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Chapter 4

A Simple Coarse-Grained Model for
Silk-based Block Copolymers ∗

Investigating the self-assembly behaviour of the silk-based block copolymers introduced in the
previous chapter using an all-atom description is far too computationally expensive. To en-
able a numerical study of the properties of the fibrils as well as the self-assembly behaviour of
the block copolymers, a simple coarse-grained model is needed. This chapter deals with the
development of such a model. Our coarse-grained force field is based on earlier work of the
Head-Gordon [104] and Thirumalai [105] groups. We adapt the original model and optimise
its parameters in order to reproduce the underlying all-atom molecular dynamics (MD) simu-
lations. The unknown strength of the attraction between the beads representing the residues is
optimised by computing the potential of mean force (PMF) for unfolding of a strand of the β-
roll using steered MD (SMD) simulations in combination with Jarzynski‘s equality [139,141,142].
The model is subsequently extended to include the hydrophilic, collagen-based blocks. The ef-
ficacy of the mapping of a coarse-grained system onto an all-atom simulation is discussed. The
approach opens the way for large-scale simulations of fibrils, based on molecular structure, and
allows investigating of their nucleation, growth, cross-linking mechanism network dynamics,
and rheology.

4.1 Introduction

The silk-based block copolymers described in the previous chapter [71, 162] can self-assemble
into micrometer long fibrils when triggered by lowering the pH of the aqeous solution. Fibril
formation is thought to consist of two major steps: a conformational change of the silk-based
block in response to the pH trigger and assembly of multiple block copolymers into these long
fibrils. We have predicted, based on all atom MD simulations, that the silk-based block folds
into a β-roll structure (see Chapter 3) [75]. As such all atom MD simulations are still limited to
rather small system sizes (in the order of 106 particles) and relatively short simulation times (ns-
µs), these simulations did not include the hydrophilic flanking blocks and focused on a small

∗Based on M. Schor, B. Ensing and P. G. Bolhuis, Faraday Disc. (2010) 144: 127-142
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part of the very repetitive silk-based sequence. Obviously, a study of self-assembly behaviour
of the block copolymers or properties of the mature fibrils involves much larger time and length
scales than are currently within reach using all atom simulations.

Coarse-graining by lumping several atoms together into one representative bead interacting
via a simplified potential (as described in Chapter 2) is a viable way to access the required time
and length scales. Over the past decade many coarse-grained models for proteins have been
developed and applied [104,106,107,109–111,177]. Most of these force fields have been devised
to reproduce several properties, such as structure or thermodynamics.

Here we aim to employ a simple model that is able to predict the structures as well as the
folding behaviour correctly. Our first attempt is based on the Head-Gordon (HG) model [104],
which in turn is derived from the Honeycutt-Thirumalai model [105]. In this model, the pro-
tein is represented as a chain of beads positioned at the α-carbon atoms. The HG model can
describe secondary structure formation, and has been applied to amyloid aggregation amongst
others [116]. As the model has only been applied to common β-sheet forming systems, it needs
to be optimised for the β-roll forming silk-like protein we study here. The parametrisation of
the bond, bending and dihedral potentials can be extracted from the all-atom simulation of the
folded structures, and of a short peptide in solution, respectively. Furthermore, the strength of
the non-bonded interaction between residues is a key-determining factor for the folding and
unfolding behaviour. This effective attraction is caused by hydrogen bond formation, electro-
statics, as well as by the hydrophobic effect. The deeper the attractive potential well, the more
the equilibrium shifts toward the folded state.

We would like the coarse-grained model to mimic the equilibrium behavior of the all atom
system. This can be achieved by explicitly computing the equilibrium between folded and un-
folded states and tuning the interaction strength until they match. However, this is a compu-
tationally expensive procedure, as it requires full equilibration of both systems. The replica
exchange molecular dynamics method [131] can accelerate these long folding and unfolding
processes, but, while certainly a step into the right direction, converging the free energy land-
scape is not trivial and still computationally intensive [155].

