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A simple, coarse-grained model of chiral, helical filamestssed to study the polymorphism of fibrous aggregates.€elieaeric
morphologies of the aggregates are observed: twistednio which the filaments are joined side-by-side, twistedicoidal
fibrils, in which filaments entwine along each other and tabiébrms, with filaments wound together around a hollow cdre o
the tube. A relative simplicity of the model allows us to slgopent numerical simulations with an analytic descripidrthe
elastic properties of the aggregates. The model is capébledicting geometric and structural characteristicshefcomposite
structures, as well as their relative stabilities. We ats@stigate in detail the transitions between differentphotogies of th
aggregates.

1 Introduction mous of which are keratin, collagen, elastin, and silk wig -

unique elastic and tensile properttés These structures have

A number of biological macromolecules assemble in the fombrovided inspiration for nanoengineers for bottom-up kgr

of fibre-like, typically helical forms. The examples inctud sis strategies, in which a small nhumber of simple precurears

a wide variety of structures: fr.om' cc'nled-con.s athelices, molecules spontaneously assemble into hierarchical rar.. ~
double-stranded DNA or protein fibrils, to microtubules andrilslz. One of the basic questions in this context is how «ves
bacterial flagella. Even though these systems share a numbﬁ{e morphology of the fibrous superstructure depend o th :
of structural similarities, their detailed morphologiespénd
on the conformational characteristics at the monomeriellev

properties of individual units and the dynamics of aggriegat

process itself. Interestingly, despite a wide variety dfding

as well as the.dynamics 9f the assembly process its.elf.. FQlocks, the set of realizable fibrillar superstructuresrsee
example, the fibrillogenesis depends on the type of fibdlize o 1o 1atively small. These include ribbons, in which the ‘n:

protein'=> or the physical conditions during the fibrillization i 1 1 filaments are joined side-by-side, twisted, raitial

’7 - I 1 I - . . .
proces§ » the DNA super-coil structure is influenced by the structures in which several filaments are entwined alon* _. :

sequence of nucleotides, whereas the structure of a coiledsior ang tubular forms, with the filaments wound togethc.
coil of a-helices changes depending on their amino acid S€3round a hollow core of the tuB&13-21

quence8. Fibrillization processes have recently attracted a
lot of attention, both due to their importance in the medical
context and due to their potential applications in bottgm-u
nanoengineering On one hand, it has been realized that ag-
gregation of proteins into amyloid fibrils is often assoetht
with neurodegenerative diseas&sOn the other hand, many
examples of functional fibrillar aggregates exist, the niast

Several models have been proposed to explain such a pnlv-
morphism, linking it to the action of hydrophobic, electai&

or entropic force$?2. In particular, Adamcik et al” and Ac
senza et af® have proposed models in which a key roic
controlling the morphology of the aggregates is played et
competition between the electrostatic and elastic cautiol -

to the total energy. While the electrostatic repulsion bei:~

a |nstitute of Theoretical Physics, Faculty of Physics, @nsity of Warsaw,  like charges on different fibrils is causing them to twistihel

