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Relation between Molecular Shape and the Morphology of Self-Assembling
Aggregates: A Simulation Study

Robert Vacha* and Daan Frenkel
Department of Chemistry, University of Cambridge, Cambridge, United Kingdom

ABSTRACT Proteins can aggregate in a wide variety of structures, both compact and extended. We present simulations of
a coarse-grained anisotropic model that reproduce many of the experimentally observed aggregate structures. Conversely,
all structures predicted by our model have experimental counterparts (ribbons, multistranded fibrils, and vesicles). The model
we use is that of a rodlike particle with an attractive (hydrophobic) stripe on its side. Our Monte Carlo simulations show that
aggregate morphologies crucially depend on two parameters. The first one is the width of the attractive stripe and the second
one is a presence or absence of attractive interactions at the particle ends. These results provide us with a generic insight into

the relation between the shape of protein-protein interaction potential and the morphology of protein aggregates.

INTRODUCTION

In healthy organisms, proteins self-assemble into a wide
variety of functional structures. Examples are the filaments
and fibrils that form the cytoskeleton, the extracellular
matrix, or the functional amyloid fibers that some organisms
exploit (1-3). But protein self-assembly may also turn
against its host. Examples are the amyloid aggregates that
have been associated with Alzheimer’s, Parkinson’s, and
other diseases (1,3). Irrespective of whether they are benefi-
cial or pathogenic, linear protein aggregates share certain
characteristics, even though they may consist of very
different building blocks. The shared feature is that self-
assembly is usually driven by interaction between hydro-
phobic patches on the exposed surface of the proteins. In
the absence of self-assembly, these patches would be
exposed to water. In the self-assembled structures, they
are mostly buried. But, apart from these generic aspects,
there are important differences between different aggre-
gate-forming proteins. For instance, in fibers such as col-
lagen, the protein building blocks are aligned along the
fiber axis, whereas amyloid fibers typically have the
building blocks oriented perpendicular to the fiber axes in
a cross (-structure. In addition, the building blocks can
vary substantially in size and shape.

An obvious question to ask is how aggregate morphology
depends on the structure of the building blocks. At this
generic level, this is not a question about detailed molecular
structure, but rather about the overall shape of the self-
assembling units and about the distribution of hydrophobic
patches on their surface.

Insight into the role that these factors play is not only
important to gain a qualitative understanding of self-
assembly and aggregate formation, it may also help in the
design of building blocks for novel self-assembling mate-
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rials. In fact, as evolution is likely to have weeded out
most “dangerous” self-assembling proteins, it is plausible
that rational design may result in novel types of self-assem-
bling molecules.

In the work reported here, we use coarse-grained com-
puter simulations to explore the relationships among shape,
hydrophobicity, and self-assembly. Such simplified models
are computationally tractable, yet exhibit many of the key
features that exist (or can exist) in properly functionalized
proteins or other nanoscale particles.

Coarse-grained models are extensively used to study the
collective behavior of systems that contain many proteins
because fully atomistic simulations of such systems would
be prohibitively expensive. In particular, atomistic simula-
tions are too slow to map out complete phase diagrams of
protein solutions. There is a wide variety of coarse-grained
protein models that differ in the amount of microscopic
detail that they retain. For recent reviews, we refer the
reader to Tozzini (4), Sherwood et al. (5), Eom et al. (6),
Trylska (7), Periole et al. (8), and Ayton and Voth (9).

In this study, we focus on models that describe an entire
protein or peptide as a single, rigid particle with anisotropic
interaction. The most widely studied model of this type is
a sphere with short-ranged, patchy attractions (for a recent
review, see Pawar and Kretzschmar (10)). Systems of
spheres with a highly symmetric patch distribution may
occur in different macroscopic phases: vapor, crystal, and
(sometimes) liquid (11-13). If the patch distribution on
the surface of the sphere is asymmetric, compact clusters
may form (14,15). However, experiments indicate that
proteins forming extended aggregates such as fibrils tend
to have a nonspherical shape. The most generic model to
describe such proteins is a particle with an anisometric
hard core and a nonuniform distribution of hydrophobicity
on the surface.

We also focus specifically on the aggregation of proteins
with a prolate shape («-helix or §-sheet strand). We represent
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Simulations of Protein Self-Assembly

such particles by a spherocylinder, i.e., cylinder with hemi-
spherical caps at both ends. The spherocylinder account for
the anisometric hard-core repulsion and phase diagram of
such model can be found elsewhere (16—-18). Attraction is
accounted for by a hydrophobic patch. In particular, we focus
on the situation where the hydrophobic patch runs length-
wise along the molecule. The other situation (one end of
the molecule hydrophobic, the other hydrophilic) would
correspond to regular surfactant systems that have been
studied extensively (19-21). In our simulation, we vary the
aspect ratio of the particles and the fraction of the surface
covered by hydrophobic stripes. Below, we show that such
simple model systems show a wide variety of self-assembled
structures, many of which have been observed in experiment.