An alternative, more effective approach would be to map the potential of mean force (PMF)
as a function of a relevant order parameter, such as the distance between strands. While extract-
ing a PMF from a straightforward MD run is inefficient, non-Boltzmann sampling methods such
as umbrella sampling [126], metadynamics [128], hyperdynamics [127], local elevation [178] and
conformational flooding [129], can in principle efficiently assess the PMF or free energy along
the reaction coordinate of interest. Here, we will compute the PMF from non-equilibrium MD
simulation of single molecule pulling experiments, also known as Steered MD (SMD). These
pulling experiments yield a series of force-extension curves that can be converted into a PMF
using the Jarzynski equality [141, 142]. In the late 1990s Jarzynski [139] proved a remarkable
relation that enables the computation of an equilibrium free energy from the work done in non-
equilibrium trajectories. While the individual non-equilibrium coarse-grained trajectories are
not likely to describe the dynamical behavior of the atomistic system correctly, the PMF is a true
equilibrium quantity that can be used to map the coarse-grained models onto the atomistic sim-
ulation. The advantage of this procedure is that it is simple to implement, as most popular MD
packages have an SMD module that allows such non-equilibrium pulling experiments. The idea
is to optimise the parametrization of the coarse-grained model in such a way that it reproduces
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the atomistic PMF as good as possible for this coarse-grained model. Another advantage of SMD
is that it allows for an easy assessment of the statistical errors from the averaging over a series of
pulling experiments as shown in the results section. This also allows for a quick estimate from a
few preliminary pulling runs of the PMF, the computation cost to reach convergence, the quality
of the reaction coordinate and the optimal pulling velocity for both the coarse-grained and the
all-atom model.

Using the resulting coarse-grained model of the silk-based block of the copolymer we test
the stability of the β-roll, as well as that of a stack of two rolls and a larger stack representing
a fibril. Subsequently, we extend the force field to include a description for the unfolded hy-
drophylic blocks. Although we stress that the force field was developed with the silk-based
block copolymers introduced in chapter 3 [71] in mind, the description of the hydrophilic blocks
is likely to be valid for similar well-solvated polymers. Moreover, the coarse-graining strategy
proposed here may have a wider applicability.

4.2 Simulation Details

The GROMOS96 force field [170] in combination with the SPC water model was used for all
atomistic simulations. The GROMACS package version 3.3.2 [78] was used for these simula-
tions, including the steered MD simulations. The pressure was kept at 1 bar using Parrinello-
Rahman coupling and the temperature was kept at 298 K using a Nosé-Hoover thermostat.
Bonds were constrained with LINCS, allowing for a 2 fs timestep. Electrostatics were treated
with PME.

The initial configuration for the β-roll was taken from our previous simulations studies [75].
After energy minimisation, a short, protein restrained run was performed to allow for equili-
bration of the solvent, followed by a 1 ns MD simulation to equilibrate the whole system. For
the 50 ns simulations of one β-roll or a stack of 2 β-rolls dodecahedral boxes with a volume of
respectively 90 nm3 and 150 nm3 were used. The SMD simulations were performed in a cubic
box with a volume of 115 nm3.

All coarse-grained simulations were run with the CM3D program [80]. As the program
uses a multi-timestep algorithm (RESPA), bonds are not constrained. All simulations were run
in the NVT ensemble, at 300K in a cubic box of 1000 nm3, except for the stack of 24 β-rolls,
which was run in cubic box of 27, 000 nm3, and the stack of 48 block copolymers (sequence
C192(GAGAGAGE)24C192), which was run in a cubic box of 1∗106nm3. A 2 fs timestep was used
for all simulations. The temperature was kept constant with a Nosé-Hoover thermostat. Starting
structures were generated by extracting the Cα coordinates from an atomistic simulation and
simulating for 1 ns at low temperature (T=10 K).

Structures were visualised with VMD [172].

57



4.3 Model Development

4.3.1 Adapting the Head-Gordon Model

The Head-Gordon (HG) model [104] is one of the simplest coarse-grained models that is able
to accurately reproduce protein folding and self-assembly [104, 116]. In this model, the amino
acid alphabet is reduced to only three letters: neutral (N), hydrophilic (L) and hydrophobic (B).
Each amino acid of a protein is represented by one bead, whose center is located at the position
of the Cα atom. The solvent is treated implicitly and is left out of the force field description.
The potential energy of the system is given by a sum of bond angle, dihedral, and non-bonded
interaction terms, respectively:

V =
∑
θ

1

2
kθ(θ − θ0)2

+
∑
φ

[
A(1 + cosφ) +B(1− cosφ) + C(1 + cos 3φ) +D(1 + cos(φ+

π

4
)
]

(4.1)

+
∑

i,j≥i+3

4εhS1

[(σ
r

)12
− S2

(σ
r

)6
]
.

