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Chirality inversions in self-assembly of fibrillar
superstructures: a computational study†

Magdalena Gruziel,ab Wojciech Dzwolakc and Piotr Szymczak*a

The formation of aggregates of helical fibrils is analyzed numerically. The aggregate morphology, chirality

and stability are studied as a function of temperature and helical pitch of individual fibrils. The simulations

show the existence of a critical pitch above which the handedness of the aggregates is opposite to that of

the constituting fibrils. We also observe and analyze the process of spontaneous chirality inversion of

individual fibrils within the aggregates. This inversion is accompanied by a helical wave propagating

along the fibril axis, with a kink separating left-handed and right-handed regions moving along the

fibril. The frequency of this process is strongly dependent on the initial pitch of the fibrils with a local

maximum near the critical pitch.
1 Introduction

Chiral macromolecules can undergo hierarchical self-organi-
zation, a process that gives rise to chiral superstructures stabi-
lized by intermolecular interactions.1–3 Understanding the basic
parameters that govern this self-assembly process is important
both from the fundamental point of view and for potential
applications in “bottom-up” nanoengineering. The key question
in this context is how does the chirality of the superstructure
depend on the chiralities of the constituent units, the presence
of chiral templates in the system and the dynamics of the
aggregation process itself.4–6

A fascinating aspect of biological chiral superstructures
emerged when amyloid brils – elongated aggregates of mis-
folded protein molecules that are typically associated with
degenerative disorders such as Alzheimer's, or Parkinson's
disease7 –were shown to have either right- or le-handed helical
morphology.8 Interestingly, these distinct structures turned out
to be accessible to amyloid-forming chirally-biased polypeptide
chains composed entirely of L-amino acid residues. Thus the
notion expressed in earlier works that the chiral bias of poly-
peptide chains would predispose, in a deterministic fashion,
self-assembling protein molecules to form higher-order struc-
tures of one preferred handedness turned out to be incorrect.9

Presently, for a given polypeptide chain, the permitted helical
traits of a resulting amyloid structure are thought to be mani-
fold and tunable by environmental factors.10–12 Recent studies
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show that shiing the delicate balance of intramolecular
interactions stabilizing a particular chiral mode of self-assem-
bled amyloid bril may lead to its dramatic reorganization and
simultaneous reversal of optical activity probed by vibrational
circular dichroism – a physical property strongly linked to
chirality of superstructures.11,12 In particular, this holds true for
vortex-induced chiral superstructures of insulin amyloid brils
which may exhibit either strongly negative or strongly positive
electronic circular dichroism.13–16 While the relationship
between the assembly pathway of individual brils and the
chirality of higher order structures remains poorly understood,
this knowledge is urgently needed not only out of purely
fundamental interest, but also in the context of possible
applications of chiral amyloid superstructures as novel helical
metamaterials.17,18

In this article, we study these questions using a simple
model of brillar structures inspired by the molecular archi-
tecture of insulin brils. Recent experiments on insulin aggre-
gation have revealed a structural transition in insulin brils,13–15

with two types of superstructures with opposite chiralities
formed. The transition seems to be controlled by both the
temperature and the intensity of agitation (turbulent mixing) in
the system, however the details of this process are still
uncertain.

Despite the rapid increase in computer power, the compu-
tational demands are still a barrier, preventing atomistically
detailed simulations of the self-assembly process due to the
large system sizes and long timescales involved. This motivated
the use of a coarse-grained model of the aggregating biopoly-
mers in the present study. In the model, the lament backbone
is represented by a chain of beads, whereas a second type of
beads is used to represent the attractive interaction sites,
arranged in two strips on the opposite sides of the backbone,
each helically wound along the length of the bril. This
Soft Matter, 2013, 9, 8005–8013 | 8005
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structure is related to the model of insulin protolaments
proposed by Ivanova et al.19 (cf. Fig. 5 therein), where the spine
of the protolament is composed of a steric zipper of b-strands,
and the oppy C-termini of insulin chain B on the opposite
sides of the lament wind around the lament axis. Because
these termini are both hydrophobic and capable of associating
into interchain molecular velcro they tend to be attractive.20

The aggregation of the laments has been studied using
Langevin dynamics. Particular attention was paid to the evolu-
tion of the chirality during the aggregation process. Despite the
simplicity of the adopted model, the dynamics turns out to be
nontrivial, with hierarchical, scale-dependent chirality of the
resulting structures. A major role in the emergence of chiral
ordering within the aggregates is played by the chirality inver-
sion events, either spontaneous or triggered by the interaction
with other brils in the cluster. These processes provide a way
for the individual brils in the cluster to adjust their chiralities
so that they match up.