METHODS

To study the self-assembly of patchy spherocylinders (PSCs), we performed
Monte Carlo simulations. A sketch of a typical model particle is shown in
Fig. 1. The interaction between two PSCs contains two ingredients—a
repulsive interaction that depends only on the distance of closest approach
between two spherocylinders, and an attraction that is angle-dependent:

Uij = Urep + Uam" (1)

The repulsive interaction was modeled using the Weeks-Chandler-
Andersen potential (i.e., a shifted truncated Lennard-Jones potential):

D\? /D\° 1
) = — <G
«|(7) (7)) wsvw g,
0 d;>~/2D

Ur()p (d,'j) ==

where e represents strength of repulsion, D stands for diameter of the PSC,
and dj; is the closest distance between the line segments of length L in the
middle of PSCs i and j (dotted segment in Fig. 1). The shape of the spher-
ocylinder itself is swept out by moving a sphere with diameter D along the
central line segment.

The functional form of the attractive part of the pair potential should reflect
that there are two ways in which the attractive interaction between PSCs may
be changed. The first, and most obvious, is that hydrophobic attraction can
only act when the hydrophobic patches face each other. Hence, a rotation
of a spherocylinder around its axis may change the attraction. This orienta-

FIGURE 1 Schematic representation of a patchy spherocylinder (PSC).
The letter L represents the length of the cylindrical part, D denotes its diam-
eter, and U is a unit vector along the spherocylinder axis. The vector i is
a unit vector normal to the spherocylinder axis defining the orientation of
the attractive patch.
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tion dependence is a normal feature of patchy-particle models. The second,
and less obvious, dependence reflects the fact that the hydrophobic attraction
is expected to be strongest when the facing hydrophobic stripes are aligned
and weakest when they are perpendicular. We take this orientation-depen-
dence into account using a method that is inspired by (though not identical
to) the method proposed by Savenko and Dijkstra (22).

We consider two variations of our striped spherocylinder model (see
Fig. 2). Although the two models seem similar, they give rise to very different
aggregation behavior. The first model that we consider, patchy spherocylin-
ders-attractive endcaps (PSC-AE), has an attractive stripe that extends all
along the spherocylinder (i.e., including hemispherical caps). The second
model, patchy spherocylinders-no attractive endcaps (PSC-NE), has an
attractive stripe that only runs along the cylindrical part of the spherocylin-
der. The distance dependence of the attractive potential is given by
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where r. and w, are two parameters that, together, determine the range of
the attraction. In what follows, we choose r. = D2 + w. and we consider
both short-ranged and long-ranged attractions. For the short-ranged attrac-
tion, w. = 0.5D and for the long-ranged attraction, w, = 1.3D.

All Monte Carlo simulations were performed at constant number of parti-
cles (N), volume (V), and temperature (7). To update configurations, we use
single-particle displacement and rotation moves. The systems studied in the
simulations always contained 127 PSCs placed in a cubic cell. The value
“127” may seem like a small number. However, as the aggregates are
usually lower-dimensional, this number of particles is adequate. The simu-
lations for a given aspect ratio were all performed at a fixed, low volume
fraction ~4%(see Tables 1-4).

We performed simulations for the following aspect ratios: L/D =2, 3, 5,
and 10. The angular width of the attractive stripe (including the switching
region) varied from 30° to 180°. Unless stated otherwise, the initial config-
uration was an orientationally disordered fluid of PSCs. The initial config-
uration were equilibrated for (typically) 5.10° sweeps (= moves per
particle). After that, we sampled the equilibrium properties of the system
during 5.10% sweeps. The reduced temperature of the system (7 = kgT/e)
was varied form 7% = 0.1 to 7* = 1.0. In what follows, all lengths are ex-
pressed in units of D. For a protein a-helix, D = 1 nm and for rodlike colloids
or viruses, D = 10-100 nm.

RESULTS

The most striking feature of the simulation results presented
below is the wide variety of aggregate shapes that are gener-
ated by this simple model, purely by modifying the opening
angle of the attractive stripe. On the whole, we find that,
although the aggregation behavior depends quantitatively

FIGURE 2 Graphical representation of the two PSC models. (Blue) The
part of the surface that interacts as a hard spherocylinder. (Red) Attractive
patches. (Left) PSC-AE (attractive endcaps). (Right) PSC-NE (nonattractive
endcaps).
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TABLE 1 Schematic phase diagram for the PSC-AE model
with long-ranged interaction (see text)

Véacha and Frenkel

TABLE 2 Schematic phase diagram for the PSC-AE model
with short-ranged interaction (see text)

