that is, the sum of AGH and AGjy,_p, reveal the largest
negative free energies for the D and E fragments, indicating that
these two segments contribute the most to fibril stabilization.
One may speculate that these fragments consequently also
initiate binding of a protein to a fibril. The A fragment has the
highest binding energy, but it loses more configurational free
energy upon binding than any other. Assuming the connectivity
term may be equally divided over the five fragments, only
fragment A does not contribute to the binding. The
hydrophobic contributions to the binding free energy appear
to be relatively minor in the current study. It cannot be ruled
out, however, that the collective hydrophobic effect of a
multitude of fragments, for example, by shielding hydrophobic
side groups in the center of a fibril or a multithread fibril from
exposure to water, may have a more pronounced impact on the
stability of an amyloid. Hydrophobic interactions are non-
additive for extended hydrophobic surfaces where the collective
nature of interface formation breaks down the pair-additive
assumption.”” Such an effect was shown for other intrinsically
disordered proteins such as human islet amyloid polypeptide
and transthyretin.*”®" The effect is nonlinear for short stacks of
fragments but will of course become linear for longer
arrangements. A more detailed exploration of this effect,
requiring extensive simulations with a multitude of fragments,
exceeds the objectives of the current study. With an improved
evaluation of the hydrogen bonding contribution, the protein is
likely to bind stronger and the total binding free energy is likely
to be negative at smaller values of AS. The sum of all
contributions, for AS = 2, was calculated above as
approximately —77 kJ/mol for the hydrophobic core of a-
synuclein to attach to a fibril. This value compares favorably to
the experimental value of —33 kJ/mol for the full protein.”!
The difference is attributed to the omission of the N- and C-
terminal regions and the partial inclusion of the hydrophobic
effect, as discussed above.

The result of this study aids in understanding the atomistic
details of a-synuclein fibril stabilization, the importance of the
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individual components to the total free energy of a system as
such, and parametrization of existing multiparticle coarse-
grained models for a-synuclein® used to study fibrillar growth.
The latter is a model developed to study the growth of an a-
synuclein fibril by introducing a coarse representation of the
protein. The hydrophobic core of the protein is represented as
a chain of five “chameleon” particles”*” connected by springs
(Figure S7). The interaction properties of these particles,
representing the five fragments studied here, change in
response to their environment, which affects the “config-
urations” of the particles.”*** This was realized by endowing
the particles with internal “configuration” coordinates and
internal potentials accounting for the configurational distribu-
tions of the fragments. These distributions, previously
approximated as one-dimensional asymmetric double-well
potentials (Figure S7d), can now be replaced by the two-
dimensional free-energy surfaces of Figure 2. The interactions
between the particles, which vary with their internal
configuration coordinates, are to be replaced for the f'-
configuration by the interaction free energies of Figures 3 and
S, after correction for the entropy sampled by mobile coarse-
grained particles. We note that the hydrogen bonding
interaction potential being used in ref 30 is actually close to
that of the D segment. The heads and tails of the coarse-grained
particles are connected by springs and thereby automatically
include the connectivity correction derived in the Appendix.
Besides these atomistic simulations, experimental data on the
interfragment interactions will also be valuable in the
parametrization of the coarse-grained model.

In conclusion, this study dissects the individual contributions
of the f-strands of a-synuclein to fibril formation. Enhanced
conformational sampling techniques have been employed to
show that the individual f-strands in solution have a strong
propensity for non-f structures, whereas the highly unstable
fibrillar f'-rich state is stabilized in fibrils predominantly by
hydrogen bonds and hydrophobic interactions. These inter-
actions are expected to reduce the number of possible compact
fibril conformations, constituting one of the driving forces of
aggregation.”” The association energies have been estimated
and compared to experimental results. Furthermore, this study
provides input for the parametrization of existing multiparticle
coarse grain models for a-synuclein®® and can assist
experimental studies investigating the aggregation of truncated
peptides.

B APPENDIX: FREE ENERGY CALCULATION

The (un)binding reaction of a protein fragment, for example, a
fragment of type A, with an identical fragment at the end of a
fibril F can be described by the reactions

—_
~

(8)

where A’ denotes a fragment in the f’ state and A the fragment
in solution. The equilibrium constant of the first reaction step is

given by
Koo = ([FA,]/CO) _ exp[— AGISA’]
(B /)[4 <,) RT O)

where the square brackets denote concentrations, ¢, is a
reference concentration typically taken as 1 M, AGg, is the
standard free energy change of the reaction, and R is the gas
constant. In statistical mechanics, this equilibrium constant is
calculated as

FA'=F + A’ F+ A
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(g /V)
(g,/V)(q,/V) " (10)

where the q denote molecular partition functions in a volume
V. In the dimeric simulation systems, the position-restrained
fragment represents the fragment at end of the fibril, while the
conformation-restrained fragment represents the fragment that
(un)binds. The latter is considered bound if its distance d to
the fibril's top-most A fragments is less than the separation at
the transition state, d*. With the fragment—fibril interaction
being dominated by hydrogen bonding between the two like
fragments, one obtains the partition function

FA'

i
, = V At g dfj
qFA ay o QA A( ) (11 )
where a,. (dimension, m™3) combines a number of elementary
constants with fragment and fibril dependent parameters, and
the distance-dependent partition function is related by

_AA,A,(E)]

Qu (d) = eXP[ o7

(12)
to the free energy profile obtained by the restrained umbrella
sampling simulations. The second fragment is considered
detached from the fibril at distances exceeding the transition
state value,