Pasteura 5, 02-093, Warsaw, Poland Ilv. th | - . . . .
e ic ener revents this twist from bein
* e-mail: Piotr.Szymczak@fuw.edu.pl cally, the elastic energy prevents this twist from beingee
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fibrils, which in itself are achiral. by multi-filament clusters and the interconversions betwee
Other researchers have invoked the role of chiralities ®f th them. Since the coarse-grained model resolves, albeit in a
constituent units. Chiral molecules do not pack parallel tosimplified way, the structure of individual filaments, it can
their neighbors, but rather at a slight angle. Based on thaaccount for different ways, in which (discrete) sets of binn
observation, Aggeli et at*, Nyrkova et al?* and Selinger et ing sites on each filament can bind each othe¥. In our
al.?2 have analyzed the properties of membranes formed byprevious paper, we have shown that the presence ofis ' a
such chiral objects (which is reflected in chiral elastietém ~ discrete set of binding sites leads to a rather intricateady
their Hamiltonian). Similarly to the studies based on etect ics of the aggregation, accompanied by chirality inversi n
static approaches, they also find that filaments self-adsembilt is thus of interest to see how this discretness affects the
into helical or twisted ribbons, which can also close on them cluster morphologies and the characteristics of the ttians
selves forming the tubules. between them, which is the main motivation for the presc.
However, as stated above, the starting point of the chjralit study. Interestingly, we still find three general morphalog
models is a membrane Hamiltonian, thus they are bettersuitecal forms which the aggregates can attain, but their gegr. etr
to describe self-assembly and polymorphism in ligRf®, s subtly different from that found the continuum-sheetth~
colloidal membrane¥, bilayers of gemini surfactantd or  ries. For example, the helicoids created from the chirad iile.
amphiphileg8, but less suitable for description of the fibril- ments are not simply helicoidally twisted ribbons, but .
lar aggregates. There is thus a gap in the literature which wélaments winding around each other while sharinga co ===
attempt to fill in the present paper, by presenting the cearseanteraction seam, with the pitch determined by the arrange-
grained model of self-assembling chiral filaments, where wement of the binding sites, analogously to “knobs-into-Bb e
assume a microscopic Hamiltonian of each filament plus thgacking in coiled coils, as described by Cck:36 Similarly,
interactions between them. A direct inspiration for our lod the tubular structures that we found are stabilized by afsc® =
is the molecular architecture of insulin aggregates. Insul discrete contacts between the individual filaments, whiei. u
protofilaments are known to be helié&Pf® with a spine com-  ganize themselves in a specific manner, giving rise to a< 3ler
posed of steric zipper gB-strands, and the floppy C-termini tion of a well-defined radius of the tube.
of insulin chain B on the opposite sides of the filament wind- Our aim here is to explore the energy landscape of the __y-
ing around the filament axis. Because these termini are botfregating filaments for a given, fixed set of the paramete s o
hydrophobic and capable of association into interchairectol the model, the same as the one used in our previous /0
ular velcro they tend to be attract®fe This is reflected in our  on chirality reversal®¥’. Within this framework, we identify
coarse grained model, where the filament backbone is repreéhe possible morphologies of the clusters, as well as I-_« n
sented by a chain of beads, whereas the second type of beadistail at the transitions between the different morphaalgi
is used to represent the attractive interaction sitesnge@in  forms. Some of these transitions are found to be spontar2ous
two strips on the opposite sides of the backbone, each heliwvhereas to induce other one needs to apply the force and/or
cally wound along the length of the filaments - arguably theincreased temperature. We demonstrate that these mof. " ~')
simplest way of introducing chirality on the level of indivi  gies, although described by a common set of parameterc ..o
ual filaments. Thus the model falls into similar class as¢hos as a result of an interplay between attraction of individila.
proposed by Aggeli et al. and Nyrkova et™1?*in that in-  aments and their elastic deformation energy, with indial L
dividual filaments are endowed with nonzero chirality. How- terms responsible for bending, twisting and stretching-—**
ever, as already mentioned, we work on a finer scale than thidlaments. Analysis of these energy contributions showst *'
models considered if*?4 resolving the energies and struc- their relative role changes depending on the superstricfur
ture of individual filaments, instead of starting at the lese  the cluster. A particularly important role is shown to beyg!~
the multi-filament tapes, as it is the case thel&ft. by an anisotropy in bending rigidities, and the associal.
Within this model, we analyze the structural forms attainedergy density, which gets massively released during thede

2| Journal Name, 2010, [vol]l1-14 This journal is © The Royal Society of Chemistry [yea |



Page 3 of 14 Soft Matter

tion of the tubular structures. Importantly, a relative glicr

ity of the model allows us to supplement the numerical rgsult S

with an analytic description of the filament aggregatesetlas

on the continuum representation of the filaments in terms of A

classical elasticity theory. This gives an additionalgisinto

the energetics of the transition between different monphol

gies, enabling us to predict a range of parameters undehwhic

a given structure is expected to be stable. These prediction 3]
compare favorably with the numerical data. The paper is or- N 7 7
ganized as follows. Section 2 presents the numerical mddel o @ \_ 7
aggregating filaments used in the present study. A continuurr / ’

description of this model is introduced in Sec. 3. The core /

of the paper is the analysis of different aggregate morpholo @

gies and the transitions between them in Sec. 4. Finally, the

conclusions are drawn in Sec 5. ) . ) .
Fig. 1 Schematic of the model, with backbone beads in gray -~

side strand beads - white. Bonds defining the dihedral artyéew

2 Coarse-grained model A are dashed and solid, respectively

The coarse-grained model of a filament used in this study was
described in detail in Ref. 22. Briefly, the filament backbsne also allowing for a flip of local chirality. The curvature 0§
represented by a chain of beads (gray beads in Fig. 1, markqmbtential at the minima is characterized by the conskgnt
with B), whereas a second type of beads is used to represeAdditionally, another dihedral potentid), , is introduced, as -
the attractive interaction sites, arranged in two stripgfen  sociated with the circumferential angle between a sided.-a
opposite sides of the backbone, each helically wound alongead and its neighbor (Fig. 1). The potential has the mininr-
the length of the fibril (white beads marked wiiandS2for ~ +Ag = +2(7m— 6p) and a barrier a2 = 0 with a barrier heigh.
each of strip, respectively). For the sake of brevity, welsha AU, = U (0) —U (+Ag) =k, /2)\5. The goal of this potentii |
refer to these strips as “side-strands”. is to induce correlation between the values of the consex iti