PSC-AE long PSC-AE short
LID =2 LID=2
T* 30° 45° 60° 90° 120° 180° T* 30° 45° 60° 90° 120° 180°
1.0 I I I I I I 1.0 I I I I I 1
0.5 I I I I I C 0.5 I I I I I I
0.3 I 1 I C C B 0.3 1 I I 1 C C
0.2 I C C C F4 B 0.2 I I I C C B
0.1 C C C F3 F4 B 0.1 C C F3 F3 F4 B
L/D = LID=3
T* 30° 45° 60° 90° 120° 180° T* 30° 45° 60° 90° 120° 180°
1.0 I I I I I I 1.0 1 I I I I 1
0.5 I I I I C B 0.5 1 I I I 1 1
0.3 I 1 C C F4 B 0.3 1 I I C C C
0.2 C C C F3 F4 B 0.2 C C C C C B
0.1 F2 F2 2F2 F3 F4 B 0.1 C C C F3 F4 B
LD =5 LD =5
T* 30° 45° 60° 90° 120° 180° T* 30° 45° 60° 90° 120° 180°
1.0 I I I I I C 1.0 1 I I I I 1
0.5 I I I C C B 0.5 I I I C C C
0.3 I C C F3 F4 B 0.3 1 C C C C B
0.2 C C 2F2 F3 F4 B 0.2 C C C C C B
0.1 F2 F2 2F2 F3 F4 B 0.1 C C C F3 F4 B

The first column contains the reduced temperature 7% = kgT/e. The subse-
quent columns refer to different opening angles of the hydrophobic stripes.
Table contains the results for different aspect ratios L/D. The letter I refers
to a disordered (isotropic) phase. The letter C refers to the formation of
clusters, F denotes fibers, and B bilayers.

on the aspect ratio of the spherocylinders, there is a usually
qualitative similarity between the structures formed by
PSCs with different aspect ratio. Hence, the key determi-
nants in the aggregation behavior appear to be:

1. The angular width of the attractive stripes on the PSCs,
and

2. The presence or absence of an attractive region of the
spherical endcaps of the spherocylinders.

Below, we discuss our findings in more detail.

PSC-AE model

Fig. 3 shows a schematic phase diagram for spherocylinders
with an aspect ratio L/D = 3 and an attractive stripe along
the length of the cylindrical part of the particles that
continues on the spherical endcaps. The figure shows that
a wide variety of aggregate structures is observed as T*
and the opening angle of the attractive stripe are varied.
At high temperatures, we find (not surprisingly) an orienta-
tionally disordered (isotropic) phase of PSCs. The stability
range of the isotropic phase is indicated in the figure by I.
As the system is cooled down, we observe the formation
of clusters (C). By clusters, we mean finite aggregates of
small numbers of particles. Such finite aggregates are qual-
itatively different from the extended structures (fibers or
sheets) that form at lower temperatures. Note also that the
finite clusters are similar to surfactant micelles, although
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The first column contains the reduced temperature 7% = kgT/e. The subse-
quent columns refer to different opening angles of the hydrophobic stripes.
Table contains the results for different aspect ratios L/D. The letter I refers
to a disordered (isotropic) phase. The letter C refers to the formation of
clusters, F denotes fibers, and B bilayers. Note that the 2F2 structure is
not observed in this case.

the morphology of the clusters formed is usually not the
same. The PSC clusters are fairly disordered but their shape
may already be indicative of the extended structures that
form upon further cooling: Phases F2-F4 are fibers of
aligned PSCs. The number » in Fn denotes the number of
PSCs in the cross section of a single fiber. The phase de-
noted by B is a bilayer structure where the attractive stripes
of the PSCs are oriented toward the middle of the bilayer.
Interestingly, we observe both planar bilayers and bilayer
vesicles, where the shape of a vesicle depends on the aspect
ratio (L/D) of the building blocks. To rule out the possibility
that the structures that we observe are determined by
kinetics rather than equilibrium behavior, we checked for
possible hysteresis effects. To this end, we started additional
simulations where the initial configurations corresponded to
bilayers, fibers, and clusters. In all cases, we found that the
final structure did not depend on the initial configuration.
Fig. 4 shows a series of typical snapshots of the structures
that we observed. We carried out additional simulations to
check whether additional Fn structures with n > 4 would
form between the F4 region and the B region in Fig. 3. In
particular, we studied systems with patch widths of 130°
and 140°. However, although we found some examples of
F5 fibers, they were never a separate phase. Rather, they
would appear in a mixture of bilayers or F4 fibers.
Repeating the same simulations with other aspect ratios,
we observed phase diagrams that were very similar to the



Simulations of Protein Self-Assembly

TABLE 3 Schematic phase diagram for the PSC-NE model
with long-ranged interaction (see text)

