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Particles in simulations are traditionally endowed with fixed interactions. While this is appropriate for
particles representing atoms or molecules, objects with significant internal dynamics—Ilike sequences
of amino acids or even an entire protein—are poorly modelled by invariable particles. We develop
a highly coarse grained polymorph patchy particle with the ultimate aim of simulating proteins as
chains of particles at the secondary structure level. Conformational changes, e.g., a transition between
disordered and [3-sheet states, are accommodated by internal coordinates that determine the shape and
interaction characteristics of the particles. The internal coordinates, as well as the particle positions
and orientations, are propagated by Brownian Dynamics in response to their local environment. As
an example of the potential offered by polymorph particles, we model the amyloidogenic intrinsically
disordered protein @-synuclein, involved in Parkinson’s disease, as a single particle with two internal
states. The simulations yield oligomers of particles in the disordered state and fibrils of particles in
the “misfolded” cross- 5-sheet state. The aggregation dynamics is complex, as aggregates can form by
a direct nucleation-and-growth mechanism and by two-step-nucleation through conversions between
the two cluster types. The aggregation dynamics is complex, with fibrils formed by direct nucleation-
and-growth, by two-step-nucleation through the conversion of an oligomer and by auto-catalysis of
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¢

this conversion. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942115]

. INTRODUCTION

Proteins are long chains of amino acids that regulate many
processes in living cells. In order to perform their biological
functions, proteins undergo a folding process to form a
three dimensional structure stabilised by numerous internal
interactions, hydrophobicity, and hydrophilicity. Frequently
recurring localised folding patterns include the a-helix and
the B-sheet, which collectively are referred to as the secondary
structure, the primary structure being the sequence of the
amino acids. Computer simulations present a powerful tool
to investigate the structure of proteins in aggregates.! All-
atom simulations provide insight into the precise aggregation
mechanism for small peptides.”™ Aggregation pathways
involving the collective refolding of larger proteins are
difficult to study by all-atom simulations due to excessive
computational demands. By sacrificing the finer details of the
system, so-called coarse-grained (CG) models aim to reach
the larger time and length scales at which aggregation occurs.®
Many experimental techniques are also restricted to resolving
the overall structure of proteins and protein aggregates in
terms of secondary structure elements and their relative
positions and orientations, i.e., the tertiary and quaternary
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structure. This is by no means a drawback, since a conceptual
understanding of the protein structure and functioning is often
most easily obtained in terms of secondary, tertiary, and
quaternary structure while detailed information at the atomic
level is only typically required to study binding sites and
catalytic sites.

Against this background, it is therefore just natural and
attractive to simulate proteins in terms of their secondary
structure rather than at a more detailed level. We here
present our first results on the development of a highly
coarse-grained protein simulation model at the secondary
level. Our ultimate goal is to simulate a protein as a chain
of particles, which each represent about a dozen amino
acids. Changes in the secondary structure of the sequences
represented by the coarse particles, e.g., a transition from
disordered to B-sheet, are modelled by varying the shape
and interaction characteristics of the particles. The chain
flexibility allows the tertiary and quaternary structure to
develop. In this paper we do not go into the full complexity
of the chain model, but restrict ourselves to developing
polymorph patchy particles that smoothly change their
internal states—and thereby their external appearance—in
response to their environment, while the linking together of
several polymorph particles into a protein will be the topic
of a forthcoming paper.” As an illustration, the polymorph
particle is applied as the idealisation of a protein with a
very dynamic secondary and tertiary structure, namely, the

©2016 AIP Publishing LLC
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intrinsically disordered amyloidogenic protein @-synuclein
(a syn) that aggregates into both disordered oligomers and
ordered fibrils.

The self-assembly of proteins into amyloids has been
strongly linked to a number of neurodegenerative disorders
such as Parkinson’s disease (PD)3'® and Alzheimer’s disease
(AD).'*1® The proteins associated with these diseases are «
syn and amyloid-8 (Aj3), respectively.!” Both proteins are
intrinsically disordered, meaning that they have no prevalent
secondary structure in their native solvated state, but they
can adapt their internal state in response to the surrounding
environment. Upon changing their secondary structure they
can interact with other proteins or membranes and exhibit
biological functions.'®!° Both proteins are known to fold
into a-helices against membranes’*?? and to “misfold” into
cross-f-sheets in fibrils or amyloids.?>** Aggregation of
these proteins gives rise to numerous structures such as
oligomers,>>~’ fibrils,”® and Lewy bodies,?® localised mainly
in brain cells. Some of these aggregates are believed to be
toxic?#?6-30:31 and lead to neuronal death.?%3>* Several other
proteins such as insulin, amylin, and huntingtin'”* show
similar characteristics, suggesting generic behaviour.

The “protein chameleon” a-synuclein is a small 14 kDa
intrinsically disordered protein composed of 140 amino acids
(AA). The structures of its various aggregates and their
formation pathways have been studied intensively over the past
decades. 8192533 The presence of oligomer accumulations
during fibrillation suggests that the oligomers are the direct
precursor of fibrils (on-pathway mechanism).***? Other
studies suggest that protofibrils serve as transient assembly
intermediates on the fibril formation pathway.>*** A wide
range of techniques, including atomic force microscopy
(AFM), nuclear magnetic resonance (NMR), and small angle
X-ray scattering (SAXS), have been used to study the structure
of fibrils revealing that the core of the 4-10 nm wide fibers
contains a characteristic cross- 8 secondary structure. 284347