In terms of bonding interactions, the force field includesdihedrals and thus appearance of the overall twist of the _.u
harmonic potentials for both bonds (between consecuive strands, with the twist densifig = Ao/2I B8, where 288 corra
beads and betweeB bead and the adjace® bead) and sponds to the axial distance between two consec@theads
bond angles (between three consecuBJeeads and between of the same side strand. The cohesive interactions betveen
two consecutiveB beads and one of the adjaceéhbeads). the filaments are mediated through the Lennard-Jones forces
The equilibrium distance between the backbone bd&flsis U j = 4¢ [(%)12— (%)6} . We use the uniform energy sc '
taken to be the length unit, whereas that betwBdread and for backbone and side strand beags= €5 = ¢ but differel..
the adjacenBbead idBS= 288, The equilibrium bond angles length scalesog = 4 andos = 1 (in the units ofl®8). The
correspond to the straight backboi2B@ angles equal tar) Lorentz-Berthelot combining rules are used to calculag 1
with perpendiculaBSbonds BBSangles equal tar/2). The  cross-species interaction parameters. The LJ energy ™ ==
key element of the model is the introduction of a symmetricas the energy and temperature unit throughout the papér - ..
double well dihedral potenti&lg associated with the dihedral the reduced temperature given By = kgT /¢. All the fila-
angle spanned by four consecutive be&tls- B; — B, 1 — 2 ments are composed of a fixed number of backbone ar< <i- 2
and denoted a# in Figure 1. The potential has two min- strand beads)g = 2ng; = 2ng = 60. The trajectories of " -
ima at@ = +6; inducing local twist of the side strands, but filaments are calculated using Langevin dynamics. A na’uic’

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-14 |3
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time scale in the simulations is set by the time it takes for a
single bead to diffuse over the distangg, i.e. tp = %,
wherey is a single bead friction coefficient. This time scale is
used as a time unit in the data reported. The simulations were
performed with use of the LAMMPE molecular dynamics
package.

3 Continuum description

Different morphologies of the fibril clusters observed dgri

the simulations of aggregation process are shown in Fig. 2.
Their appearance can be rationalized by noting that the driv
ing force for the aggregation is the interaction betweerhthe

lical side strands of each filament. When two such filaments
are brought together then, for high enough binding energy be
tween the beads, the side strands align forming an interacti
seam, as indeed observed in Fig. 2b-d. The alignment of the
side strands requires a certain amount of bending and ngisti

of the fibrils. The interplay between bending, torsional eod
hesive energies leads to the appearance of the local minima i
the energy landscape. One of them correspond to a situation
when the filaments untwist to keep their backbones straight,
forming of planar, ribbon structures represented schewalti

in Fig. 2c. In such case, the bending and cohesive energies ar
at their minimum, whereas the torsional energy is increaseda) ‘4
Such a ribbon can close on itself, forming a tubular struc- _ _ _ _

ture (Fig. 2d), with an additional stabilization due to theger Z'gggrjggg‘f‘S([;’cf)tfgr‘:]‘;t;;‘fftﬁgssec?]’:r‘i;;If:h\i:\l'vmoﬂ'f‘gfzgfrg's%“;ﬁ;"lg

number of contacts between the filaments. binding modes between the fibrils (top): a) a single filament with

In the opposite case, when the twisting energy is at théwo side-strands marked in green and red respectively; b) three

. t th tof i d bendi the fi filaments connected via the contacts between their side stranu.  d),
minimum at the cost of increased bending energy, the Ial'making a helicoidal aggregate c) untwisted filaments with straight
ments will tend to intertwine with each other forming heli- side-strands, forming the ribbon; d) tubular shaft of helically wo'nd

coidal coiled coils, as depicted in Fig. 2b). As we will show filaments, forming a 'tubule’ structure. In the bottom panels, the
' individual fibrils are represented by surface, with gray color mar' . ¢

below, they can be transformed into the tubular structuyes bpackpones and brown marking contacting side strands. Bottom
twisting. images created with VMBP.

To put these considerations on a more quantitative footing,
let us consider the space curwés), tracing the axis of the
filament, withs being the arc length. At eachone can define
the material frame built from the vector tangent to the filatme

axis (), the vector pointing towards the binding sigg)and  whereQ is a strain vector andy is the intrinsic twist den-

finally & = & x &. This basis evolves according®b sity of the filament (side-strand twist angle around bac' ~~
g per unit axial length). The energy associated with the = '~
ds = (Tos+ Q) x & (1) tic deformation of the backbone of the filament can ther .

4| Journal Name, 2010, [vol] 1-14 This journal is © The Royal Society of Chemistry [yea |
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expressed as
1t 2 2 2
Eel = E/0 (A1QT +AxQ5+CQ35)ds (2)

whereA; are the bending stiffness coefficients a@dds the
torsional rigidity of the fibril. Usually, it proves more usé

to express the above by means of the geometric charaatsristi
of the filament axis: its curvature(s), torsiont(s) and the
angle & (s), betweerg, and the Frenet-Serret normal= %_ Fig. 3 Two bending modes of a comb: involving splay strain (a)
In such casé®, Q; = ksiné, Q, — k cost, thus the energy 2nd notinvolving it (b).

can be written as

a) b)

Eel = % /OL (A1k?(s) +Aspk®(s) co$'(&) +C(1(s) — To)?)ds

@) the aggregation usually are the ribbon forms of Fig. 2c In

o N . ~ these ribbons, the filaments are ordered side by side, g
where Agp = Ag — Ay measures the asymmetry of bending o\ icted to allow for a maximum number of contich®

rigidities. The second term in the above expression give%etween the beads. However, such a geometric arranye. ~~nt

the extra energy which is associated with bending along one ' . . :
o : of the filaments is not energetically favorable, since eam.. _
axis in comparison to the other.

v elasti ulal Its sometimes C.a:FEd theiact site binds two filaments only. This leads eventually to
SP ay elastic energy,. p.art|cu ar.y often.encount.ered.m oy reorganization of the filaments into a more packed strug ure
uid crystals, where it is associated with the distortion mod .