1435

TABLE 4 Schematic phase diagram for the PSC-NE model
with short-ranged interaction (see text)

PSC-NE long PSC-NE short
LID =2 LID=2
T* 30° 45° 60° 90° 120° 180° T* 30° 45° 60° 90° 120° 180°
1.0 I I I I I I 1.0 1 I I I I 1
0.5 I I I I I I 0.5 I I I I I 1
0.3 1 I I I I I 0.3 1 I I I I 1
0.2 I I I C C CS 0.2 I I I C C MS
0.1 C C C C C CS 0.1 C C C C C MS
0.05 C C C C C CS 0.05 C C C C C PS
L/D =3 L/D =3
T* 30° 45° 60° 90° 120° 180° T* 30° 45° 60° 90° 120° 180°
1.0 I I I I I I 1.0 1 I I I I 1
0.5 1 I I I C C 0.5 I I I I I I
0.3 1 I I C C CS 0.3 1 I I C C C
0.2 C C C C C CS 0.2 1 C C C C PS
0.1 C C C C C CS 0.1 C C C C C PS
LID=5 LID=5
T* 30° 45° 60° 90° 120° 180° T* 30° 45° 60° 90° 120° 180°
1.0 I I I I I I 1.0 I I I I I I
0.5 I 1 I C C C 0.5 1 I I I C C
0.3 1 C C C C MS 0.3 1 I C C C PS
0.2 C C C C C PS 0.2 C C C C C PS
0.1 C C C C C PS 0.1 C C C C C PS
L/D =10 L/D =10
T* 30° 45° 60° 90° 120° 180° T* 30° 45° 60° 90° 120° 180°
1.0 I I I I C C 1.0 I I I I C C
0.5 C C C C C PS 0.5 C C C C C PS
0.3 C C C C C PS 0.3 C C C C C PS
0.2 C C C C C PS 0.2 C C C C C PS
0.1 C C C C C PS 0.1 C C C C C PS

The first column contains the reduced temperature 7* = kg7/e. The subse-
quent columns refer to different opening angles of the hydrophobic stripes.
Table contains the results for different aspect ratios L/D. The letter I refers
to a disordered (isotropic) phase. The letter C refers to the formation of
clusters, PS denotes parallel stacks, CS crossed stacks, and MS mixed
stacks.

L/D = 3 case (see Table 1). As the aspect ratio of the spher-
ocylinders increases, the range of stability of the isotropic
fluid phase shrinks. This is not surprising, as the maximum
strength of the attractive interaction between PSCs increases
with their length.

Changing the range of the attraction has a limited effect
on the phase diagram (see Table 2). However, in the case
of the shorter-ranged attraction, the 2F2 fibers were not
observed for stripes with an opening angle of 60°. The
reason is that rods with a 60°-wide stripe and long-ranged
attraction form a somewhat unusual structure where two
F?2 fibers assemble to form a fiber with four strands.

Note that, at first sight, these 2F2 fibers do look similar to
the F4 fibers that form when the hydrophobic patches have
an opening angle of 120°. In the F4 case, all four spherocy-
linders in a fiber can interact with all contact neighbors, and
so the attractive stripes would be, on average, oriented
toward the geometrical center of the fiber (see Fig. 5).
Contrast this with the 2F2 structure, in which the stripes
are narrow (e.g., 60°) patches that do not point toward the
geometrical center of the fiber. In the 2F2 case, the PSCs

The first column contains the reduced temperature 7* = kg7/e. The subse-
quent columns refer to different opening angles of the hydrophobic stripes.
Table contains the results for different aspect ratios L/D. The letter I refers
to a disordered (isotropic) phase. The letter C refers to the formation of
clusters, PS denotes parallel stacks, and MS mixed stacks. Note that the
CS structure is not observed in this case.

have a strong attractive interaction with only one nearest-
neighbor and one additional attractive interaction over a
larger distance corresponding to a diagonal partner in cross
section (see Fig. 5). This is why we have chosen to describe
a bundle of 2F2 fibers rather than the F4 fiber. Naturally,
such 2F2 bundles can only form when the attractive interac-
tion is sufficiently long-ranged, and therefore no 2F2 struc-
tures were observed for short-ranged interactions, as can be
seen by comparison of Table 1 and Table 2.

At very high L/D ratio, the interaction between the attrac-
tive ends will become very small compared to the interac-
tion between two side-by-side aligned spherocylinders.
Therefore, we expect that the phase behavior at higher
temperatures will become similar to the model with nonat-
tractive endcaps (PSC-NE), which is described in detail
below.