The paper is organized as follows. Section 2 details the
numerical model of aggregating laments used in the present
study. The aggregation process and the resulting morphologies
of the clusters are studied in Section 3. Next, in Section 4 we
analyze the dynamics of the chirality inversion process. Finally,
the conclusions are drawn in Section 5.
2 The model

The coarse-grainedmodel of protein brils adopted in this work
is presented schematically in Fig. 1a. The grey beads represent
the backbone of the bril (B) whereas the white beads represent
the attractive interaction sites (S), forming two strips helically
wound around the backbone. For the sake of brevity, we shall
refer to these strips as “side-strands”.

In terms of bonding interactions, the force eld includes
harmonic potentials for both bonds (between consecutive B
beads and between B bead and the adjacent S bead) and bond
angles (between three consecutive B beads and between two
consecutive B beads and one of the adjacent S beads). The
Fig. 1 (a) Sketch of the model, with backbone beads in grey and side strand
beads in white. Bonds defining the dihedral angles q and l are dashed and dotted,
respectively; (b) definition of the helix angle a (for the clarity of the presentation,
only one helical side strand is depicted).
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detailed description of the forceeld can be found in the ESI,†
where the most signicant features are presented.

The key element of the model is the introduction of a
symmetric double well dihedral potential Uq associated with
the dihedral angle spanned by four consecutive beads S1 – Bi –

Bi+1 � S2 and denoted as q in Fig. 1a, where S1 and S2 mark the
beads of the two opposite helical side strands. The potential has
two minima at q ¼ �q0 inducing local twist of the side strands.
This potential alone, however, is not enough to impose a global
chirality on the molecule, since the values of the consecutive
dihedrals are uncorrelated and thus the global twist will average
out to zero. To prevent that, we introduce another dihedral
potential, Ul, this time associated with the circumferential
angle between two neighboring S beads belonging to the same
strand, i.e. spanned by S � Bi – Bi+2 � S (cf. Fig. 1a). This
potential has the minima at �l0 ¼ �2(p � q0) and a barrier at
l ¼ 0 with barrier height DUl ¼ U(0) � U(�l0) ¼ kll

2
0/2.

Together, the two dihedral potentials can lead to a chiral
symmetry breaking and spontaneous appearance of a nonzero
torsion of the lament side strands. The torsion is dened as
the circumferential angle between the two neighboring side
strand beads divided by the corresponding backbone distance,
s ¼ l0/2lBB, where lBB is the distance between the backbone
beads. In practice, it will be advantageous to characterize the
twist not in terms of l, but rather the helix angle a, which is the
angle between the helix and the cylinder axis (see Fig. 1b), with
a0 ¼ arctan(l0) (for the derivation see the ESI†).

Another important element of the model is Lennard-Jones
interaction between the beads belonging to different molecules:

ULJ ¼ 43

�
s

r

�12

�
�
s

r

�6
" #

(1)

these forces are responsible for the aggregation of the laments
and the formation of superstructures. We use the uniform
energy scale for backbone and side strand beads 3B ¼ 3S ¼ 3 but
different length scales: sB ¼ 4sS. The Lorentz–Berthelot
combining rules are used to calculate the cross-species inter-
action parameters. All results are given in reduced units, where
sS was used as the length unit and 3 as the energy unit. In these
units, the equilibrium distance between the backbone beads
lBB ¼ 1, whereas that between B bead and the adjacent S bead is
lBS ¼ 2. All the laments are composed of a xed number of
backbone and side strand beads, nB ¼ 2nS1 ¼ 2nS2 ¼ 60.

The equilibrium conguration of the backbone is linear,
however for the set of parameters considered here the persis-
tence length is of the order of the chain length so that the brils
are semi-exible and – as they aggregate – their backbones can
themselves become helically distorted.