) _ ] 4o in which they entwine one around the other to form helic="y
characterized by a nonzero divergence of a director Treld twisted fibers (Fig. 2b). Notably, analogous ribbon streesu

In the context of elastic rods and ribbons splay becomes im; , . :
} . have been observed in a number of experiments on agy. euat-
portant whenever - due to anisotropy of the internal stmectu

ing proteing 7+15:18.20.21,42\Whjch of these shapes are reali.ed

of a rod - it becomes more easy to bend it in a particular dl_is determined by the conditions of the aggregation (eitlér =

(2441 ; ; ; i
rectior?®*L In our case the anisotropy is associated with theescent or agitatétts) as well as pH18. Clearly, the electro-

presence of the side strand along the filament axis. Compalr-,_.. . P .
' j ) static environment around growing fibril may have an im| act
ing the backbone with the side strand to a comb, one can in- . ) o
. o i on the protonation states of proteins and thus on the dist-ib
witively see t'hat bending in the plane (_)f the te?th !ntrmc tion of binding sites on the filament. On the other hand, e..i
an extra strain between the teeth, while bending in the per-

) o ] ) a slight change in the structure of the proteins may re~ ... n
pendicular direction does not (teeth remain perpendiclar different elastic properties of the growing fibril. Intetiegly,

the backbone though the backbone |t.self gets bent, see)Fig. 3(here are also cases in which ribbon and helicoidal forms-coe

The exact relation between the effective parameigss, and ist?0 and can be transformed into each other, in close analngy

C and the coefficients characterizing the coarse-grainecgmod . . . : al
to what is observed in our simulations. Although for a |

are discussed in Secs. S.5 and S.6 in the Supplementary Infqr . . :
) icular parameter choice corresponding to the current . -.c
mation.

the ribbon structure is just a metastable intermediate fow .
modifying the ratio between the bending and twisting rigy i
4 Aggregate morphologies and binding modes  and Lennard-Jones energy per contact (or the number ¢ ====i
ble contacts), the ribbons can be made a kinetically faver~'.
structure. This has been confirmed in Refvhere it has been

4.1 Ribbons

When the filaments are put in solution, they begin to aggregatehown that the mutations of human islet amyloid polyper i~
into clusters. If the internal twist of the filaments is relaty destabilize the helical fibrils sufficiently relative to thisboi -
small Ao < 28) then the first structures which appear during and lead to their complete elimination.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-14 |5
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4.2 Helicoids

Interestingly, the helicoidally twisted fibers themseha
exist in several conformational states. For small intetwests

of constituting fibrils €o) the fibrils interact in a bead-by-bead
manner: eackbead of one fibril meets with its partner on the
other (see Fig. 5a). This maximizes the number of bead-to-
bead contacts, but comes at a cost of bending energy, siace th
fibrils need to wind around each other. Eventually, for large
values of an internal twist the cost in bending energy besome
too high and the cluster restructures itself into a configoma

in which everynth side strand bead binds to a neighbor#g

bead on a second fibfit (cf. Fig. 5b).

2R

Fig. 4 Geometric parameters characterizing the supercoil: helix
anglea and radiuR.

This reduces the twist of the filament backbone, since the

effective twist density is now equal to
Tn(Ao) = An/20I%5, 4)

where
An(Ag) = =11+ (NAg+ m)mod 211 (5)

Fig. 5 Different binding modes in a helicoidal cluster:ra} 1

mode with the side strands binding in a bead-by-bead manne. ... )
n =5 mode in which every 5th side strand bead binds to a
neighboring bead on a second fibril (for clarity, only two filame...

from a 3-filament cluster are shown here). The brown color mar. =
the side strand beads in contact.

is the circumferential angle between a side strain beac - -
its nth neighbor wrapped to the interviat 17, 71). The optima’
configuration of the cluster is then a result of a minimizatd

the total energy of the system, which (per unit contour lej_*

is of the form

Etot(a)

L
AR () + Aspk?(r) c0S & +C(1(@) — TalRo))2+ = (6)

where the curvature and torsion were reparametrized wit 1 i
perhelix helix anglex (that is the angle between the tar~ =+
to the helix and its axial line, Fig. 4) instead of arc leng,

and the cohesive interactions between the filamdhigs, are
approximated by the product of the contacts and the denth nf
the LJ potential well (see Sl for a more detailed descriptio:-
In principle, both the curvature and torsion are functioftsio
helix angle of the superhelixg, and its radiusR (see Fig. 4):

p sirfa . sina cosa
- R o R

@)