The three sums run over all bond angles, dihedrals and pair interactions respectively. In this
expression θ denotes the bond-angle, θ0 the equilibrium value of the bond angle. φ is the
dihedral angle, σ is the diameter of the beads, and r is the distance between bead centers.
A,B,C,D, S1, S2, εh, kθ, and θ0 are parameters determining the force field. Note that some of
these parameters can vary, depending on dihedral index, or combination of bead types. The HG
model uses reduced units with all bond lengths fixed to 1. Also the bead size σ is chosen to be
unity. The angle bending constant kθ is set to 20εh and the equilibrium angle to θ0 = 105◦. For
β-sheets the dihedral constants are set to A = 0.9εh, C = 1.2εh and B = D = 0; whereas for
turns they are A = B = D = 0 and C = 0.2εh. Non-bonded interactions are determined by the
constants S1, and S2. For B − B interactions S1 = 1 and S2 = 1; for N − L, N −N and N − B
interactions S1 = 1 and S2 = 0; and for L − L and L − B interactions S1 = 1

3 and S2 = −1. In
the simulations the bond length is constrained using the RATTLE algorithm [98]. The equation
of motion is integrated using MD in the canonical ensemble.

We adapt the above model to achieve a more accurate description of our fibril-forming pro-
teins. From our previous all-atom replica exchange molecular dynamics (REMD) simulations,
we concluded that the central silk-based part of the triblock co-polymer forms a β-roll in solu-
tion [75]. This β-roll consists of two interconnected sheets, with strands within one sheet paral-
lel to each other. The two sheets are connected with each other through reverse type II β-turns.
Compared to the more common β-sheet, a β-roll is more compact and has increased possibil-
ities for hydrogen bonding. This rather unusual structure agrees well with the experimental
dimensions measured for the fibrils formed by the block co-polymers, and also agrees with the
CD spectra [75]. When coarse-graining this protein according to the HG model, the original se-
quence E(GAGAGAGE)n is substituted by L(NBNBNBNL)n, where n denotes the number
of times the sequence is repeated. Our first attempt to simulate the β-roll using the HG model,
starting from a fully formed β-roll (n = 10), resulted in immediate unfolding even at such low
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temperatures as T = 10K. This was found to be caused by the fact that neutral beads repel each
other quite strongly. We therefore model Gly as a hydrophobic residue instead of a neutral one,
and replaced all N beads by B, thus changing the sequence into L(B7L)n. This adaptation only
turned out a partial solution, as during the simulation the turn region rearranged from a reverse
type II to β turn a standard type II β turn. This was to be expected as the turn dihedrals in the
HG model are parametrised to describe a standard β-turn [104].

After these preliminary results we decided to re-parametrize the model based on atomistic
simulations of a 81 residue (n=10) β-roll in explicit water. We refrained from doing the full
384-residue silk-domain as equilibrating such a large system using atom MD in explicit water
would be computationally too expensive. From a 50 ns all-atom MD simulation of the β-roll
several distributions were extracted and used to optimise the coarse-grained model, as will be
discussed in the following section. The subsequent tuning of the non-local interaction strength
by comparing several PMFs for the coarse-grained model with the atomistic simulations will be
the subject of section 4.3.3.

4.3.2 Fitting Distributions from Atomistic Simulation

A 50 ns atomistic simulation of a 81 residue β-roll in water at 300 K yielded several key distribu-
tions (See Methods for a description of the simulation details). Bond lengths, measured as the
distance between Cα atoms of connected amino acids, are on average 3.84 ± 0.12Å. This rather
narrow distribution justifies the use of constrained bonds in the original HG model. The dihe-
dral angles between four subsequent Cα atoms in the strand regions are on average 180◦ ± 30◦,
whereas in the turn region the dihedral angles are around −30◦ ± 20◦.

While the dihedral angles of the strand regions are well described by the original HG model,
the turn regions are not. Therefore we reparametrised the dihedral angle potential for the turn
regions. The MD simulation of the fully formed β-roll does not sample all possible dihedral
angles. A better sampling of the dihedrals is obtained from a separate 10 ns all-atom simulation
of a short GAGEGAG peptide, representing the turn region (see fig. 4.1 for a schematic repre-
sentation of a single hairpin in the β-roll). The three resulting distributions P (φ) of the dihedral
angle φ belonging to the GAGE, AGEG and EGAG turn sequences are shown in fig. 4.2 and are
quite similar to each other. We can extract an effective potential from this data by taking the
negative logarithm βV (φ) = − lnP (φ) of the average dihedral distribution. To obtain one ex-
pression for the effective dihedral potential for the turn region, we fitted the negative logarithm
of the average dihedral distribution to a single quadratic polynomial in cosφ, resulting in the
following function for the dihedral potential energy (see fig. 4.2)

Vturn(φ) = εh
(
2.4− 0.8 cosφ− 1.6 cos2 φ

)
. (4.2)

This coarse-grained potential will reproduce the measured distribution of the short peptide, and
at the same time is not inconsistent with the average dihedral angles in the β-roll.