Various coarse grained simulation models have been
developed to gain insight into the aggregation process of amy-
loidogenic proteins. Particles with two diametrically opposed
binding patches readily self-assemble into fibrils.>*®4° Pellarin
and Caflisch model an amphipathic polypeptide as a
super-molecule of ten beads with one internal dihedral
degree of freedom to convert between amyloid-forming and
amyloid-protected states.”® The model produces a number
of distinct oligomer and fiber morphologies, by various
thermodynamically or kinetically selected pathways.’>! Barz
and Urbanc represent a protein as a rigid tetrahedron
with two hydrophobic and two hydrophilic beads.’> Their
simulations show elongated aggregates restructuring to form
a denser packing, and emphasise the role of breakage in
the overall aggregation process. Reducing the number of
particles per protein even further, Bieler er al. model the
Ap protein as a single spherocylinder with surface patches
that instantaneously switch between two binding states,
predicting a critical nucleus to fibril formation of four
monomers.”> In a recent study using a modified version
of this model, Saric ef al. observe a protein concentration
dependence of the aggregation pathway, which are referred
to as one-step nucleation (1SN) for direct growth of fibers

J. Chem. Phys. 144, 085103 (2016)

() (b)

FIG. 1. Cartoons of the coarse grained representation of the amyloid protein
in (a) the disordered state and (b) in the compactly folded state. The colours
indicate surfaces with distinct interaction properties. The unit vector @ along
the long axis of the particle, in combination with the perpendicular unit vector
1, defines the orientation of the particle relative to the laboratory coordinate
system.

and two-step nucleation for fiber formation via an oligomer
intermediate.*>> The cited studies show that widely disparate
highly coarse-grained models share the ability to assemble
into oligomers and fibrils, thereby providing valuable insights
into the intricate nucleation and interconversion pathways
of the amyloid formation processes. Yet, understanding the
aggregation mechanism of amyloidogenic proteins involves
more than reproducing the aggregation characteristics—the
aggregation should result from the protein model faithfully
representing the main features of the actual protein, like the
distribution of binding affinities along its contour and the
agility of its secondary structure. The envisaged model of a
protein as a chain of polymorph patchy particles, as discussed
earlier, appears an attractive route to attaining this objective.
As a first step in this direction, we here introduce a polymorph
CG model that represents the @-synuclein protein as a single
particle able to adjust its internal state, reflecting the common
ability of intrinsically disordered proteins (IDPs) to adapt
their folding structure to the surrounding environment. The
disordered state is represented by a single soft sphere and the
folded S-sheet state by a hard spherocylinder with attractive
patches on its surface, see Fig. 1. The state, and hence the
shape of the particle, continuously evolves in time in response
to internal and inter-particle interactions. To investigate
the dynamics of the system, a novel Brownian Dynamics
algorithm? is used to simulate the translational and rotational
motions of the particles as well as their internal dynamics.
This paper is structured as follows: Section II introduces
the coarse grained model, the interaction potentials, and
describes the Brownian Dynamics algorithm. The simulation
results on the self-assembly of the particles into oligomers
and fibrils is discussed in Section III and the paper ends with
a summary and discussion of the main results in Section I'V.

Il. MODEL AND METHODS

The model introduced here is a single particle highly
coarse grained generic representation of amyloid forming
proteins. In principle, the force field can be deduced from
fully atomistic simulations of these proteins, but we here
opt for the pragmatic approach of selecting potentials based
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on a combination of experimentally established interaction
properties and computational simplicity. We will refer to a-
synuclein but emphasise that since its folding and aggregation
properties are shared by a number of amyloid forming
intrinsically disordered proteins, a model capturing these
generic properties can be parametrised to model any specific
member of this family. The number of internal states of the
particle will be limited to two, representing a disordered and
a B-rich conformation.

A. Polymorphism

The radius of gyration of @-synuclein in the disordered
conformation, R, = 40 A, is a bit smaller than that of a 140 AA
random coil, with R, ~ 52 A" but significantly bigger than
that of a 140 AA folded globular protein, R, ~ 15 10\,57
suggesting that o syn is slightly more compact than the
classic random coil.*® In fibrils, the approximately 60 residues
between positions ~30 and ~90 adopt a condensed structure
that enables this segment to bind strongly to identically folded
neighbouring segments by numerous hydrogen bonds.!”-**
The N and C-terminal tails flanking this segment are
solvent exposed and appear not involved in the hydrogen
bonding in the core of the fiber.*%3° Experiments show that
fibrillation proceeds quicker after shorting the N-terminal®®
or neutralising the large negative charge on the C-terminal,®
which suggests that the two tails may play a role in preventing
amyloid accumulation. The structural differences between the
core and the tails are best treated by a chain of multiple
particles with differing properties. At this early stage in the
model development, however, we focus on creating a coarse-
grained patchy particle representing the central ~60 amino
acids of a-synuclein.

An essential feature of the protein, and hence of the
model particle, is its ability to switch between two internal
states, i.e., a disordered state and a folded S-sheet-rich state.
This is realised in the simulations by introducing a parameter
A; to describe the internal state of the ith particle. In line
with experimental findings, the probability distribution of
this coordinate must be constructed in such a way that for
unbound particles the disordered state is favoured over the
ordered state. Hence, the internal potential @ 4(1) should be
of the form shown in Fig. 2(a), where an activation barrier
separates the disordered state (4 < 0) from the ordered state
(4 > 0). For mathematical convenience, we construct this
potential by combining two third-order polynomials,

—s§¥(12+/13) for A <0

; (D
27
—557(12— A’) ford>0

®,(2) =

that reach local minima of —s§ and —81} for A = t%, and both
have a local maximum for A = 0. Although the folded state is
unfavourable in solution, it is the stable state for proteins in
a fiber. This shift indicates that the stability gained in fibrils
arises from attractive interactions between proteins, which are
modelled by the attractive potential discussed below.