6| Journal Name, 2010, [vol] 1-14
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However, the radius of the superhelix is controlled by the
strong binding interactions and is only weakly dependent on
the specific binding mode. Hence, for a given binding mode
(n) the energy of the system becomes the function of one vari-
able only,a (see alsc® for a similar approach). By minimiz-
ing eq. 6 with respect ta, i.e. findinga™* such that

(dEot/da)g_g+ =0, (8)

we obtain the energies of binding modes as a function of the
internal twist,Ag. In Fig. 6 we plot the optimal energy per unit
length,E;ot(a*), as obtained from Eq. 6 for the first few bind-
ing modes. As observed up Ag = 48> the most energetically
favorable isn = 1 (bead-by bead) mode, whereas for larger
Ao then =5 mode becomes more favorable. The theoretical
predictions are in a very good agreement with the numerical
simulations of the coarse-grained model of Sec. 2. Sponta-
neously formed clusters of the fibrils bind in the= 1 mode

for Ap < 40° and in then = 5 mode forAg > 48 (intervals
marked by arrows in Fig. 6). In the intermediate range of the
twist angles, the three energetically favorable modes, 1,
n=>5, andn = 7, compete with each other, which results in Fig. 6 Top: the theoretical predictions of the energies of the

. . clusters in different binding modes obtained by minimization of in=
inhomogeneous structures of mixed handedness. The bottomEe energy, Eq. 8. The modes correspond to a situation in whic 1
panel of Fig. 6 shows the value of the pitch of the optimum he-everynth side chain bead binds to a neighboring bead on another
lical superstructures? = 2riRcota*, compared with the av- fibril. The binding modes presented in the Figure correspond to

. . . . . n=1 (filled squares)y = 5 (filled triangles)n = 7 (empty
erage pitch measured in the simulations. An important phefriang|es) andh — 4 (empty squares). The lower indices (1,2) ma

nomenon observed here is the chirality inversion: the modethe number of side strands involved in the formation of the

n=1 andn =5 are characterized by a different handedneséﬂteractlon seam bet\{veen_the flla_ments. Th(_e arrows _mar_k the
intervals ofAq values in which a given mode is prevailing in the

(as determined by the sign af) - supercoil ofn =1 mode  gjmylations. Bottom: the theoretical prediction of the pitch of th~
maintains the same handedness as the individual filamentBglicoidal superstructures calculated based on Eg. 8 for the miv.'

whereas that fon = 5 - handedness opposite to that of in- " — L andn =5, compared with the simulation data.
dividual strands. Interestingly, recent experiments byt
al.?X seem to confirm the existence of such a chirality-reversal

transition in the fibrillization processes in bovine serdbua  the large amount of backbone bending needed to induc > 2

min. transition. It is, however, possible to force the transitke-
twisting the helicoidal supercoil, much like what one wod&x’
4.3 Tubular structures while curling the macroscopic ribbons, as presented inFia.

The aggregates can exist in yet another state, in which they To be more precise, we clamp one end of the helicoid=' ~ .-
form a tube of helically wound filaments (‘tubular’ struatsr  percoiled structure, while steadily ramping up the torgde

of Fig. 2d). In the simulations, these structures are not obacting on the other end? = at with torque ratea =~ 0.1¢/tp
served to form spontaneously, because of the high free gnergip to Imax= 60— 75¢. During the ramping process the ay . -
barrier between the helicoid and tubular state, associaithd  gate first transforms itself from an initial helicoidal stture

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-14 |’
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C

Fig. 7 Analogy of ribbon, helicoidal and tubular state for a Fig. 9 Geometrical characteristics of togertwisted(a) and
measuring tape. Grabbing the tape (a) by the ends and twisting it tupular (b) structures (see also Fig. &:- bond angles (S-B-B) of
slightly, we put it into a helicoidal conformation (b). A somewhat  equilibrium value ofrr/2; £ - the angle between backbone norma.
larger twist induces a transition into the helical state (c). The vector and side strand bond (it is roughly 0 in the overtwisted and
difference between (b) and (c) lies in that in (b) the center line of thewwisted states antt/2 in the tubule). The strain in the angles is
ribbon is straight and coincides with its symmetry axis, whereas in the source of an elastiplayterm in the macroscopic treatment. See
(c) the center line is a helix itself. Supplementary Information for details.

into the 'overtwisted’ form (middle structure in Fig. 8) Wit The resulting transition leads to a dramatic conformau’,na
a pitch reduced by a factor of 2 to 3, depending on the ini-<change within the cluster, accompanied by an abrupt rotato
tial twist of the filaments. At that point the system encomte of the side strands. As observed in Fig. 9, the main di.* ~
an energy barrier and further twist is impeded. The barrieence between the helicoidal and tubular structure is thidgm.. .

is too high for the conformational transitions to occur dgri  former the side strands are turned towards the main ax s (¢ -
the accessible simulation time scales, unless the tenyperat outwards, depending on the side strand) whereas in the Iatte
is increased beyond* = 1. they are positioned along the surface of the tube. Thisce~ *2
quantified by an angl€, between the backbone normal v :c-
tor and side strand bond: it is close to zero in the overtdiste
helicoidal conformation and/2 in the tubular form.