PSC-NE model

Interestingly, there is an important qualitative difference
between the structures formed by PSCs with an attractive

Biophysical Journal 101(6) 1432-1439
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FIGURE 3 Schematic phase diagram of patchy spherocylinders with
L/D = 3, at a volume fraction 4%. The model considered here has attractive
endcaps and long-range attraction. The observed phases are: 1, isotropic; C,
cluster; Fn, fibers (n denotes the number of particles in the cross section of
the fiber); B, bilayer. (Black lines) Schematic representation of boundaries
between the points with different structures.

patch on the spherical endcap (the PSC-AE model) and
those formed PSCs that only have attractive stripes along
the cylindrical part (the PSC-NE model).

A schematic phase diagram for spherocylinders with an
aspect ratio L/D = 3 and PSC-NE model is depicted in
Fig. 6. The structures for other aspect ratios are summarized
in Table 3. We note first of all that none of the fiber-struc-
tures observed in the case of attractive endcaps appear in
the case where the spherical endcaps do not contribute to
the attraction. Rather, we observe very different fiber struc-
tures where the PSCs are aligned perpendicular to the fiber
axis. As in the case of the PSC-AE model, changing L/D
results in the shift of the phase boundaries but, in addition,
there are qualitative changes in the observed phase diagram.
At smaller aspect ratios (L/D = 2 and L/D = 3), the PSCs
form fibers consisting of a crossed stack (CS) of layers of

I- isotropic F2 - fibers of 2 F3 - fibers of 3 F4 - fibers of 4

g | W s

C - clusters (micelles)

B - bilayer (vesicle)
o ﬂ
- )
RN

FIGURE 4 Snapshots of observed phases for the PSC-AE model. (Blue)
PSCs. (Red spherocylinder) The attractive patch is represented with diam-
eter corresponding to the patch size. The use of periodic boundary condi-
tions allows us to display a cut through the vesicle structures.
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F4 2F2

FIGURE 5 Two different structures of four-particle fibers. (Left) Struc-
ture corresponds to a wider angular patch. As a consequence, all neigh-
boring particles can interact simultaneously and the patch is oriented
toward the geometrical center of the fiber. We denote this structure as
“F4”. (Right) Structure corresponds to the case of particles with a narrow
attractive stripe. Particles interact strongly with one close neighbor at a time
and interact weakly with the particle that is diagonally across from it. We
denote this structure as “2F2”.

aligned PSCs (see Fig. 7). In this structure, the spherocylin-
ders are oriented perpendicular to the fiber axis and the
PSCs in neighboring layers are perpendicular to each other.
In one layer, a square forms with L PSC particles, resulting
in area LxL.

PSCs with larger L/D ratios (5:10) form a very different
structure: ribbons consisting of parallel dimers of PSCs.
The cross section of such a parallel-stack ribbon is approx-
imately equal to L x 2D. In one case (L/D =5, T* = 0.3,
wedge angle = 180°), we observe mixed fibers that contain
both parallel and crossed dimer regions. Not surprisingly,
the crossed-stack structure has a higher bending rigidity
than the parallel-dimer ribbon. Hence, the curvature of the
mixed fibers is largely concentrated in the ribbons. Our
simulations indicate that a wedge angle of 180° is at the
boundary between flexible ribbons and rigid crossed stacks.
This would suggest that, in this regime, the rigidity of fibers

: ‘ ‘ : ‘ :
1= + + o+ + + + + -
0.8 _
z | ]
=
0.6 —
o
E
< F 4
&
o
[af) 04 —
02 —
0 | \ \
0 50 100 150

Patch size [degrees]

FIGURE 6 Schematic phase diagram of the PSC model with nonattrac-
tive endcaps (PSC-NE) and long-ranged attraction for L/D = 3 at a volume
fraction of 4%. The observed phases are: I, isotropic; C, cluster; CS, crossed
stack. (Black lines) Schematic representation of boundaries between the
points with different structures.
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FIGURE 7 Snapshots of the aggregate structures of the PSC-NE model.

(Blue) PSCs. (Red spherocylinder) The attractive patch is represented with
diameter corresponding to the patch size.

should be very sensitive to small changes in the intermolec-
ular potential.

The structures formed by the PSC-NE model with short-
ranged attraction interaction are similar to those exhibited
by the same model with long-range attraction, with one
exception: in the case of short-ranged attraction, we never
observe crossed-stack fibers (see Table 4). The reason is
that the CS phase is dependent on the interaction distance.
If two spherocylinders can interact with each other at
a distance such that another spherocylinder fits in between
them, then the CS phase exists for L/D < 4. We have tested
this in a simulation and indeed, we have observed the CS
phase under the following conditions: L/D = 4, T* = 0.2,
wedge angle = 180°.

Already at the cluster level, there are differences between
the aggregates formed by the different PSC-NE particles:
particles with a stripe-width of 30°—45° form clusters of
dimers, while PSCs with larger stripe-widths form micellar
clusters, where all PSCs were aligned.