The trajectories of the laments are calculated using Lan-
gevin dynamics. A natural time scale in the simulations is set by
the time it takes for a single bead to diffuse over the distance sB,

i.e. tD ¼ gs2B
6kBT

, where g is a single bead friction coefficient. This

time scale is used as a time unit in the data reported. The
simulations were performed with the use of the LAMMPS21

molecular dynamics package. In each run, we tracked the
This journal is ª The Royal Society of Chemistry 2013



Fig. 2 The clustering diagrams illustrating the dynamics of the aggregation
process. Each line corresponds to a single fibril of either right-handed (solid) or
left-handed (dashed) chirality. Chiralities of the side strands (c(1)) are presented in
the upper panel whereas the backbone chiralities (c(2)) are presented in the lower
panel. Positions of the lines reflect the connectivities in the clusters and the arrows
mark the chirality inversion events.
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connectivities between the laments (two laments were
assumed connected if the distance between their closest beads
was smaller than 3sS), sizes of the resulting clusters, and their
chiralities (see below). The simulations were run for several
values of the reduced temperature, T* ¼ kBT/3. Also, several
values of the helix angle a0 were studied to analyze the impact of
the initial bril twist on the resulting cluster morphology.

A number of different functionals have been proposed as a
measure of degree of chirality.22–27 An appropriate measure of
chirality should change the sign on mirror reection of the
molecule, but remain invariant under rotation or translation.
Moreover, at least for the helix-like molecules considered here,
the magnitude of chirality should be larger the more twisted the
helix is. In this paper, we measure the chirality of the chain
using the following quantity:

c ¼ 1

n

X0
arctan2ðjvijvi�1$ðvi � viþ1Þ; ðvi�1 � viÞ$ðvi � viþ1ÞÞ ​ ; (2)

where the sum,
P0, is over all quadruplets of beads i� 1, i, i + 1,

i + 2 along the chain, n is the total number of such quadruplets,
vi ¼ ri+1 � ri is a vector connecting two consecutive beads, and
arctan2(x,y) is the four-quadrant arctangent function (dened
as arctan( y/x) for x > 0, arctan( y/x) + p for y $ 0, x < 0, and
arctan( y/x) � p for y < 0, x < 0). The above-dened chirality
measure has a particularly simple interpretation: it is an
average (signed) dihedral angle in the lament associated with
each three consecutive vectors along the chain. Moreover, as
shown in the Appendix, in the continuous limit c is propor-
tional to the local torsion of the curve, thus it indeed measures
how sharply the curve twists.

It is important to note that the use of scalar functions as
chirality measures for objects of arbitrary shape is not without
its problems, the most signicant of which is that of ‘chiral
zeros’ – situations in which a chirality measure turns zero
despite the fact that the object is chiral.28–30 Here, however, we
limit ourselves to slightly distorted helical structures, for which
chirality can be dened in a self-consistent manner.

The formula (2) can be used to calculate chirality both of the
backbone and the side strands. The side strand chirality (which
we will also call the rst order chirality, c(1)) is determined to a
large extent by the imposed dihedral potential of the lament.
On the other hand, the equilibrium conguration of a backbone
of a single lament is linear, thus any chirality that it attains is
due to the interactions with other laments and reects the
arrangements of the laments within the superstructure. This
backbone chirality will be called a second order chirality and
denoted c(2). Due to the stiffness of the backbone the pitch of
the helix formed by the backbone beads is usually of the order
of the bril length. This means that the dihedral terms involved
in eqn (2) are of a small magnitude and hence noise-dominated.
A more meaningful information about the backbone chirality
can be obtained by coarse-graining the description and using as
vi in eqn. (2) the vectors joining every eighth backbone bead.

In general, the second order chirality may have not only a
different value, but also a different sign from the rst order one.
There are several examples of natural structures with such
non-trivial, scale dependent chirality features: a number of
This journal is ª The Royal Society of Chemistry 2013
coiled-coil structures (e.g. a-keratin, N-terminal HIV-1 gp41
trimer, others31) or collagen-like helices are composed of right-
handed a-helices winding along each other in a le-handed
manner. Notably, however, there are also many coiled-coil
structures in which the rst- and second-order chiralities agree
in sign.31 Hierarchical chiral structures are also common in
cholesteric liquid crystals,2,32–35 self-assembled structures at the
nanoscale1,5,36 or in DNA supercoiled structures.37,38
3 Aggregation dynamics and morphology
of the clusters

We begin by analyzing the trajectories of individual brils
during the aggregation process, tracking their connectivities
and chiralities as they evolve with time. To this end, we use
clustering diagrams, examples of which are presented in Fig. 2.
In these diagrams, each bril is represented by a line, either
solid (if it is right-handed) or dashed (for le-handed).
The upper panel of Fig. 2 shows the rst-order (side-strand)
chiralities, whereas the lower panel shows the second-order
(backbone) ones.