A video illustrating the helicoid to tubule transition ce~ v
found in the Supplementary Information. As can be seen fro.
the video, the transition - although relatively abrupt --rro
ceeds in a stepwise manner. As illustrated in more detalls In
Fig. 10 the transition starts locally, with a group of bona.
one of the filaments reorienting their side-strands fi®m v
to 11/2. Then the transition “diffuses” towards the end 01 _us
filament (Fig. 10b). Once two filaments change their coi fi -
uration, the whole structure becomes stabilized by the ~*-
acting side strands and then the last filament becomes =~ ._d
in its place. The prominent role that the anglglays in the
Fig. 8 Overtwisting of a helicoid leading to the formation of a helicoid-tubule transformation suggests that this trarsca
tubular structure. also be induced by applying the torque to one of the fila. =~
in the overtwisted cluster, in order to increase the valué

8| Journal Name, 2010, [vol] 1-14 This journal is © The Royal Society of Chemistry [yea |
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s 0.6+ —

5]

Q

" 04V twisting | ]
02l helicoid tubule ]
0.0L - ‘ ‘ E

0.0 0.5 1.0 1.5
103

Fig. 11 Example time evolution ofcosé | (see Fig. 9) during the
simulations with external torques appliedlat= 1.0 andAq = 26°,
wheretwisting | phase is the initial stage with constant torque rat~
applied to twist the helicoidal supercoil, atwisting Il is the next
stage with constant torques applied to single filaments.

helicoid tubule
4 T i T T T
[ i e
S otw.l tw. Il b
i - u
30 | N
L : == Ug+U, 1
i 3 — ugp+const |
s 2F | ]

. 1
. oo T BTN Vet renats, ona,, |
¥ o

1ty

Fig. 10 Example trajectory snapshots showing the transition from [
overtwisted (that is after the initial twisting phase, see text) 1!
helicoidal to cylindrical configuration. For the clarity of

presentation, b) shows only a single filament. Images created with

o .
et (RN

VMD *. Of, [Setomemev "7."\'v“"\ﬁf"‘"%"\‘""”"""7“€"h~""‘" 1
0.0 0.5 1.0 1.5 2.0
t/1103

within it (cf. Fig. 11). Except for being an efficient way of iy 15 Example time evolution of selected energy contributic
inducing the helicoid-tubule transition, such a contrieay  during the simulations with external torques appliedat= 1.0 and

of performing the transition provides insight into the et~ 0 = 26" (twisting phases as in Fig. 11).

ics of the restructuring process. As presented in Fig. 12, th

splay energy, accumulated during the overtwisting, isasse

during the transition to the tubular state. On the other handiifetimes of at least 4« 10°tp. These observations car. ..

neither the torsional nor the backbone bending energy @sang rationalized in terms of a simplified, 1d energy landsc apc

during the transition. Instead, they remain at their vala@s presented in Fig. 13. Here the solid line represents 17

quired during the overtwisting, which are respectively Bema  situation in the absence of the torque. The helicoidal k>~

(for torsional) and larger (for bending energy) than the@or is then at the global energy minimum, separated by a **“_c

sponding values for the unconstrained helicoid. and high barrier from the tubular fornT). As the torque is
Importantly, there exists a range of intrinsic twist anglesapplied to the filament (phase 1 of the twisting), the lange ~

of the filaments 4o € [18°;32°]) for which the tubular forms deforms (dashed line in Fig. 13), and the cluster atta -

remain (meta)stable even after the torques are relaxel, witovertwisted stateH*). The remaining barrier betwedn*

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-14 |)
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where there is large amount of splay strain involved in the
overtwistedH* structure.

The video illustrating th& — H transition can be found in
the Supplementary Information. The transition is sloweain
in H — T case, but also takes place in a stepwise man i
is initiated by loosening of the contacts between the filas: -
at their ends and then advancing towards the center of tf = a. -
gregate.
- To estimate the heights of th¢* — T andT — H energy
barriers the rates of interconversion between these coriui

Fig. 13 Schematic of the energy landscape for helicoid-tubule ers were measured by performing a series of simulations at
transition. The helicoidal, overtwisted, and tubular conformations

are denoted bid, H* andT respectively. The dashed/solid line i ]
corresponds to the case with/without the external torque applied to tion*3#4 The results, plotted as a function &4, are showr

the ends of the filament. in Fig. 15. Note that the barrier heights depend on the niax-
imum torque,Jmax used to overtwist the helicoid in phasc *
of the twisting - the larger the torque, the smaller the It °
-.‘,k.,‘,...,‘,..;-"-‘,v-..-,“‘ T left to overcome. This can again be related to the energy land
: scape of Fig. 13, where the position ldf minimum shifts

energy

reaction coordinate

elevated temperatures and fitting them to the Arrhenius<11a

3.0

I3

25} wy (play) 1 . - o
[ o ; ] to the right as the torque is increased. Another interessin~
20: _____ Ug+1L ; +const helicoid ] sue is the existence of the peak of maximum energy ba...cr
S el H ] L
i : ] at A\p = 26° pointing to more stable tubular structures at s
r L el ’V\'\"‘“"""""J 1 o .
150 tubule ,"“‘-»..m%"p"‘-"f‘-w sl | intrinsic twist. Indeed, for these structures large terapee
[ / . - - BTN Y

. (evenT* = 1.5) is necessary to disrupt the tubules.