Relation to experiments

The simulations discussed above show that a very simple
coarse-grained model can account for a wide variety of
aggregate structures. If the coarse-grained model that we
use captures the essential physics of real proteins and
peptides, we should expect that similar structures have
been (or could be) observed in experiment.

We start by considering fibers made of a-helical peptides.
Such structures have recently received much attention (for
a review, see Woolfson (23)). One key difference between
the experimental systems and the model studied here is
that real peptides are chiral and that, as a result, all resulting
structures are chiral. For instance, ribbons become twisted
ribbons and fibers become coiled fibers. Of course, chirality
can be taken into account in a coarse-grained model, but we
instead focus our comparison on shorter stretches of fiber
or ribbon, where the effects of chirality are not yet very
pronounced.

In the review of Moutevelis and Woolfson (24), coiled-
coil or collagenlike peptide structures were classified ac-
cording to the complexity of their cross section. If we
look at this experimental classification, we find that all
structures predicted by our simple model are also observed
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in experiment. In particular, there are experimental struc-
tures corresponding to the F2, F3, and F4 fibers. In addition,
there is experimental evidence of F5, F7, and F8 fibers. As
explained in Moutevelis and Woolfson (24), the F5 structure
is fairly rare (0.6% of all structures observed), hence it could
easily have been missed in our fairly low-resolution search
of parameter space. Note, however, that we did observe F5
structures in mixtures with F4 and bilayer structures. In
addition, some of the structures they reported (24) (espe-
cially F7 and F8) may require the presence of more than
a single attractive patch or stripe, something that is not
captured in our very simple model (but that could obviously
be accounted for by a straightforward extension of the
model). Other, higher-order, assemblies reported in Moute-
velis and Woolfson (24) (usually formed by connection or
extension of the first-order assemblies) include structures
that would also require additional patches in our model.

The simulations show that fibers with the F2—F4 structure
can only form by a PSC-AE model with attractive endcaps.
Without attractive ends, axially aligned particles cannot
connect to form a fiber. Hence, such particles will either
form finite aggregates or they have to align perpendicular
to the axis of the fiber. Once the width of the attractive stripe
in the PSC-AE model reached a critical size (150° in the
case of L/D = 3), we do not observe an increase in the
number of PSCs in direct contact or the formation of flat
bilayers or bilayer vesicles. The credibility of our simple
model would clearly be enhanced if there were experimental
evidence for such bilayer vesicles. We have searched the
Protein Data Bank (25) for possible vesicles made of bilayer
of a-helices and, indeed, two structures (3BVF and 3GE4)
seem to behave exactly as predicted: these proteins form
vesicles where the structure is held together by the relatively
large hydrophobic patches on the a-helices (see the Support-
ing Material).

Finally, we consider the structures formed by rodlike
proteins that have no attractive interactions involving the
endcaps (PSC-NE model). In this case, the simulations
reveal a variety of stacks or ribbons where the proteins are
oriented perpendicular to the fiber axis. In experiment,
such structures are very common although, as mentioned
before, they are usually chiral because of the chirality of
their building blocks—something that is not accounted for
in our model. An example of self-assembled of amphiphilic
a-helices (i.e., “a-helical fibrils” (26)) has been recently re-
ported. However, structures consisting of 3-sheets (mainly
cross-f structures) are more common. In fact, most of the
amyloid structures are of this type. Note that the chirality
and hydrogen bonding tend to increase the stiffness of
such chiral structures with respect to the nonchiral structures
presented here. The most common cluster structure of the
PSC-NE model is a bundle structure, which is a common
quaternary protein structure (e.g., 2A01 in the Protein Data
Bank (25)). While our model suggests that all the above
structures can be formed via hydrophobic interaction, this

Biophysical Journal 101(6) 1432-1439



1438

does not rule out the possibility that other interaction mech-
anisms (hydrogen bonds, salt bridges, charges, etc.) could
result in the same structures. For example, structures
involving (3-sheets are usually stabilized by hydrogen bonds
between the monomeric units.

CONCLUSIONS

We have presented a simple model for prolate proteins that
reproduces a wide variety of protein-aggregation structures.
Using Monte Carlo simulations, we identify two factors that
play an important role in determining the morphology of
protein aggregates:

1. The width of the attractive (hydrophobic) stripe on the
side of the rodlike protein model; and

2. The presence or absence of attractive interactions medi-
ated by the endcaps of the particles.

Our model does not include chirality and hence all result-
ing structures are nonchiral. However, it would be relatively
straightforward to consider chiral models. If we disregard
chirality, then the aggregate structures predicted by our
model can all be identified with an experimentally observed
protein-aggregate structures such as coiled coils, ribbons
with cross @-structure, and protein vesicles. The model
parameters corresponding to each structure provide us with
a generic insight into the relation between the interaction
potential of protein building blocks and the resulting aggre-
gate morphology. Not all experimentally observed aggregate
structures are reproduced by the simple model presented
here, but it seems plausible that straightforward extensions
of this model that go beyond a single hydrophobic stripe,
could account for an even wider range of aggregate struc-
tures. Much of our discussion focused on the comparison
between our simulations and the behavior of prolate proteins.
However, our conclusions should apply equally well to struc-
tures formed by functionalized nanorods or rodlike viruses.