Let us look more closely at the dynamics of the aggregation
process in Fig. 2. Initially, the system contained ve brils with
the helix angle a0 ¼ 43.2�, four of them le-handed and one –

right-handed. In the initial stage of the simulation two clusters
Soft Matter, 2013, 9, 8005–8013 | 8007



Fig. 4 The contributions to the internal energy per bead, u, of the cluster as a
function of the initial helix angle, a0. The dashed vertical line marks the threshold
at which the clusters change the sign of their chirality. For the clarity of presen-
tation, the minimum values were subtracted from each dataset.
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were created, a two-element and a three-element one. Just aer
the smaller cluster was formed, one of the brils forming it has
inverted its rst-order chirality to match it to that of its partner.
The comparison of the upper and lower panel of Fig. 2 shows
that in the larger cluster the chirality of the side strands (L) was
opposite to that of the backbone (R). The smaller cluster initially
had the same chirality (R) on both levels, soon, however, the
backbones have reversed their twists and became le-handed.
Subsequently, these two clusters aggregated into a single
5-element cluster with right-handed backbone twist. At that
moment, the cluster did not have a uniform side strand twist,
with three of its elements le-handed and the other two right-
handed. Eventually, however, a common le-handed side
strand twist emerged, as a result of chirality inversions of two of
its constituents (bril 4 and bril 5), which have reversed the
sign of both c(1) and c(2). The nal result is a cluster with
uniform values of chiralities on both levels – all the brils
entangle together with the same handedness of backbone twist
(R) and maintain the same side strand twist (L).

Let us now analyze the shape of the clusters depending on
the twist and handedness of the constituting brils. Fig. 3
presents the examples of the aggregates with different values of
helix angles of individual brils, a0. Interestingly, there exists a
threshold helix angle (a* z 39� h l0 ¼ 46�) above which the
rst and second-order chiralities of the brils in the cluster
differ in sign – in other words for a0 > a* the brils entangle
Fig. 3 Example clusters formed of three (top panel) or eight (bottom panel)
fibrils. For a0 < a*z 39� the first- and second order chiralities match, whereas for
a0 > a* they are of opposite signs. The structure at a0 z a* is a hybrid one,
without a well-defined first-order chirality.

8008 | Soft Matter, 2013, 9, 8005–8013
together with handedness opposite to that of individual
strands.

The origin of this transition can be understood through
exploration of the energy landscape of interconnected brils,
similar to what was done by Wolgemuth and Sun39 for the
a-helices in the coiled coils. Let us rst look at the main
contributions to the total energy for the clusters composed of
brils with different initial a0. As observed in Fig. 4, for small a0
the dihedral energy ul dominates, while the LJ component is
almost at its minimum. This corresponds to the congurations
where the brils interact in a bead-by-beadmanner: each S bead
in a side strand meets with its partner on another bril. This
maximizes the number of LJ contacts, but comes at a cost of
torsional energy, since the brils need to wind around each
other, with the twist of the superhelix proportional to the twists
of individual subunits. Finally, at a0 z 35� the cost in torsional
energy becomes too high and the cluster restructures itself into
Fig. 5 Effective torsion snlS (in degrees) as a function of the initial twist angle (l0,
lower axis) or the helix angle (a0, upper axis) for the four basic binding modes, in
which every nth side chain bead binds to a neighboring bead on another fibril. The
binding modes correspond to n ¼ 1 (filled triangles), n ¼ 5 (diamonds), n ¼ 7
(empty triangles) and n¼ 4 (squares). The modes n¼ 5 and n¼ 7 involve contacts
between both side strands of a fibril, as marked in the legend.