The shape of the protein is strongly linked to its internal

state, hence the shape of the particle should depend on the

J. Chem. Phys. 144, 085103 (2016)
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FIG. 2. (a) The internal potential plotted against the internal coordinate for
si =3 and 55 =2, see Eq. (1). (b) Length and diameter as functions of A, see
Eq. (3), for the parameter values employed in the simulation. Note that both
dimensions decrease as the protein evolves from the low density disordered
state to the compactly folded ordered state.

parameter 4. We idealize the disordered state as a sphere
with soft isotropic interactions and the folded state as a
sphero-cylinder with hard anisotropic interactions, see Fig. 1.
This selection of shapes allows for continuous morphing as
a function of the internal coordinate. To restrict the shape
changes to the barrier region, we introduce the smoothed
step-function

0 for A<-1
tanh(A,1) 1
/,1(/1)2 W(AH)-FE for —IS/ISI, (2)
1 for A1>1

where A, determines the width of the transition region. The
tip-to-tip length and the diameter of the particle are then
defined following

L(A)=Ls + u(A)(Lg — Ls),

3
D()=Ds + u(A)(Dg - D). ©)

where the spherical and sphero-cylindrical extremes of the
morphing process are marked by subscripts S and R,
respectively, and where Ds = Lg for a sphere.

B. The repulsive potential

Having defined the shape and size of the particle, we next
focus on the interactions between the particles. Because of the
polymorphism of the particles, the potential energy is coupled
to the internal states of the interacting particles. Overlap of
particles i and j is avoided by a repulsive potential based on
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the minimum distance d,;, between their long axes,’!

b}

“4)

with r; and r; the centre of mass positions of the two
particles, and @; and @i; denoting unit vectors pointing
along the long axes of the particles. For two infinitely
long cylinders, the analytic expressions for the minimisation
parameters «; and «; are readily solved from two coupled
linear equations. By restricting their values to the 1-dependent
ranges ;| < %(Ll- —D;)and || < %(Lj - D;), the points of
closest approximation are guaranteed to lie either within
the cylindrical segment of a spherocylindrical particle or
at the centre of a spherical particle. Substitution of these
restricted values into Eq. (4) yields the requested minimum
distance. When two rod-like particles are nearly parallel,
a small change of their relative orientations can cause a
major change in the points of closest approach; these points
may even jump from one end of the cylindrical segment to
the opposite end. Hence, for (§; - @;)* > 0.99 the centre to
centre vector r;; =r; —r; is decomposed into components
parallel, r; = (r;; - li,)0,, and perpendicular, r, =r;; — 1}
to the average direction @, = (0; + y@;)/[0; + y0;|, where
v = (@; - 4;)/|4; - a;| equals +1 (-1) when the orientation
vectors point in the same (opposite) direction. The minimum
distance is then calculated as

dmin(T, 1, 8,8, 44, A7) = min |(ri + @it;) = (r; + a;8))
i)

r for |ry| < (L - D)

dimin = &)

\/ri +[ry = @=D)J for |ry| > (L - D)

with the first line the perpendicular distance between two
cylindrical segments and the second line the distance between
two end caps, as illustrated in Fig. 3.

The repulsive potential should become relevant, i.e.,
increase above the thermal energy kg7 with kg Boltzmann’s
constant and T the temperature, when the minimum distance
between two particles reduces below the average of their
radii, D = %(Dl- + D). Due to the marked difference in amino
acid packing densities, the repulsion between two disordered

i,
e .
\

\ o Y
—_—, i N -
L \.rij
@, i,
_—
(@ (b)

(c) (d)

FIG. 3. (a) Cartoon of two nearly parallel rods pointing in opposite direc-
tions, ¥ =—1, (b) the vector decomposition of the centre to centre vector
r;; parallel and perpendicular to the average direction @iay, (c) and (d) the
minimum distance between two nearly parallel rods as calculated in Eq. (5).

J. Chem. Phys. 144, 085103 (2016)

proteins will be much softer than that between two compactly
folded proteins. This is accounted for by the potential

oD\ —
% ( - 1) for dmin < 2D
, (6)

= dmin
kT —
0 for dmin > 2D

where the exponent, i.e., the hardness of the potential, was
selected to vary from 4 to 6 following n = 4 + (u; + ;).

C. The attractive potential

The aggregation of amyloid proteins into oligomers and
fibrils is driven by attractive interactions between the amino
acids: van der Waals interactions, hydrophobic interactions,
and hydrogen bonding. The number of those interactions
and their overall strength depend on the internal state of the
protein: disordered proteins have larger radii of gyration and
hence larger interaction ranges than densely folded proteins;
the interactions between two random coils gradually change
with distance, while hydrogen bonds between two compacted
proteins are short-ranged. Furthermore, the disordered state is
in good approximation isotropic, while the folded state will
experience anisotropic interactions. For two particles i and j,
we propose the attractive potential

D _
= Tl(dmin){css (1= wi) (1 = pj) + Frepipt

kgT
+CSR[,Ui(1—,Llj)"'#j(l—lii)]}, @)

with dpi, the previously introduced minimum distance. The
distance dependence of the potential is given by

h(Age(dmin — 2D D

tan ( anr(dmln_ )) for dmin < 2D
tanh(2A,,D) ' ©

0 for dmin > 2D

n(dmin) =

where Auyr = Ga(pi + /Jj) + bagr, With ar > 0 and by > 0,
determines the steepness of the transition between 1(0) = —1
and 7(2D) = 0. The resulting binding energy between two
particles in the spherical state, y; = u; ~ 0, depends on their
center-to-center distance dp;, only, and decays smoothly
with decreasing distance, from zero at the cutoff distance
to a minimum of —Css. For two spherocylindrical particles,
pi = pj = 1, the function 7(dmin) is both shorter-ranged due
to the smaller D and its decay with decreasing distance to
a minimum of —%Rg is steeper, i.e., Ay is larger, reflecting
a tightly packed protein. The interaction between a spherical
particle, u; = 0, and a spherocylindrical particle, u; =~ 1, is
accounted for by the last term in the r.h.s. of Eq. (7), with a
decay rate intermediate between those of the two combinations
mentioned before and a minimum at —Csgr. All three cases are
illustrated in Fig. 4.