=aqV WAd) dd
quA’ aA ‘/d; Q.A A(d) d (13)
where the upper limit of the integral is determined by the
volume V. At large separations, the fragments cease to interact
and the distribution reduces to an entropic distance depend-
ence,

d

Qua(d) = [d_o) Q4 (do)

(14)

with d, an arbitrary reference distance in the quadratic tail to
the distribution simulated in the Hydrogen Bonding section.
Combining the above equations and assuming V 3> (d%) in eq
13, the standard free energy of the first reaction is evaluated as

AGgy = AGyy

4rd,’ d*

Q4 (do) ©Jo (15)

with likewise expression for the other four fragments. To obtain
the reaction free energy, AGg; of binding an unrestrained i-type
fragment to a fibril, the above AGg; must be combined with the
conformational free energy AG;; of the second reaction step in
eq §, that is, the fraction of fragments in the f’ configuration,

[_éﬁg] [i']
Pl T RT [
(16)

calculated in the section Conformational Preferences of a-
synuclein protein fragments, AG; = AG;;/’I_/;/. Augmenting
AG7; with twice this conformational free energy yields the
reaction free energy AGS (=AG™) of two unrestrained i-type
fragments binding to form a dimer.

The above derivation also holds true for an entire protein P
(un)binding to the end of a mature fibri,

= —RT Inl Q,a(d) dc?]

= [1 + exp(AGy ,_y/RT)]"
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but obtaining the free energy function App/(d) and conforma-
tional free energy difference AG/I}/Il_ﬁr far exceeds current
computational limits. Instead, we set forth to construct the
reaction free energy AGgp by combining the reaction free
energies of the fragments AG;; and their conformational free
energies AG}},I_I,/. Assuming the interaction between the
protein and the fibrillar end is dominated by the hydrogen
bonding between like fragments, one obtains the partition
function

d* L
Gpp X I I 9., = VH ai,/o Q, (d) dd i~
i’ i’ 18

where the protein is regarded as bound to the fibril when all five
fragments are within their respective transition state distances.
For the protein unbound from the fibril, one has to take into
consideration that the five fragments are permanently linked
together and consequently the protein’s translational and
rotational entropy is less than the collective translational and
rotational entropies of five unconnected fragments. Consider a
protein in solution, with all five fragments in given
conformations, for example, the ' states. The first backbone
atom of fragment E must be close to the last backbone atom of
fragment D, thereby coupling the translational and rotational
coordinates of fragment E. Consequently, the center of mass of
fragment E is confined to a spherical shell of volume 47D*AD,
with D the distance between the center of mass of fragment E
and the end of fragment D, and AD a margin accounting for
the flexibility of the linker between the two fragments. At any
given position of the center of mass of fragment E, the three
Euler angles € describing the orientation of the fragment are
dictated by the positions of the fragment’s center and end, up
to a margin AQ resulting from the flexibility of the linker. The
partition function of the full protein, relative to the bound
fragments, then reads as

g, = 87°V(4zD’ADIAQI)* [T Q%

FPP=F+P =F+P

(19)

where one fragment samples the entire volume and all
orientations while the restricted volumes and orientations,
that is, D, AD, and AL, of the other four fragments are
assumed identical. The connection with the free energy profile
sampled in the simulations is again established via the entropic
tail, yielding the flat distribution

A d dd 4o
Qﬁ? dd dQ = exp —M =
RT 47l'd0 8 (20)
Combining the above results,
AGR ~ D AGH + X AG)
2
+ 4RT 1{%60]
2r (21)

Based on a-synuclein’s radius of gyration of 3.3 nm,” we
estimate the radius of gyration and D of a fragment of 11 amino
acids at 0.93 nm. With an estimated AD = 0.2 nm and |AQI =
1, the last term in the above expression amounts to —41 kJ/mol
for ¢y = 1 M. We refer to this as AG™™Y in eq 7. A more
accurate estimate requires a detailed exploration of the
mechanics of the linkers connecting the fragments, which lies
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outside the scope of the current study. Note that this derivation
still ignores intraprotein binding interactions for both proteins
in solution and proteins bound to the fibril and ignores steric
interactions between the fragments of the protein in solution.

Extending the preceding derivation with the hydrophobic
interactions proves tedious, because the partition function of
the protein no longer reduces to a product of fragment
partition functions in the presence of interactions between the
fragments. Upon comparing the free energy curves in Figures §
and 6, however, it is clear that the hydrophobic interactions are
a minor contribution to the equilibrium constant. Assuming for
simplicity that the hydrophobic interactions can be regarded as
a multiplication factor to the equilibrium constant, an order of
magnitude estimate of this factor can be obtained by evaluating
how much a fibril-bound protein gains from the hydrophobic
interactions. Comparing the partition functions of the A and C
fragments when bound to the fibril, that is, dy, dcc, and dc all
smaller than d*, in the presence and absence of hydrophobic
interactions, the ratio is estimated as

hydrophobics _ hydrophobics
FA FC

d* _ hydrophobics 7 =
/'0 QA)(’: ropho 1c5(dAC) ddAC
~ pr - ~ .
‘/(') Qkédrophoblcs,m( dAC) d dAC
(22)

where Qigrephobicseo(7, ) ensures that both integrals share a
common reference point. Solving the integral in the numerator
yields the additional reaction free energy

qFA qFC

3d,’
(d:*:)S Qi)édmphobics,oo(do)

~hydrophobics

AG, ~ —RT In

a w7 N
/ Qzédrophoblcs( dAc) d dAC
° (23)

A likewise expression applies for the hydrophobic interaction
between C and E.
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