Furthermore, distance distributions between strands i and i+2 were calculated as the dis-
tance between Cα atoms of the central alanine residues. Also, the distance between neighbour-
ing glutamate residues was measured. Both distances are on average 4.8 ± 0.5Å. This distance
can be used to set the range of the nonbonded Lennard-Jones interaction.
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Figure 4.1: Schematic picture of one single hairpin in the β-roll to clarify which three dihedrals are in-
volved in the reverse β-turns. The arrows point at the GAGE, AGEG, GEGA dihedrals.
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Figure 4.2: Left: the distribution of the turn dihedrals in an all-atom simulation of the short peptide
GAGEGAG. Right: The dihedral potential is fitted (solid red line) to the negative logarithm
of the average distribution.

Combining these β-roll specific measurements with the original HG model, the adapted total
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potential energy of the system now reads:

V =
∑
b

1

2
kb(b− b0)2 +

∑
θ

1

2
kθ(θ − θ0)2

+
∑
φ

[
A+B cosφ+ C cos2 φ+D cos3 φ

]
+ VLJ (4.3)

VLJ =
∑

i,j≥i+3

4kLJS1

[(σ
r

)12
− S2

(σ
r

)6
]
. (4.4)

Analogous to Eqn. (4.1), the sums run over, respectively, the bonds, angles, dihedrals and
the pair interaction. Note that the parameters A,B,C,D are different from the original model
as expressed by eqn. (4.1). Lengths are in Å, angles and dihedral angles in degrees and the
energy scale is set by εh = 2495 J/mol. Note also that, as the software package used for the
coarse-grained molecular dynamics (CM3D [80]) employs a multi-timestep algorithm, the bond
length potentials are now explicitly included in the energy functions, whereas in the original HG
model they were constrained with the RATTLE algorithm. The bond potential force constant is
set to kb = 33εh, and b0 = 3.84Å, consistent with the measured all-atom Cα − Cα distance
distributions, and the bending angle parameters kθ = 20εh and θ0 = 105◦ are taken from the
HG model [104]. For the β-strands the dihedral potential parameters are A = 2.1εh,B = −2.7εh,
C = 0 and D = 4.8εh, which is equivalent to the values in the HG model. For the turn regions
the dihedral parameters follow from eqn. (4.2) and are A = 2.4εh,B = −0.8εh, C = −1.6εh and
D = 0εh. The non-bonded interaction parameter σ sets the range of the interaction and was
initially set to σ = 4.2Å such that the minimum of the LJ-potential corresponds to the average
distance of 4.8Å between neighboring strands. The strength of the nonbonded interaction kLJ
is for the time being set to kLJ = 4εh but will be further optimised in the next section.

In the silk-based block we treat both alanine and glycine as hydrophobic (attractive) beads
(S1 = 1, S2 = 1). As the protonation of the glutamate residues is supposed to trigger folding and
aggregation by reducing repulsive interaction and introducing the possibility of hydrogen bond
formation, we also treat the Glu-Glu interaction as attractive (hydrophobic). However, to mimic
their hydrophilic nature the glutamates behave as neutral (repulsive) beads (S1 = 1, S2 = 0)
when interacting with glycine or alanine residues.

Short coarse-grained simulations using the CM3D package with the above settings resulted
in a twisted β-roll (see fig. 4.3). This twist can be quantified by the angle between residue
position vectors r1 (Glu17-Glu65) and r2 (Glu25-Glu73). For the coarse-grained model, the
twist angle of the β-roll is approximately -78◦, much larger than was observed in the 50 ns
atomistic simulation where the twist angle was around −40◦. This large twist angle can be ex-
plained by the long-ranged nature of the Lennard-Jones interactions employed in the HG model.
This long-rangedness induces an additional (unphysical) attraction between non-neighboring
strands, which forces the β-roll to twist. To prevent such spurious attraction, we can shorten the
range of the non-bonded potential by scaling and shifting the original Lennard-Jones as follows:

VLJ =
∑

i,j≥i+3

4kLJS1

[(
σ

r − σ0

)12

− S2

(
σ

r − σ0

)6
]
. (4.5)
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Figure 4.3: Effect of shifting the long-ranged interactions on the β-roll structure. Left: When the long
ranged interactions are computed without shifting (σ0 = 0; σ = 4.2 Å) the structure shows
a twist angle (defined as the angle between residue position vectors r1 (Glu17-Glu65) and
r2 (Glu25-Glu73)) of approximately 78◦. Right: When shifted with σ0 = 2 Å and σ = 2.45
Å the twist angle in the β-roll is comparable to the twist in the atomistic structure. In the
coarse-grained representations, alanine is red, glycine blue and glutamate green.