The interaction between two non-isotropic proteins, i.e.,
the sum of the contacts between atoms on their surfaces, varies
with the relative orientations of the proteins. This complex
dependence is qualitatively accounted for in Eq. (7) by the
rod-rod contribution Frru;pt;, with

Frr = [Cry + &i/Crel fi- ©)
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FIG. 4. Plot of the distance dependence of the total interaction energy of
two particles, see Eq. (7). Two particles in the disordered state (black) have
a longer-ranged attraction and a softer repulsion than two aligned particles
in the folded state (red), while the interaction in a mixed pair is intermediate
(green). Here Css =3, Frr =20, and Csgr = 1; the employed particle dimen-
sions are discussed in Section IIT A.

We postpone the presentation of g;; until Eq. (12) and start
here with the discussion of

fij = (0 - 8;)°h(8; - £7)h(0; - £)), (10

with 0 < f;; < 1. The first factor promotes, at given dy;, and
r;j, the alignment of the long axes @i of the spherocylinders.
The second and third factors, with

1—ax?if x> < 1/a
h(x) =

11
0 ifx*>1/a’ (n

reflect energy variations when one rod is transported along
its long axis, at fixed orientation and dy,,, with the lowest
interaction energy reached when the connecting vector r;;
is perpendicular to both rods, ie., for a; =a; =0 and
Ir;;| = dmin. The parameter a sets the parallel displacement of
two parallel rods beyond which they do not interact anymore.
The parameter Cgp in Eq. (9) represents the interaction
strength of the weak van der Waals and hydrophobic
interactions between two proteins. Folded proteins in fibers
are known to form an array of hydrogen bonds with both
neighbours along the direction of the fiber, creating a cross
B-sheet arrangement.!”->* This indicates that the interactions
of spherocylindrical particles should be non-uniform under
rotations along their long axes, as illustrated in Fig. 5. Every
particle is therefore endowed with a second orientational

weak

strong

() (b)

FIG. 5. Cartoons of two aligned folded proteins, with their long axes perpen-
dicular to the projection plane. (a) The strongest binding is achieved when
the surfaces capable of forming hydrogen bonds, coloured in red, are facing
each other. (b) Weaker affinities apply between the remaining surface areas,
in blue, and between unlike surfaces.
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body-fixed unit vector fi;, perpendicular to the long axis 1;,
see Fig. 1(b), and Fgrg contains a contribution proportional to

gij = (Bij - ;)P (5 - ;)P (12)
that favours alignment of the orientation vectors fi parallel
to the center-to-center direction f;;, see Fig. 5. Here p is an
even integer, 0 < g;; < 1, and the parameter C3, in Eq. (9)
represents the strength of the hydrogen bonds.

The symmetries of the model introduced here inhibit
the development of an intrinsic twist in the fiber, which
for a-synuclein has been measured as one revolution per
~100 proteins,®>% nor does it form multi-stranded fibrils
sharing a common hydrophobic core. Since our objective here
is to illustrate the feasibility of polymorph-patchy-particle

simulations, we opted to leave these features out in order not
to overburden the model.

D. Brownian Dynamics algorithm

The evolution of the collection of polymorph particles
is simulated by Brownian Dynamics. In this section, we
provide the overall equation of motion of the system, which
is subsequently split into equations of motion for translation,
rotation, and internal dynamics.

Brownian Dynamics algorithms have been developed to
simulate the motion of colloidal particles in a solvent, where
the particles interact with each other as well as continuously
experience multiple collisions with the solvent molecules. The
generalised equation of motion®*® is expressed as

0A 0
_ — Q7 — .42
Qt +At) - Q(t)= —u 3 At+kBTa HZAL

+(19) 2020 2ksTAL,  (13)

where Q represents the full set of generalised coordinates,
i.e., positions r, orientations ¢, and internal coordinates A
for all particles. The first contribution on the r.h.s. gives
the displacements over a time step At due to the balance
between the thermodynamic force ¥ = —0.A/0Q, with A
the free energy as a function of Q, and the opposing solvent
friction, whose inverse is the mobility matrix uQ. The second
contribution arises in the Itd interpretation, i.e., all terms on
the r.h.s. are evaluated at time ¢, due to the inhomogeneity
of the mobility tensor u2. The last contribution represents
the erratic Brownian displacements of the coordinates, where
the components of the time-dependent vector @2 have zero
mean, unit variance, and are not correlated to each other nor
to previous values (Markovian). The size of these random
displacements is connected to the mobility through the
fluctuation-dissipation theorem, which is incorporated in the
last term of Eq. (13), where the square root VM of a matrix
M has the property 23521 VM, 5VM, g = M,,.