This journal is ª The Royal Society of Chemistry 2013
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a conguration in which every nth side strand bead binds to a
neighboring S bead on a second bril (see Fig. 5). This reduces
the twist of the bril backbone, since the effective torsion is now
equal to sn ¼ ln/nlS, where ln is the circumferential angle
between a side strand bead and its nth neighbour wrapped to the
interval [�p,p] and lS ¼ 2lBB is the axial distance between two
consecutive S beads of the same side strand. The optimal
conguration is then a result of an interplay between the
binding energy (which decreases as 1/n) and torsional defor-
mation, which increases quadratically with sn.

Such binding modes (characterized by a specic value of n) are
reminiscent of the “knobs-into-holes” packing in coiled coils, as
described by Crick,40 where, in themost typical example, a-helices
bind by every 7th residue. In the case of a-helices, however, these
residues are typically hydrophobic, and the main reason for
binding of helices is thus to hide a hydrophobic core. Crick's
concepts have been subsequently generalized to the helices of any
hydrophobic repeat.31,41 Interestingly, however, as shown in
(ref. 39), out of all the bindingmodes, the n¼ 7mode turns out to
be optimal in terms of the minimizing of the sum of hydrophobic
binding energy and torsional energy of a-helical coiled coils.

Coming back to our structures, the rst few binding modes
which give the smallest torsion are analyzed in Fig. 5. As already
mentioned, for small values of the initial twist, l0, the smallest
torsions correspond to n ¼ 1 mode, i.e. the side strands joining
in a bead-by-bead manner. This results in the clusters inherit-
ing the handedness from the individual brils. In fact, due to
the high number of contacts and hence low energy, this mode
prevails up to l0z 40� (or a0z 35�). On the other hand, for l0$
46� (or a0 $ 39�) the most energetically favorable is n¼ 5 mode,
marked by diamonds in Fig. 5. One should note here that this
Fig. 6 The conformation of the fibrils in the n ¼ 5 binding mode for l0 ¼ 64� .
The figure shows the fibril backbones (grey), side strands (white) and the helical
binding seam formed by the contact points (black). Note that the binding seam
contains the contacts between both S1 and S2 side strands.

This journal is ª The Royal Society of Chemistry 2013
mode (as well as n ¼ 7 mode) involves contacts between both
side strands, which doubles the resulting number of binding
points (Fig. 6). On the other hand, themodes n¼ 1 and n¼ 4 are
characterized by the contacts involving one strand only. This is
the reason why n ¼ 5 mode becomes more energetically favor-
able than n ¼ 4 mode. The examples of the bril conformations
in this mode for two different l0 are given in Fig. 7 and 8. Note
that the n ¼ 5 mode is characterized by the decreasing torsion
with increasing l0, hence the structure at l0 ¼ 52� (Fig. 7) is
more twisted than that at l0 ¼ 64� (Fig. 8). Importantly, this
mode corresponds to the negative torsions, hence the handed-
ness of the cluster will be in this case reversed with respect to
that of the constituting brils.

Finally, for the intermediate values of the twist angles, 35� #
a0 # 39�, the two energetically favorable modes n ¼ 1 and n ¼ 5
compete with each other. As a result, a signicant amount of
Fig. 7 The detailed conformation of the fibrils in n ¼ 5 binding mode for l0 ¼
52� (a0 ¼ 42�), corresponding to the left solid circle in Fig. 5. The blue and violet
surfaces mark the connections between the beads in contact.

Fig. 8 The conformation of the fibrils in n ¼ 5 binding mode for l0 ¼ 64�

(a0 ¼ 48�), corresponding to the right solid circle in Fig. 5. The blue and violet
surfaces mark the connections between the beads in contact.

Soft Matter, 2013, 9, 8005–8013 | 8009



Fig. 9 The conformation of the fibrils in n ¼ 7 binding mode for l0 ¼ 64�

(dashed circle in Fig. 5).

Fig. 11 Synchronization of chiralities within a three-element cluster as a function
of the helix angle. The differently colored areas correspond to ‘sss’ – c(1) of all fibrils
has the same sign as the respective c(2), ‘ssr’ – one of the fibrils has a reversed
chirality, ‘srr’ – two of the fibrils have the reversed chirality, ‘rrr’ – all of the fibrils have
reversed chiralities (i.e. their first-order chirality is different in sign from the second-
order one). The vertical axis marks the fraction of the clusters of a given kind.
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clusters contain brils of different handedness – this is the
situation corresponding to the ‘hybrid’ structure of Fig. 3.