Here, decreasing σ decreases the absolute range of the potential, and σ0 is used to shift the
potential to match the size of the bead as given by the original potential. Fig. 4.4 shows both the
original and the shifted-scaled LJ potentials.

Using a shorter ranged shifted potential in the coarse-grained simulations resulted in a
smaller twist in the β-roll structure. We found that a combination of σ0 = 2Å and σ = 2.45Å
results in a twist angle similar to that in the atomistic simulation (see fig. 4.3 c). The coarse-
grained twist angle is now only −20◦ while the twist in the all-atom simulations is −40◦. In our
previous atomistic simulations we observed that the twist in the β-roll is reduced when two or
more rolls form a stack [75]. The same trend is seen in the coarse-grained simulations.

To summarise, based on all-atom simulations of a β-roll and of a short peptide in solution
we have optimised the coarse-grained model to reproduce the structural properties of the β-roll.
Our model is given by Eqn. 4.3 in combination with Eqn. 4.5. The parameter that determines
the binding strength between the strands, and thus the folding-unfolding equilibrium kLJ is not
yet optimised. This will be done in the next section.

4.3.3 Matching Coarse-grained and Atomistic PMFs

For our initial simulations we use a kLJ = 4εh, which is equivalent to 4kBT , where kB is Boltz-
mann’s constant and T the temperature in Kelvin. This is, however, a rather rough estimate.
A better estimate for kLJ , follows from comparing the potentials of mean force (PMF) obtained
from steered MD (SMD) simulations of the atomistic and the coarse-grained model. To compute
these PMFs from SMD using Jarzynski’s equality, we follow the method of Park and Schul-

62



2 4 6 8 10 12 14
r /Å

-3000

-2000

-1000

0

1000

2000

3000

En
er

gy
 /k

J m
ol

-1

standard
shifted

Figure 4.4: Shifting the Lennard-Jones potential has the effect of shortening the range of the potential.
The position of the nearest neighbor strand and the second nearest neighbor strand are given
by the dashed vertical lines. Note that in the standard LJ potential the second nearest neighbor
still experiences a non-negligible attraction.

ten [141, 142] as described in chapter 2.
We pull one terminal strand away from the rest of the protein by increasing the distance

ξ = |rE1 − rE49| between residues Glu1 and Glu49 from 13.6Å to 29Å, as indicated in fig. 4.5.
As the β-roll is highly symmetric, i.e. all strands feel the same forces from their neighbouring
strands, we assume that pulling away more than one strand will not yield additional informa-
tion. Both the atomistic and the coarse-grained SMD simulations were performed with a spring
constant of k = 100kJ/(molÅ2) and a pulling velocity of v = 5Å/ns. To remain close to equilib-
rium, the system was allowed to equilibrate after each 1 ns for about 0.5 ns. The total trajectory
was 3 ns. Ten atomistic trajectories were generated and converted as described above, using,
respectively, the unweighted 〈W 〉, the 2nd order cumulant expression, and the exponentially
weighted expression 〈exp(−βW )〉. The resulting PMFs are plotted in fig. 4.6. The three differ-
ently weighted PMFs are reasonably similar, indicating a reasonable convergence. The atomistic
PMF starts at a distance of 13.6Å with a value of zero, and then almost monotonically increases
with the distance. This indicates that the force on the strand that is being pulled away exerted
by the rest of the protein is almost constant. This suggests a zipper-like unfolding, where as one
residue is being pulled away from the main block, the next residue is already starting to feel that
force.

For the coarse-grained model, different values for the strength of the non-local interactions
kLJ = 2εh, 3εh, 4εh and 5εh are tested. For each value 20 trajectories were generated and analysed
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Figure 4.5: Structures obtained in the atomistic and coarse-grained SMD simulations. Top row: two rib-
bon structures showing the initial and final configuration of the atomistic protein, Bottom row:
two structures in bead representation showing the coarse-grained initial and final structure
(kLJ = 3εh). The arrows indicate the distance parameter ξ used for the pulling simulation.

in the same way as was done for the atomistic simulations. The statistical error in the PMF is
estimated by taking 4 block averages. The resulting PMFs for the three weighting expressions
are plotted in fig. 4.6.