APPENDIX: ATTRACTION BETWEEN STRIPED
PATCHY SPHEROCYLINDERS

Below, we describe the functional form that we have chosen to describe the
attractive interaction between striped, patchy spherocylinders. We first define
an interaction cutoff around the individual spherocylinders. The volume
within this cutoff distance r. is a spherocylinder with length L and radius
r.. When two spherocylinders are within range of the attraction, the axis of
one spherocylinder (say /) intersects the cutoff volume of the other (say j),
and vice versa. We denote the length of the line segments that are within
the cutoff range by X; and Xj, respectively. Of these segments, we delete
the part (if any) that is not facing a hydrophobic patch on the other spherocy-
linder. The remaining line segments have lengths V; and V/, respectively (see
Fig. 8). Clearly V; and V; are smaller for perpendicular spherocylinders than
for parallel spherocylinders at the same distance. In our model, we assume
that the attractive interaction between two spherocylinders is of the form

Vi+V
Uam‘ = UdisrT]FlFZa (4)
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FIGURE 8 Schematic drawing of the intersection of patchy spherocylin-
der j line segment with the attractive patch of PSC i and its cutoff radius r...
The cut results in an interactive line segment V;. The expression 7,] is
a vector from the geometrical center of interacting line segment V; to the
geometrical center of interacting line segment V.

where V; and V; are the length defined above. The values F; and F, (defined
in Eq. 6 below) describe the dependence of the attraction on the orientation
of the patches and Uy;.(r;;) describes the dependence of the attractive poten-
tial on the distance between the interaction segments V; and V;:

—€ 1 <re—w.= D2
w(rj — retow.
Ui (rj) = { —e cos? [W} re — We<1j <7,
(J‘)(f
0 Fii>re.

®)

The value € is a measure for the strength of the attraction, r. represents
a cutoff distance, and .. is a parameter that determines the distance over
which the potential changes from —e to 0. The scaling functions F; (with
i =1,2) in Eq. 4 are defined as:

LAN o,
0 l',./. 'n,-SCI
SIN '
ndind W o on;—(C,+C1)/2 LIN
Fl<ri'ani>* 1T -m (G+C on <
j 5 G _C C1<rij n,<C,
LAN o,
1 r; n;>C,.

(©)

Here H; is a unit vector that specifies the orientation of the attractive stripe
on spherocylinder i. The vector n; is perpendicular to u;, the unit vector
that specifies the orientation of spherocylinder i direction of PSC

~ ~ S1N
(u;*n; = 0) (Fig. 1). The vector ry is a unit vector in the direction of

the projection of T, perpendicular to Hi. The values C; and C, are con-

ij
stants, where C, represents half of the cosine of the opening angle of the
wedge-shaped attractive patch. The value C,; is the width of the linear
switch function. (To give an example: a patch with total angular size 90°
using an angular switch of 5° has C; = c0s(90°/2) = cos (45°) = 1/{2 =
0.707106781, and C, = c0s(90°/2-5°) = cos (40°) = 0.766044443.)
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SUPPORTING MATERIAL

Two snapshots and captions for two proteins are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(11)00937-4.

We gratefully acknowledge fruitful discussion with Sanne Abeln on protein
interactions. R.V. thanks Mark Miller for providing a Monte Carlo code for
hard spherocylinders.

D.F. acknowledges financial support from the Royal Society of London
(Wolfson Merit Award) and from the European Research Council
(Advanced Grant agreement No. 227758). R.V. acknowledges financial
support from the University of Cambridge and from Churchill College,
Cambridge, UK.

REFERENCES

1. Chiti, F, and C. M. Dobson. 2006. Protein misfolding, functional
amyloid, and human disease. Annu. Rev. Biochem. 75:333-366.

2. Fowler, D. M., A. V. Koulowv, ..., J. W. Kelly. 2006. Functional amyloid
formation within mammalian tissue. PLoS Biol. 4:e6.

3. Hammer, N. D., X. Wang, ..., M. R. Chapman. 2008. Amyloids: friend
or foe? J. Alzheimers Dis. 13:407-419.

4. Tozzini, V. 2010. Multiscale modeling of proteins. Acc. Chem. Res.
43:220-230.

5. Sherwood, P., B. R. Brooks, and M. S. P. Sansom. 2008. Multiscale
methods for macromolecular simulations. Curr. Opin. Struct. Biol.
18:630-640.