Interestingly, for large a0 a small number of clusters bind
also in n ¼ 7 mode, although it is energetically less favorable
than n¼ 5 mode due to a small number of side strand contacts.
An example conformation of the brils connected in that way,
corresponding to l0 ¼ 64�, is given in Fig. 9. The effective
torsion in this case, s7 x 13�/lS, is positive and thus the cluster
is of the same handedness as constituting brils.

To analyze the chiralities of self-assembled structures in
more detail, we have calculated the average absolute value of the
second order chirality of the clusters, h|c(2)|i as a function of the
helix angle of individual strands, a0 (cf. Fig. 10). However,
chirality is a signed quantity, hence h|c(2)|i gives only a limited
information about the chiralities in the population. To
complement this, we have analyzed the frequencies at which
different types of clusters are occurring in the population,
comparing the chiralities of the individual brils (c(1)) with the
Fig. 10 The average absolute value of the second-order chirality of the cluster as
a function of the helix angle, a0, of individual strands.

8010 | Soft Matter, 2013, 9, 8005–8013
second order chirality (c(2)) characterising the cluster as a
whole. The results (for three-element clusters) are presented in
Fig. 11. As expected based on the considerations of Section 3, for
a0 < a* chiralities of majority of the brils are of the same sign
as the chiralities of the clusters they belong to, while the reverse
holds for a0 > a*. As already noted, in the interval 35–39� a large
fraction of clusters contain brils of different handedness. A
somewhat similar situation prevails at small a0, where the
relatively low barrier between �l0 in the dihedral potential is
Fig. 12 Chirality inversion process during the formation of a three-element
cluster. The first order chiralities of the fibrils are plotted as a function of time,
together with a corresponding clustering diagram. Additionally, the snapshots of
the morphology of a fibril undergoing the chirality inversion are given (mol 3),
with the circle indicating the kink separating left- and right-handed part of the
strand. The simulations were carried out at the temperature T* ¼ 1.0 and the
initial twist of the fibrils corresponded to a0 ¼ 41.2� .

This journal is ª The Royal Society of Chemistry 2013
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not strong enough to prevent the thermally induced escape
from the potential well.
4 Chirality inversions

As already elucidated in Section 3, a major role in the emer-
gence of the uniform chiral ordering in the aggregates is played
by the chirality inversion events, marked by arrows in Fig. 2. A
careful analysis of chirality evolution, Fig. 12, reveals that
during such an inversion the twist of the molecules changes
gradually, over hundreds of timesteps. In fact, the rst-order
chirality reversal is accompanied by a helical wave propagation,
with a kink separating le-handed and right-handed regions
moving along the chain, as illustrated in Fig. 12 and 13. Since
Fig. 13 The distribution of dihedral energy ul per bead along the fibril chain
during the inversion process. The maximum of the energy is correlated with the
position of the kink separating the regions of right- and left-handed twist as it
moves along the chain during the inversion process.

This journal is ª The Royal Society of Chemistry 2013
the kink is the only place along the chain where the values of
consecutive dihedrals are uncorrelated, it is associated with a
pronounced peak in the dihedral energy (cf. Fig. 13). The
movement of the kink takes place by a similar mechanism to
that driving the movement of defect walls in crystals – the
amount of energy required to move the kink one step is of the
order of the barrier height in the dihedral potential, much
smaller than the energy required to reverse the twist of all the
segments at once. In single laments, the reversal can thus be
induced spontaneously due to the thermal uctuations – the
motion of the kink is then diffusive with a characteristic time-
scale proportional to the square of the length of the bril. In
such a case the chirality reversals are unbiased and the system
spends approximately half of the time in le- and right-handed
state respectively. In the clusters, the presence of other mole-
cules biases the bril chirality towards that of its neighbours.
This provides the mechanism of chirality synchronization
within a cluster. The cluster as a whole can also reverse its
chirality, but this happens over much longer timescales than
the reversals of individual brils.