Comparing the PMFs of the atomistic and coarse-grained simulations it follows that the
kLJ = 2εh curve has a systematically too small slope while the slope of the kLJ = 5εh is sytem-
atically too high. For kLJ = 3εh and kLJ = 4εh the curves are more similar to the atomistic data.
Whereas for the unweighted work expressions kLJ = 4εh seems to be best, kLJ = 3εh agrees
better with the other two atomistic curves. The atomistic data in fig. 4.6 suggest that the expo-
nential average and second order cumulant are more thrustworthy. We therefore conclude that
as kLJ = 3εh is closest to the atomistic PMF for the exponential and second order cumulant, this
value is most optimal and will be used for all further simulations.
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Figure 4.6: Comparison of the Potentials of Mean Force as a function of the distance ξ of the atomistic
and coarse-grained SMD simulations. Top left: the PMFs obtained from the atomistic runs,
for the unweighted, exponentially averaged and second order cumulant expressions. The
other three panels compare the coarse-grained PMFs with the atomistic one for these differ-
ent averaging expressions for several values of kLJ . The top right panel shows the linearly
averaged work (unweighted). Bottom left: the second order cumulant expression. Bottom
right: the exponentially weighted work. The error bars indicate the error in the PMFs from
the coarse-grained simulations, and were obtained from block averaging the trajectories. Note
that each subtrajectory is averaged individually.

4.4 Coarse-grained Simulation of the β roll and Large Stacks

Using the optimised coarse-grained model, we ran a 50 ns coarse-grained simulation of one 81
residue β-roll and a stack of two such rolls. For the single β-roll a twist angle of −20.3◦ (−39.6◦
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for atomistic resolution) and a RMSD of 1.77Å(versus 1.40Å atomistic) were observed. For the
stack the twist angle is less: −9.5◦ (versus −13.1◦ atomistic). The RMSD is also smaller: 1.46
Å(1.28 Å atomistic). The distance between the two β-roll centers of mass in the stack is on av-
erage 0.94 ± 0.4 nm, which agrees well with the roll-height of 0.92 ± 0.7 nm in the atomistic
simulation. These results show that the coarse-grained model is accurate enough to reproduce
the mechanical stability, dimensions and twist of the β-roll. An open question is whether the
coarse-grained model can also predict the folded state from an unfolded conformation. A simu-
lation of the entire 81-residue polypeptide started from an unfolded conformation resulted in a
unstructured aggregate. To test the folding behavior we therefore simulated a shorter peptide:
E(GAGAGAGE)3. Starting from a short, unfolded conformation, the peptide quickly folds
into a double hairpin. Such downhill folding seems to be consistent with the measured PMF.
However, as glycine and alanine are parametrised with the same bead type, two (very similar)
structures are formed: hairpins with all glycines on the inside as in the atomistic simulations
and β-rolls with all glycines on the outside. This behavior follows from the symmetric sequence
in the coarse-grained model, i.e. there is no difference between the C and N terminus. In a fu-
ture version of the model one could use a distinct bead type for the alanine residues in order to
restore the asymmetry of the real polypeptide.

The aim of the coarse-grained model is to allow investigations of the fibrils at the nm-µm
length scale. From the above mentioned simulations it follows that a stack of two rolls is stable
and behaves comparable to its atomistic counterpart for at least 50 ns. To study the behavior
of longer fibrils, we stacked 24 coarse-grained β-rolls (fig. 4.7), equilibrated the system, and
simulated the fibril for 10 ns at room temperature. This simulation shows that the coarse-grained
β-rolls can indeed form a long stable fibril. The linear dimension of the coarse-grained stack is
about 20 nm, corresponding to a height 0.88 nm per β-roll, slightly more compressed than the
stack of two rolls. Furthermore, the fibril bends slightly in an oscillatory fashion, indicating that
it is not infinitely stiff, but has finite bending rigidity. We can estimate the bending rigidity, or
persistence length by looking at the deviation of the fibrils position along the long axis. The
fibril is aligned along the z-axis. Plotting the distribution of the absolute deviation of the centre
of mass of each roll in the stack from the z-axis as a function of z (fig. 4.7) yields information
about the bending behavior and flexibility of the fibril. From this distribution it follows that
the fibril oscillates in its lowest mode, with two nodes around roll 6 and roll 19. As was to be
expected, rolls on the outside show a slightly higher deviation than rolls on the inside. From
this oscillation it is possible to derive the persistence length lP . Assuming that the long fibril
behaves like a worm like chain, the mean square end-to-end distance

〈
R2
〉

is given by [179]

〈
R2
〉

= 2Llp

[
1− lP

L
(1− e−L/lp)

]
, (4.6)

where lp is the persistence length, and L is the contour length of the fibril. Because L � lp in
this case, a simple expansion gives.