The simplest application of the Brownian Dynamics
algorithm is the translational motion of a particle in a solvent.
In this case, the coordinates denote the centre of mass position
of the particle, R, which combined with the translational
mobility tensor in the space-frame u“® yields the equation of
motion

R(t + At) — R(t) = u>FAr + /s O'\2kgTAt, (14)
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where the conservative force is given by F = —0®/0R, and
@'is a three-dimensional Markovian vector. For non-spherical
rotating particles, the translational mobility in the space-frame
varies with the orientation and is given by

Ill,s — Allt,bAT’ (15)

where u®® is the constant body-fixed translational mobility
tensor and A represents the rotation matrix from the body
frame to the laboratory frame, see Appendix A. The square
root of the laboratory mobility tensor is readily calculated
from its constant body-fixed counterpart by

\/EzA /”t,b_ (16)

For a body-fixed coordinate system that diagonalises u®®, the
square root of u® is simply obtained by taking the square
roots of its diagonal elements.

The rotational Brownian motion is simulated by a recently
introduced algorithm>® using quaternions q as the rotational
coordinates. This approach proved to be very accessible—it
avoids the singularities, metric tensor correction, and Itd
correction that complicate BD simulations in other rotational
coordinates®®~’"—making it the ideal candidate for the current
study. The rotational equation of motion reads as

q(t + Ar) — q(t)=Bu"PATTAr + B/ ub@'\2k 5T At + Aq,
(17)

where u®P represents the rotational mobility matrix in the
body-fixed frame. The first term on the r.h.s. represents
the rotational displacement that arises from the balance
between the torque T = —9®/d¢* and the rotational friction,
where ¢° denotes infinitesimal rotations around the laboratory
coordinate axes. The 4 x 3 transformation matrix B converts
angular displacements in the body-frame into quaternion
increments; the employed expressions for A and B in terms
of q are given in Appendix A. The second term on the r.h.s.
represents the Brownian contribution, where the components
of the random vector @' are again chosen such that they have
7ero mean, unit variance, no memory, and are unrelated to the
translational random contributions. The last term introduces a
constraint on the length of q, as for finitely sized time steps
the length of the quaternion vector—which must be unity in
order for A(q) to be a rotation matrix—is only approximately
conserved. A simple rescaling, q — q/|q| will change the
sampled phase space distribution. The constraint calculation
applied here follows the method of undetermined Lagrange
multipliers, as also used in the seminal sHakE algorithm.”' The
strength of the constraint force is determined by the Lagrange
multiplier A, which is readily solved from the quadratic
equation

lq(t + A = @@ + A + Aq@) =1, (18)

where q""°°™(¢ + Ar) denotes the unconstrained propagated
coordinates in the absence of the constraint force.

The evolution of the internal coordinate A, characterising
the internal state of a particle, is also simulated by Brownian
Dynamics. The equation of motion reads as

At + At) = A() = W' FAAL + | pt ©\2ksTAL, (19)
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where u? denotes the mobility of the internal coordinate,
F1=—-0®/dA the force on the internal coordinate arising
from internal and external potentials, and ®1 a Markovian
random number of zero average and unit variance.

lll. RESULTS

The parameter values entering the model were based on
experimental data wherever possible, as described below. The
only parameters that could not be established, the internal well
depths si and 85, were systematically varied to construct a
phase diagram.

A. Model parameters

The geometrical parameters of the particles were chosen
to match experimental data. Small angle X-ray scattering
on monomeric a-synuclein in solution yielded a radius of
gyration, R,, of 4.0 nm.*® For the 60 AA segment, assuming
the scaling behaviour of a Gaussian chain, this converts
into REOAA =2.61 nm. The diameter of the particle in the
disordered state was selected by demanding that the repulsive
potential between two particles reaches 1 kgT at a distance
of 2R,, hence Ds = Lg=15.2 nm. For the folded state, we
based the dimensions on the structural data on fibrils from
the solid state hydrogen/deuterium (H/D) exchange NMR
measurements by Vilar et al.>* The length of the rod-like
particle, Lg = 3.5 nm, matches the average length of the five
B-strands per protein. The diameter was set at Dg = 2.5 nm,
which is the average of the collective width of ~4 nm of the five
[B-strands and the distance ~1 nm between two proteins along
the fibril direction. A geometrically more realistic platelet-like
description of the protein’s core region will be achieved in
the future model by representing the five S-strands as a chain
of five (thinner) spherocylindrical particles. In the conversion
from A to u, see Eq. (2), the transition is confined to a
small region by A, = 10. For the steepness of the attractive
potential, see Eq. (8), we selected A,y = 0.4 (,Ui + uj) +0.2,
with Ay in units of nm™'.

To obtain appropriate binding energies, we first studied
the aggregation behaviour of the disordered and folded
particles separately. The stability limits of oligomers were
established by simulating systems containing pre-constructed
oligomers of various sizes, surrounded by disordered particles,
while freezing all internal coordinates at A = —2/3. The
concentration was fixed at one particle per 3-107> nm?,
corresponding to an experimental concentration of 50 uM,
which lies within the typical range used in experiments
on wild-type a-synuclein. All oligomers were observed to
disintegrate when Css < 2.4. For Css = 3, oligomers of less
than about six particles tended to dissolve while larger
oligomers showed a propensity to grow through monomer
attachment and occasional fusions with other aggregates,
suggesting a critical aggregate size of roughly 6 particles.
Because particles in the disordered state have isotropic
interactions, there is no inherent restriction on the maximum
size of the agglomerates. The stability limits of fibrils were
assessed in a similar fashion, from the fate of pre-constructed
fibrils in simulations with all internal coordinates fixed at
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A =2/3. A series of simulations at various values of the
directional interaction parameter yielded a critical binding
strength C3, ~ 17 at the aforementioned concentration. Fibrils
were observed to stick together, forming multi-stranded
bundles, when the weak non-directional interactions were
turned on, Cg > 0, and/or when the ranges of the functions
g and h were too wide. For simplicity the weak interactions
have been turned off, Cg = 0, for the simulations presented
here. To ensure the narrowness specific to intra-fiber hydrogen
bonds, the power p in Eq. (12) was set to a value of 6 and
the parameter a in Eq. (11) to a value of 1.5, thus effectively
suppressing inter-fiber hydrogen bonding. In the production
runs, the attractive interactions between like particles were set
slightly above their respective critical values for aggregation:
the sphere-sphere interaction was set at Css = 3, and the
directional rod-rod interaction at CER = 20; these were also
the values used in Fig. 4. A small attraction was introduced
between unlike particles, by setting the sphere-rod interaction
at Csg = 1. The depths of the two wells in the internal
potential were systematically varied, with si > 55. Note that
the internal potential favours the disordered state over the
ordered state, whereas the external interactions promote the
ordered state.