L ); ]
R R ki A RV B LY ,

] T S T S [ TS T [N S SO I NS 7‘ T T T T T T A
o 1 2 3 4 5 6 7 301 —e—ToH |
Z’/l()‘:s [ - H’z“_)T 1
250 1
Fig. 14 The time evolution of the backbone bond angle, dihedral, [ e Hf T ]
and splay energies durifig— H transition afT* = 1.3 and [ ]
Ao =26° 20}
0 . S L
a ; Q
150 ©=meeeel. o T .
i ..., !
[ __—V —————— x\\\ ...... @
andT can be overcome either stochastically or by additional 10} #--~ I Qj
twisting of one of the filaments (phase 2 of the twisting). ; TTeemmTT *
This transition is marked by a dashed arrow in Fig. 13. After 5 22 24 26 28 3b 5;
the torque is released, the tubular state remains at thé loca Ao

minimum. The energy barrier can be crossed stochasticall
9y ¥ig. 15 The heights of energy barriers obtained from the simu.."~n

(solid arrow in Fig. 13) which is accompanied by an abruptgata for the tubule to helicoid(— H) transition (filled diamond=*

release of the backbone strain with simultaneous increasand for the overtwisted helicoid to tubulel{ — T) transition

. mpty symbols). The overtwisted st&ie has been obtained with
of dihedral and splay energy as the system goes back to t Wo different values of the maximum torquelz with 7; — 62.5

helicoidal form (Fig 14). The change in splay energy is hereandHj with .7 = 75. The lines are the guide to the eye.
relatively small, in contrast to thel — H* — T transition,

10| Journal Name, 2010, [vol], 1-14 This journal is © The Royal Society of Chemistry [yea |
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More insight into the forces stabilizing the helicoidal and
tubular structure can be gained by the analysis of individ-
ual contributions to the internal energy (Figs. S.3a - Si8d i
Supplementary Information). Although significantly diffe
ent in shape, both the helicoidal and tubular conformations P/3
maintain a similar number and quality of contacts, that & th
difference between the two structures in the cohesive gnerg
is small (Fig. S.3d), particularly, relatively to other ¢obu-
tions. Also, the difference in the bond energy is negligible
(Fig. S.3a). Clearly, the two competing forces in the cylin-
drical structure is the one aiming at straightening the back
bone (towards the helicoidal configuration, with backbone
only slightly bent) competing with the one aiming at keeping Fig. 16 Arrangements of the filaments within the tubule.
the torsion of the backbone helix at= Ty which minimizes
the dihedral term in the elastic energy, as given by Eq. 6.

2R

The tubular structures have a very robust geometry. They  0.0f ‘ ‘ 4
are formed by three filaments wound together around a hol- -0.2} . —""‘-’;’:---f
low core of the tube. The LJ attraction forces between the —gq/ ¥ %% :;::21==’w“:"v"t:'.:*" 1 o H
backbone beads stabilize their distancel@t= 2%/60s. The 4 _gg ;:,_\,*--—-"""‘ » ‘,,—*‘/ DT
cross-section of the tubule coincides then with a circleuir- = _o8l Y 1
scribed on the equilateral triangle with side lengttdgfsee _10t j A R
Fig. 16). This sets the circle radiusRt= 4 x 21/6 x 3-1/2 ~ 12 M . h

2.59, where we have used the fact timat= 4 (in the units of —_—
IBB). This value of the radius is not far from the simulation Ao
results, where< R >~ 2.65+ 0.1 has been obtained. How-
ever, do is also the distance between the filament backbone§i9- 17 Theoretical estimates of the free energy per unit length f
. . . the helicoid (filled diamonds), overtwisted helicoid (empty

as measured along the side of the cylinddr €ig. 16). By  yjanges), ribbon (filled triangles), and tubule (filled rectangle)
solving the triangle marked in the left panel of Fig. 16, we ge systems aT * = 1.0 for various values of intrinsic filament twist
P = 67Rch(47P°R? — 9d3) /2 ~ 23.958, which is very close angle Ao.
to the average pitch of the tubular structures measureckin th
simulations & P >= 23.3+0.4). Finally, the helix angle of
the tubule can be calculated to be= 34.2°. between the backbones and the side strands, and hence vwer

These values dkanda, together withA;, AspandC param-  LJ energy, stabilizing the structure. There are approxiy. t
eters given in the Supplementary Information can then be use490 contacts in 3-filament cluster of a tubular form (18C." 7
in Eq. 6 to estimate the free energy of tubular structures, agontacts, 90 S-S contacts and 180 S-B contacts), whici. ;.3
shown in Fig. 17. Also, the energies of helicoids, overtadst ON the average 2.5 contacts per unit length of each filar i,
helicoids and ribbons are presented there. The ribbon ieserg An analogous calculation for the ribbon gives the value 671
are approximated by assuming straight configuration of the fi contacts per unit length.
aments, with the only strain coming from the untwisted side- The ribbons are also characterized by a smaller number
strands. The ribbons and tubules are structurally simdar t of contacts (per side-strand bead) than other structuiree -
each other, with the main difference coming from the fact thaeachSbead is in contact with only one oth8tead. Fina: |
latter form a closed structure, with a larger number of coista  the energies of overtwisted helicoidal structures areutated