6. Eom, K., G. Yoon, ..., S. Na. 2010. Coarse-grained elastic models of
protein structures for understanding their mechanics and dynamics.
J. Comput. Theor. Nanosci. 7:1210-1226.

7. Trylska, J. 2010. Coarse-grained models to study dynamics of nano-
scale biomolecules and their applications to the ribosome. J. Physics.
Cond. Matter. 22:453101.

8. Periole, X., M. Cavalli, ..., M. A. Ceruso. 2009. Combining an elastic
network with a coarse-grained molecular force field: structure,
dynamics, and intermolecular recognition. J. Chem. Theory Comput.
5:2531-2543.

9. Ayton, G. S., and G. A. Voth. 2010. Multiscale simulation of protein
mediated membrane remodeling. Semin. Cell Dev. Biol. 21:357-362.

10. Pawar, A. B., and I. Kretzschmar. 2010. Fabrication, assembly,

and application of patchy particles. Macromol. Rapid Commun.
31:150-168.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

1439

Kern, N., and D. Frenkel. 2003. Fluid-fluid coexistence in colloidal
systems with short-ranged strongly directional attraction. J. Chem.
Phys. 118:9882.

Liu, H., S. K. Kumar, and F. Sciortino. 2007. Vapor-liquid coexistence
of patchy models: relevance to protein phase behavior. J. Chem. Phys.
127:084902.

Liu, H., S. K. Kumar, ..., G. T. Evans. 2009. Vapor-liquid coexistence
of fluids with attractive patches: an application of Wertheim’s theory of
association. J. Chem. Phys. 130:044902.

Wilber, A. W.,, J. P. K. Doye, ..., P. Wong. 2007. Reversible self-
assembly of patchy particles into monodisperse icosahedral clusters.
J. Chem. Phys. 127:085106.

Bianchi, E., P. Tartaglia, ..., F. Sciortino. 2007. Fully solvable equilib-
rium self-assembly process: fine-tuning the clusters size and the
connectivity in patchy particle systems. J. Phys. Chem. B.
111:11765-11769.

Stroobants, A., H. Lekkerkerker, and D. Frenkel. 1986. Evidence for
smectic order in a fluid of hard parallel spherocylinders. Phys. Rev.
Lett. 57:1452-1455.

Veerman, J. A., and D. Frenkel. 1990. Phase diagram of a system of
hard spherocylinders by computer simulation. Phys. Rev. A. 41:3237-
3244,

Bolhuis, P, and D. Frenkel. 1997. Tracing the phase boundaries of hard
spherocylinders. J. Chem. Phys. 106:666—687.

Israelachvili, J. N., D. J. Mitchell, and B. W. Ninham. 1976. Theory of
self-assembly of hydrocarbon amphiphiles into micelles and bilayers.
J. Chem. Soc., Faraday Trans. II. 72:1525-1568.

Gunn, J. R., and K. A. Dawson. 1989. Microscopic model of amphi-
philic assembly. J. Chem. Phys. 91:6393-6403.

Michel, D. J., and D. J. Cleaver. 2007. Coarse-grained simulation of
amphiphilic self-assembly. J. Chem. Phys. 126:034506.

Savenko, S. V., and M. Dijkstra. 2006. Phase behavior of a suspension
of colloidal hard rods and nonadsorbing polymer. J. Chem. Phys.
124:234902.

Woolfson, D. N. 2010. Building fibrous biomaterials from «-helical
and collagen-like coiled-coil peptides. Biopolymers. 94:118-127.
Moutevelis, E., and D. N. Woolfson. 2009. A periodic table of coiled-
coil protein structures. J. Mol. Biol. 385:726-732.

Berman, H. M., J. Westbrook, ..., P. E. Bourne. 2000. The Protein Data
Bank. Nucleic Acids Res. 28:235-242.

Lazar, K. L., H. Miller-Auer, ..., S. C. Meredith. 2005. Helix-turn-helix

peptides that form «-helical fibrils: turn sequences drive fibril structure.
Biochemistry. 44:12681-12689.

Biophysical Journal 101(6) 1432—-1439


http://www.biophysj.org/biophysj/supplemental/S0006-3495(11)00937-4
http://www.biophysj.org/biophysj/supplemental/S0006-3495(11)00937-4

	 Relation between Molecular Shape and the Morphology of Self-Assembling Aggregates: A Simulation Study
	 Introduction
	 Methods
	 Results
	 PSC-AE model
	 PSC-NE model
	 Relation to experiments

	 Conclusions
	 Appendix: Attraction between Striped Patchy Spherocylinders
	 Supporting Material
	 References