Simulation systems were generated by placing 200
particles, with random orientations and A =-2/3, at
random positions in a cubic simulation box with periodic
boundary conditions at the aforementioned concentration.
The temperature was set at body temperature, 310 K, and
the viscosity equalled that of water, 7 =7-107* Pa s. The
translational and rotational mobility tensors were calculated
using the equations presented in Appendix B. By simulating
a pre-assembled fibril at a range of time steps, we established
that the system permits a time step Ar=1.7x 107" s.
The mobility of the internal parameter u?, represents the
“internal friction” of the protein supplemented with a solvent
contribution. We settled on a value of u! = 1.4 x 103 (J s)7!,
which made internal transitions rare events yet numerous
transitions occurred during the entire length of a simulation.
For instance, for a non-interacting particle with the well depths
83 =7 and 81; =5, the rate constants of the forward and
reverse reactions were measured as once per 1.4 x 10° steps
and once per 1.9 x 10* steps, respectively. To test whether
the proposed combination of Brownian propagators correctly
samples the internal coordinate, the sampled probability
distribution along A4 was compared against the theoretical
prediction P(2Q) « exp(—B®,) in the absence of interactions.
Good agreement was obtained, demonstrating that the
sampling of A was not influenced by the shape-dependent
mobilities of the particles.

B. Oligomers and fibers

The polymorph particles spontaneously form both
oligomers of particles in the disordered state and fibers of
particles in the folded state, as shown in Fig. 6. Representative
growth curves are shown in Figs. 7-9. For each stored
configuration, the system was analysed using a clustering
routine’” assigning a particle to a cluster if its distance diy;, to
any particle within that cluster lies below a threshold distance
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FIG. 6. Snapshots of aggregates that formed spontaneously in simulations
started from (a) random configurations of particles in the spherical state. All
runs share identical interaction parameters, as specified in the main text. (b)
Oligomers are formed for si =7 and sﬁ =3, (c) fibrils at si =7 and arj =6,

_ R _
and (d) both are present at £ =5 and &, =3.

of 2D. Figure 7 shows the cluster size evolution in time
for a system that forms oligomers only. The plot shows the
simultaneous growth, predominantly by monomer addition, of
five large oligomers, as well as numerous transient aggregates
that never crossed the critical nucleus size. The oligomers
readily fuse when they come into contact, e.g., two oligomers
of about 30 monomers each fuse into a bigger aggregate at
t = 65 ps. The fusion is marked by arrows pointing at the
discontinuations of the lines for the original oligomers and
the commencement of a line for the “new” oligomer. The
latter oligomer continues growing via monomer attachment.
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FIG. 7. Time evolution of cluster sizes for a system growing only oligomers.
Colours represent the cluster-averaged internal state, (1), running from red
for disordered ({1) < —2/3), to blue for ordered ((1) >2/3). The inset shows
the system just before two oligomers merge; the two lines representing these
aggregates terminate and a new line starts. Here si =6and 85 =2.
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FIG. 8. Time evolution of cluster sizes for a system growing only fibers. The
inset shows the system just before two fibers merge. Here &7 =2 and s}j =1.
Color scheme as in Fig. 7.

Figure 8 shows a system growing fibers only. The abundance
of small long-lived aggregates, relative to Fig. 7, reflects the
absence of a critical nucleus size in fibril formation. Again
the aggregates grow predominantly by monomer addition.
Fibers only merge when their ends meet in properly aligned
orientations, as in the example shown in the inset to Fig. 8.
At times, a particle in the interior of a fiber spontaneously
transforms into a disordered state. Such events, which are more
frequent if the folded state is not highly favoured over the
disordered state, result in several cases in the break-up of the
fiber into two shorter filaments. The spontaneous simulations
assembly of oligomers and fibrils is illustrated by Figs. 6(d)
and 9. In encounters of oligomers with fibrils, large oligomers
tend to break down the fibril and absorb the released particles.
An example hereof occurs in Fig. 9 at about 0.1 ms; the red
curve representing an oligomer ends and a brown line, for a
cluster with (1) = 0, starts. The latter line subsequently turns
red, as the particles in the original fiber convert into oligomers.
Small oligomers coming into contact with the end of a fibril
are typically absorbed by the fibril; the resulting reduction in
the number of sphere-sphere interactions makes it relatively

50 —

cluster size
I

time / [ms]

FIG. 9. Time evolution of cluster sizes for a system growing both oligomers
and fibers. The inset shows the system just before a fiber transforms and is
absorbed into an oligomer. Here sf‘l =6and 55 =4. Color scheme as in Fig. 7.
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FIG. 10. Phase diagram of the aggregation behaviour of the polymorph
particles, plotted against the internal stabilities 83 and 81}1 of the spherical and
rodlike states of the particle, respectively. Oligomers are represented by red
circles, blue squares and black stars mark the formation of fibrils via one step
nucleation and two step nucleation, respectively. See also Figs. 6 and 11. The
lines highlight approximate locations of phase boundaries. The inter-particle
interactions are Css =3, Csr =1, Cgg =20, and Cgp =0.

easy for particles to escape from the oligomer, hence the fibril
often grows by less than the original oligomer size.