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-14 | 1 L



Soft Matter Page 12 of 14

similarly to those of the tubules, based on the observatiah t coidal, and tubular. A relative simplicity of the model alled
neither the pitch nor the radius changes significantly durin for an introduction of analytic description, based on adine
the H* — T transition. This, together with the assumption elastic model of helical filaments interacting through riault
thaté = 0 fully determines the geometry of these structures. ple binding sites. We studied the dependence of the restiits
It is worth noting a pronounced minimum in the tubule en- on the intrinsic twist of the filaments. The theoretical mic.1e
ergy plot €f. Fig. 17) at around\g = 20°. This is related to  predicts nicely the crossover between binding modes ir *'- =
the dihedral termC(1 — 10)? in the energy equation (6). The case of helicoidal clusters, as well as the existence of thet -
torsion of the tubule, calculated based on Eq. 7 with 34.2° stable forms of the tubules. We have quantified the geon etr,
readst ~ 0.179. Since, on the other hantj,= Ao/2I1B8, one  cal characteristics of different morphological types a#l a®
concludes that fok = 0.358 radians (or 20 the dihedralterm the main energy contributions determining their relatitee ~
vanishes, hence the parabolic form of the energy plotirréhis  bility. We conclude with two remarks. First, as already mici-
gion. This minimum, suggesting the increased stabilityhef t tioned in the Introduction, there are both similarities alifel
tubules atAg = 20— 22° should be compared with the maxi- ferences between the geometries of the aggregate strsi fure
mum in the barrier heights in Fig. 15 which marks the mostin the present study and those based on the continuum =~ 2t
stable tubules obtained in the simulations. However, the-ma theories31422:45-480n one hand, the overall topological fea-
imum is shifted toAg = 26° which is probably the result of tures, with the division into three main structural classels-
a simplified treatment of LJ interactions between siderstra bons, helicoids and tubules - are similar in both appro ===
beads in the analytic model. When calculating the interastio However, at a finer level of detail a number of differences are
between the side strands in the tubule, we assume that they agvident. The helicoids are not simply twisted ribbons, €5 in
directed along the backbone binormal vectors. Howevengatt the continuum theories, but rather coiled coils composer c¢f
same time the attractive interactions between the baclsbondilaments winding around each other while sharing a comi. .
are trying to bring the distance between them to the equilibinteraction seam. Similarly to the “knobs-into-holes” kia
rium value ofdy. To accommodate that, the side strand beadsn a-helical coiled coils described by Crick and oth&$336
have to slightly protrude out of the cylinder surface, which we find that the filaments forming a helicoid can bind them-
the reason why the the optimal angle in the real system shiftselves in a number of different ways (“binding modes”), ..
by approximately 10% with respect to that predicted by a theselection of which depends on the internal twist of the i di-
ory. vidual filaments. The binding modes determine both the ptch
Finally, let us note that there are in principle two ways in and the handedness of the resulting cluster. The netwo... Jf
which the tubules can be formed. One is the by twisting thecontacts between the binding sites with an underlying gn- .
helicoidal structures, as described above. The otherlpiigsi  lar ordering (cf. Fig. 16) provides also a stabilizing sobff
of tubule formation would be directly from the ribbon, which for the tubular structure, giving rise to the selection ofellw-
can wrap around and close on itself. However, in the preserdefined radius of the tube.
model a large difference in energies between the ribbons and Second, the numerical data and theoretical considere.* 3
the helicoids creates a strong bias towards the latter. &s a r presented here seem to suggest that it should be relatas, <
sult, the ribbons are transient structures only and gesiran to induce a transition between different morphologicairfe.
formed into the helicoids before they manage to form tubulesThe easiest way of carrying it out is to change the relativg- 1
nitude of cohesive and elastic contributions to the ener’-
5 Concluding remarks can be achieved by changing the ionic strength (which ~_.,
screen the electrostatic interactions between the birgiiag)
In this paper, we have presented a simple model of aggresr temperature. Importantly, these factors not only infg~
gating helical filaments, capable of describing the trémst  the interaction between the filaments but can also affc = @
between different aggregate morphologies: ribbon-lilgdi-h  properties of individual filaments, such as their intermabt

12| Journal Name, 2010, [vol], 1-14 This journal is © The Royal Society of Chemistry [yea |



Page 13 of 14

Soft Matter

(Ao), which in turn influences aggregate properties, includingi3
its handedness. An increased sensitivity of the aggredgate ¢
acteristics to the environmental conditions have indeehbe **
observed in many experimental studiég821.47 Such a pos-
sibility of dynamic morphology control makes these materi- 15
als particularly attractive from the point of view of botteup

nanotechnology. 16
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