〈
R2
〉
≈ L2 − 1

3

L3

lp
. (4.7)

Realizing that
〈
R2
〉

can also be related to the average deviation from a straight fibril d by L2 =
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Figure 4.7: An indication of the mesoscopic bending behavior of a long fibril, as obtained from a 10 ns
coarse-grained simulation of a stack of 24 β-rolls. Left: a snapshot of the stack at maximum
bending. Middle: the average deviation from a straight fibril obtained by plotting the devia-
tion of the center of mass of each β-roll with respect to the z-axis as a function of the z position
for every time step. From this plot, and from looking at the trajectory, it is clear that rolls on
the outside of the fibril are most mobile. The fibril oscillates in its lowest mode, as is clear
from the presence of two nodes (roll 6 and roll 19, counting from the bottom roll). We note
that the spread in deviation from the z-axis for rolls 9 to 12 and roll 14 seems to be due to
partial transition to a flat β-sheet. Right: Histogram of the distributions of the deviation from
the z-axis for rolls 1, 6 and 11. Roll 1 shows indeed a wide distribution of distances, whereas
roll 6 (the node) has a narrow distribution. Roll 11 shows an intermediate range. The average
deviation taken from these distributions allows an estimate of the persistence length.

〈
R2
〉

+ d2, one can solve for the persistence length,

lp =
1

3

L3

d2
. (4.8)

The fibril length L in the simulation is about L = 20 nm, and the average deviation between
the end points about d = 0.9 nm. The latter value follows from the histograms in fig. 4.7, and
realizing that while the endpoints deviate about 2 Å from the z-axis, the middle part of the
fibril moves 2.5 Å in the opposite direction. This 4.5 Å difference between the middle and one
endpoint translates into a 9 Å average endpoint deviation from a straight fibril. These numbers
results in an estimate for the persistence length of lp = 2.620µm. This is very reasonable when
comparing the experimental TEM and AFM results, which show that the fibril has a persistence
length of the order of a few micron [71]. We note that these simulation results cannot be com-
pared directly to the experiments because the silk domain is much smaller than the 384 residue
block that is used in the experiments and, moreover, the collagen blocks are missing. Neverthe-
less, these results show that even a simple coarse-grained model can already assess mesoscopic
properties such as the persistence length.
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Table 4.1: Lennard-Jones parameters of the coarse-grained force field. The entries denote (S1, S2) for all
combinations

Res. Gly Ala Glu Fil Neu Pro
Gly 1, 1 1, 1 1, 0 1

3 , -1 1, 0 1, 0
Ala 1, 1 1, 1 1, 0 1

3 , -1 1, 0 1, 0
Glu 1, 0 1, 0 1, -1 1

3 , -1 1, 0 1, 0
Fil 1

3 , -1 1
3 , -1 1

3 , -1 1
3 , -1 1, 0 1, 0

Neu 1, 0 1, 0 1, 0 1, 0 1, 0 1, 0
Pro 1, 0 1, 0 1, 0 1, 0 1, 0 1, 0

We observe small defects in the fibril caused by partial transition to a flat β-sheet in rolls 11
and 12 and, later, also for roll 14. We hypothesise that such irregularities will be less pronounced
when the full block co-polymers will be simulated.

4.5 Extension of the Force Field to Include the Hydrophylic Blocks

As the coarse-grained model now does a decent job describing the silk-based block, we can
extend it to include a description of the hydrophilic collagen-based flanking blocks. This C-block
is rich in Gly, Pro and hydrophilic amino acids (Asn, Gln, Glu). To describe it, three new bead
types were defined: neutral (Neu, to describe Ser and Gly), hydrophilic (Fil, to describe Asn,
Gln, Glu and Lys) and proline (Pro). Pro beads only differ from Neu beads in the description of
their dihedral angle contribution. This is done to account for the contribution of Pro’s special
backbone which, in an all-atom description will restrict dihedral angle possibilities.