Figure 10 shows a phase diagram of the aggregation
behaviour as a function of the two well depths &5 and &X of
the internal potential, see also Fig. 2(a). Each point repre-
sents three to five independent simulations, initiated with all
particles in the disordered state, with most of the runs lasting
up to the order of 2 - 10° steps, i.e., over 0.3 ms. During this
time interval, a non-interacting spherical particle diffuses over
~5 % 102 nm, equivalent to almost three box lengths, while the
smaller rod-shaped particle travels even further. The aggregate
species present at the ends of the simulations, as determined
by visual inspection in VMD,”* see Fig. 6, are marked in the
phase diagram with squares and stars for fibrils and circles
for oligomers. In the bottom-right corner, below the blue
drawn line, only oligomers are formed because the internal
potential strongly favours the disordered state. Both oligomers
and fibrils are observed between this stability boundary and
the black dashed line. Because there typically are only a few
aggregates present at the end of a run, some boxes contain
aggregates of one type only while others contain both types.
Above the second phase boundary, mainly fibrillar aggregates
are present at the end of the simulations, indicating that
the directional intermolecular interactions between rod-like
particles are dominant in determining the final state.

C. Fiber nucleation mechanisms

The cluster growth curves and visualisation of the
simulations in VMD indicate that most aggregates arise and
evolve by the nucleation-and-growth mechanism. A typical
sequence for a fibril is presented in Fig. 11(a) (Multi-
media view). Randomly diffusing particles meet each
other and—depending on their internal states and relative
orientations—can stick together. For two rod-like particles the
result will be a fibril nucleus, for two spherical particles an
oligomer results. Note that the latter dimer is smaller than
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1 step nucleation
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FIG. 11. Simulation snapshots illustrating the major pathways to fibril for-
mation: direct aggregation (top) of particles in the folded state and two step
nucleation (bottom) via a transient oligomer gradually evolving into a fiber.

Here 53 =3 and sﬁ =2. (Multimedia view) [URL.: http://dx.doi.org/10.1063/

1.4942115.1]

the critical oligomer cluster, estimated at roughly 6 particles
under the prevailing conditions, while there is no critical
nucleus for fibrillar aggregates. We regularly observed that
the two particles in a dimer transit, in rapid succession, from
one internal state to the other. Eventually, the dimers either
fall apart due to the perpetual Brownian motion or grow into
long-lived aggregates by binding additional particles. Particles
attaching to an aggregate are observed to quickly conform to
the dominant internal state in that aggregate.

An exception to the above nucleation-and-growth
mechanism is found for the combinations of well depths
marked by stars in the phase diagram of Fig. 10. In these
systems, small oligomers form as usual. Next, the particles in
the oligomer change in rapid succession from the disordered
state to the folded state, forming a fibril in the process.
A typical example of the two step nucleation mechanism
(2SN) is highlighted in Fig. 11(b) (Multimedia view) and a
movie of a second example is available in Multimedia view. A
quantitative analysis of a third example is presented in Fig. 12,
by tracking a cluster and the states of its constituting particles
during the conversion process. Above the dashed black line
in the phase diagram, this mechanism converts almost all
spontaneously formed oligomers into fibrils, explaining the
absence of oligomers at the end of those simulations. Two
step nucleation is suppressed upon reducing the stability of
rods over spheres, i.e., by enlarging 83 - 81}, as is clear from
the phase diagram. Two step nucleation is also suppressed by
the growth of the oligomer: because the interactions between
particles in the disordered state are soft and wide-ranged, the
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FIG. 12. Evolution of the number of particles (height) and their internal states
(red for disordered and blue for ordered) of an aggregate transforming from
an oligomer to a fiber. Here 53 =5and 55 =4.
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FIG. 13. (Top) Evolution of the number of particles (height) and their internal
states (red for disordered and blue for ordered) in an aggregate consisting
of an oligomer attached to a fiber. The break-up of the band reflects the
break-up of the aggregate. (Bottom) Enlargement of the transition process,
with snapshots of the aggregate at selected times. The interval between

analysed frames is 0.17 us and .93 =4 and sﬁ =2. In deviation from all

previous figures, this figure was produced at C, =30.

potential energy of a small oligomer increases supra-linearly
with the number of particles, while for a fibril the energy
increases linearly. Whether or not there is a critical size to the
oligomeric intermediate in two step nucleation will depend on
the details of the interactions between and within the proteins.
For the simulated particles, we estimate a critical size of
roughly 10 particles. Two step nucleation is not limited to the
formation of fibrils: in several simulations we observed the
assembly of rod-shaped particles into a fibrillar intermediate
that subsequently disordered into an oligomer.

Interestingly, oligomers were also observed to transform
into short fibrils when attached to the central region of a
large stable fibril. An example hereof is depicted in Fig. 13.
The near-simultaneous conversion of several particles in the
oligomer from the disordered to the ordered state weakens their
binding to the primary fiber, and consequently a three-particle
secondary fiber is released, as well as a pair of disordered
particles. Subsequently, the Brownian motion causes the pair
to attach to the short fiber and both particles transform to
the ordered state, creating a secondary fiber of five particles.
This process, observed in a number of simulations, suggests
that the primary fibril acts as a catalyst in the conversion of
oligomers into secondary fibrils.