Finally, let us analyze frequencies and durations of chirality
inversion events. Fig. 14 shows the durations of the chirality
inversion, tr, both for single brils as well as for brils in the
three-element clusters. In the former case, the duration of
the inversion event is a monotonically increasing function of
the helix angle, the less steep the higher the temperature. A
Fig. 14 The duration of the chirality inversion process as a function of the helix
angle for a single fibril (upper panel) and for the fibrils in a three-element cluster
(lower). The different curves correspond to different temperatures, as marked.

Soft Matter, 2013, 9, 8005–8013 | 8011
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much more interesting case is that of the inversions in the
clusters. Here, aer an initial increase of tr with a helix angle,
rst a strongly peaked maximum appears at a0 z 40�, followed
by a pronounced minimum at a0 z 43�. It is instructive to
compare this dependence with the similar dependence for the
mean number of chirality inversions per unit time, nr, shown in

Fig. 15. Note that in general,
1
nr

¼ tr þ tw, where tw is the waiting

time for the inversion process to be initiated. At small helix
angles (corresponding to low barriers of the dihedral potential
Ul) the inversions can be easily started and tw � tr. However, as
the helix angle a0 increases, it becomes increasingly harder to
initiate the inversion process and the ratio of the waiting time to
the inversion time rises, most dramatically in the low temper-
ature regime, e.g. for T* ¼ 0.6 and a0 ¼ 30� one gets tw/tr z 5
(again, for a single bril). In the clusters, the interplay of waiting
and inversion times is even more complex. Most notably, there
is a pronounced maximum in nr(a0) dependence at a0 ¼ 35–40�,
which at rst seems hard to reconcile with the corresponding
maximum in tr(a0) dependence. In fact, what happens here is
that a sharp rise in the inversion times is accompanied by an
even sharper decrease of the corresponding waiting times. This
can be interpreted by noting that this angle range corresponds
to the threshold helix angle a* at which the rst order chirality
changes sign with respect to the second order one. In this range,
it is particularly easy to initiate the chirality reversal process,
but, at the same time, it takes a relatively long time to complete
Fig. 15 The average number of chirality inversions per unit time as a function of
the helix angle for a single fibril (upper panel) and for the fibrils in a three-element
cluster (lower). The different curves correspond to different temperatures, as
marked.

8012 | Soft Matter, 2013, 9, 8005–8013
it, because of a large number of backtracking steps involved in
the transition between the initial and nal chirality. A similar
mechanism stands behind the inversion of nr(T) dependences
for a single bril at small a0 with respect to those at large a0: in
the former case, somewhat counterintuitively, a higher
temperature leads to the decrease of the number of inversions
per unit time and simultaneous increase of the inversion times
(the waiting times are negligible in this parameter range).
Again, for a single bril at small a0 it becomes very easy to
initiate the inversion process, because of the small height of the
barrier, but it gets hard to complete it, because of the large
amount of backtracking involved.
5 Summary

In summary, we have presented a simple, coarse-grained model
of aggregating chiral brils and analyzed the dependence of the
morphology of emerging clusters on the initial bril twist and
the temperature. While the latter does not much inuence the
cluster morphology within the studied parameter range, the
former, initial twist of the brils, has a signicant impact on
the handedness of the resulting aggregate. In particular, there
exists a threshold initial pitch (corresponding to the helix angle
a* z 39�) above which the brils entangle together with
handedness opposite to that of individual strands. This chirality
transition has been shown to be associated with the change of
the binding mode between the side strands of the brils – from
the mode in which they bind one-by-one to the mode in which
they bind by every 5th side strand bead.

We have also analyzed the evolution of chirality during the
aggregation process. As the individual brils aggregate, they
tend to change their chirality to accommodate it with that of the
others. The accommodation process entails a number of
chirality inversion events, in which a kink separating right-
handed and le-handed regions moves along the chain. In
general, the frequency of inversion events decreases with the
increasing helix angle, except for the anomaly in the critical
region a0 z a*, where it is particularly easy to initiate the
inversion process.

Even though these results were obtained with a specic
model of the interacting brils, some of the conclusions are
expected to be relevant for a wider class of systems. In partic-
ular, the interplay between the binding energy and the torsional
energy will in general induce one or more transitions between
different binding modes in the system, some of them accom-
panied by a global change of chirality. In particular, we
hypothesize that a transition of this kind might be the under-
lying reason for the chiral bifurcation phenomena reported in
ref. 13–16.
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