Table 4.1 summarises the values for the Lennard-Jones parameters S1 and S2 for all possible
combinations of bead types. Note that Gly is described by a repulsive, neutral bead in the
C-block instead of as an attractive bead as in the silk-based block. This is because in the silk-
based block Gly is part of a tightly hydrogen bonded structure whereas in the C-block it belongs
to a very flexible structure without such stabilising factors. Except for the description of the
different dihedral angles, all other parameters can be taken directly from the coarse-grained
description of the silk-based block. To obtain a reasonable description for the dihedral angles
for the different possible sequences, 10 ns atomistic simulations of short peptide sequences (6
to 12 amino acids) spanning the entire C-block were performed and the distribution of dihedral
angles was fitted to either a harmonic potential (Pro at postion 2 or 3) or a cosine expansion (all
others).

An important characteristic of the C-block is the radius of gyration (Rg) as a function of the
number of residues (see fig. 4.8). This property can be compared the experimental results for the
full length C-block, synthesised by Werten et al. [162]. Different lengths of the coarse-grained C-
block were constructed and simulated for 50 ns. From the resulting plot in fig. 4.8 it is clear that
the computed values are in reasonable agreement with the experimental results for a C-block of
400 residues. Moreover, the fitted Flory exponent of 0.587 suggests a polymer in a good solvent
as would be expected for a large, hydrophilic peptide. Replacing all Pro beads by Neu bead has
no significant effect in the radius of gyration, suggesting that this property depends mainly on
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Figure 4.8: (a) radius of gyration of the hydrophilic block versus the number of amino acids in the chain.
Fitting to Flory’s relation yields a Flory exponent of 0.587. (b) Fibril of 48 block copolymers
with sequence C96E((GA)3E)24C

96.

the non-bonded interactions.

To assess the effect of the C-block on the stability of fully formed fibrils, the persistence
length of a fibril with and without the blocks are compared. To study the effect of the C-
block on the fibril persistence length we prepared fibrils by stacking 48 β-rolls with sequence
E((GA)3E)24 flanked by two C-blocks of 96 residues. This structure was equilibrated at 100 K
for 500 ps and subsequently for 1 ns at 300 K. After equilibration the fibril was simulated at 300
K for 50 ns. Results were compared to an identical stack of β-rolls without the C-block flanks.

Both simulations show stiff, stable fibrils. R and L can easily be extracted from the simula-
tions. For both fibril types L is 44.15 nm. The average R also differs only marginally: 42.1 nm
in case of the silk-only fibril and 42.3 nm for the fibril with the C-blocks resulting in persistence
lengths of 1.7 µm and 1.8 µm respectively. The fact that these values are so close to each other
indicates that the C-based block has no significant effect on the characteristics of a mature fibril
but that these characteristics are determined by and large by components of the fibril core. The
difference with the persistence length calculated for a small fibril in section 4.4 can be explained
by the fact that more and larger silk-based blocks are used here.
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4.6 Discussion and Conclusions

We have developed a coarse-grained protein model, which enables description of fibril assembly
and fibril-fibril interaction on the nm− µm length scale. This model is based on fitting to struc-
tural data, as well as to unfolding PMFs. This coarse-grained procedure, while still very rough,
fits entirely in the philosophy of coarse-graining that a simplified model can and should repro-
duce several important (thermodynamic or structural) properties, but might, and, in fact, will
not necessarily be able to reproduce all equilibrium quantities. The procedure we advocate here
reproduces the structure of the folded state, and approximates the equilibrium between folded
and unfolded state. We conjecture that this method is applicable to the folding behaviour of
other proteins. In future work, one could test this on the folding/unfolding equilibrium behav-
ior of our coarse-grained model, e.g by replica exchange MD. Nevertheless, besides all these
caveats we have shown here that even a simple model can reproduce some of the interesting
mesoscopic properties of a long protein fiber.

The model was extended to include a proper desciption of the hydrophilic flanking blocks
(C-block). Coarse-grained simulations of this C-block showed correct scaling behaviour for the
radius of gyration and reproduced the experimental value.

As we have about two orders of magnitude fewer particles in the coarse-grained simulation
with respect to the all-atom simulation, the gain in efficiency is at least also of that order. Further
gain in efficiency can be achieved by using a larger time-step, something that we have not yet
investigated.

The coarse-grained forcefield allows us to study the effect of the hydrophilic blocks on self-
assembly of the block copolymers (next chapter). With this model we can span the large gap in
time and length scales between the molecular structure of the proteins and the mesoscopic level
of the fibrils.
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