IV. DISCUSSION

A polymorph coarse grained particle has been developed
and applied successfully to simulate the rich aggregation
behaviour of the ~60 AA core of the chameleon protein
a-synuclein. This was achieved by creating a particle that
smoothly morphs between a spherical shape with weak
isotropic interactions, representing the disordered state of the
protein in solution and in oligomers, and a sphero-cylindrical
shape with strong directional interactions, representing the
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folded state of the protein in a fibril. The particles aggregate
into oligomers of the disordered state and fibrils of the
ordered state. Aggregation proceeds by a nucleation-and-
growth mechanism, as well as by a two-step mechanism in
which an aggregate transforms from one type into the other.
These observations confirm experimental and theoretical
studies on the formation of fibrils.”*’® In the simulations, the
conversion of oligomers into fibrils appears to be enhanced
by the presence of fibrils, which has been proposed as a
mechanism to explain the exponential growth phase of the
amyloid fraction in aggregation experiments.'”

Developing a highly coarse grained particle representing
a protein involves judicious choices on the protein features
to be included in the model and the less relevant properties
to be omitted. By sacrificing detail, it becomes possible
to study the complex behaviour of the “simple” model—a
study that is computationally excessively demanding for a
model with fine-grained details on the level of the atoms
or residues. A property of wild-type a-synuclein that was
intentionally omitted in this study, by focussing on the central
~60 residues that form the core of oligomers and fibrils, is the
flexible N and C-terminal tails. Without the tails, especially the
hydrophilic C-terminal tail, the protein is unlikely to assemble
into the micellar-like oligomers that have been reported in
a number of studies.*!79-82 Instead, the truncated protein is
more expected to form droplet-like oligomers of unspecified
sizes, as observed for our model. It is well-conceivable that the
size and number of oligomers are important in determining
the rates of fibril nucleation and growth. We note that the
highly coarse-grained model by Saric et al.,’** who employed
a particle of fixed sphero-cylindrical shape with Monte Carlo
moves to instantaneously swap the single attractive patch
from the endcap (the disordered state) to the cylindrical
segment (the ordered state), by construction has the ability to
form oligomers of limited maximum size. The oligomers that
transform into fibrils are about the same size in both their and
our simulations.

g+ 4 = 243 + 43)
A= 2(q92+ qoq3)
2(q193 — 9092)

Differentiation yields that the angular velocity w® in the
body-frame is related to the quaternion velocity by ¢ = Bw®,
with

—q1 =92 —q3
1 —
B=-— qo0 =43 92 ‘ (A3)
20 g3 qo-q
—q2 491 4o

This transformation matrix B features in the equation of
motion, Eq. (17).

2(q192 — q0g3)
4@+ 6 - 2q; + 43)
2(q2q3 + qoq1)
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As discussed in the Introduction, the development of
a smoothly morphing patchy particle model constitutes a
major step towards modelling a protein as a short chain
of polymorph particles.” We envisage a model where each
particle represents a sequence of about a dozen amino
acids, with the internal state of the particle describing the
secondary structure and interaction characteristics of this
protein segment and the relative positions and orientations of
the particles accounting for tertiary and quaternary structure.
The internal and external interactions of the particles are
to be extracted from all atom simulations of the individual
segments and their pair combinations, respectively. The much
faster simulations at the coarse-grained level then provide
insights into protein aggregation processes that are too slow
to study by conventional Molecular Dynamics simulations.
Of course, the coarse-grained model can also be used as an
efficient method to sample configuration phase, by reinstating
atomic details in selected coarse-grained structures.
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APPENDIX A: MATRICES

The position and orientation of a rigid body in the
laboratory frame can be fully described by the coordinates
of its centre of mass R and by its rotation matrix A. The
coordinate in the space frame of any point on this particle,
given its body-fixed coordinates X, are obtained by

r = Ax+R. (A1)

The rotation matrix is expressed in terms of quaternions q of
unit length, g = |q| = 1, by the following expression:

2(q193 + q0q2)
2(q293 — qoq1)
a5+ a3 - 2(q; + 43)

(A2)

APPENDIX B: MOBILITY TENSORS

The translational and rotational mobility tensors in Eqgs.
(14) and (17) are determined by the geometry of the particles,
which is coupled to the particle’s internal state. The mobility
tensors are updated every time step, following the expressions
of Aragon and Flamik®® for the translational and rotational
diffusion matrices for spherocylindrical particles in the body-
fixed frame. The translational mobilities perpendicular and
parallel to the long axis, at an aspect ratio p = L/D, are given
by
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0.311044 0.18085 0.344085 0.1907321In(p)

1

b

7= ——1In(p) + 0.902952 —
s 47r77L[ n(p) + I

th _

2 2 ]’
\p p p @D

Hy

1
=—|21 -0.113192 -
47r1]L[ n(p) ?

0z

with 77 the viscosity of the solvent. These mobilities appear
twice and once, respectively, along the diagonal of the body-
fixed mobility matrix u*® in Egs. (15) and (16). Similarly, the
perpendicular and parallel rotational mobility components are
calculated from

30 095622 1.24792
r,b
b _ In(p) — 0.372093 —
T _ n(p) W NG

L 123085 199498 1.84201 0.664 147]

p P’ P’ A
, P

i = 110,001 58688 In(p) (B2)

anL

. 0.03695181In(p)  0.239276In(p)

VP p

0.6101341In(p)  0.808 254 In(p)*
" p? B P’ ’

and together yield the rotational mobility matrix x*® in

Eq. (17). Equations (B1) and (B2) reduce to the well

known Stokes drag expressions®* ut® = (3apD)~! and u"°
= (npD?)~! for spherical particles (p = 1).
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