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Chapter 3

Prediction of Solvent-dependent β-roll
Formation of a Self-assembling
Silk-like Protein Domain∗

Triblock copolymers consisting of a middle silk-like [(Gly − Ala)3 − Gly − Glu]n block flanked
by two hydrophilic end blocks, which assume a random conformation in aqueous solution at
all pH, spontaneously assemble into micrometer long fibrils at low pH. This chapter focuses on
the molecular structure of such a silk-like peptide block. As elucidating said molecular struc-
ture by various experimental methods has thus far proven to be elusive, we complement the
experimental approach by performing extensive replica exchange molecular dynamics (REMD)
simulations. We predict the thermodynamically stable conformation of the middle block to be
a β-roll instead of a flat β-sheet. Furthermore, in agreement with experimental observations on
silk crystals and on [(Gly−Ala)3−Gly−Glu]n-based block copolymers in water and methanol,
we show that the stable structure of [(Gly−Ala)3−Gly−Glu]n is solvent-dependent. The β-roll
is preferred in water, whereas the flat, antiparallel β-sheet is most stable in methanol. The two
structures can interconvert via a transformation resembling that of an accordion pleat. Our find-
ings explain the conformational properties of net uncharged [(Gly−Ala)3−Gly−Glu]n in water,
and provide a rationale for the solvent-dependency of the molecular conformation of silk-like
Gly-Ala repeats in general. These findings may thus facilitate the design of new self-assembling
silk-like materials with novel functionality.

3.1 Introduction

The β-sheet rich elements of the Bombyx mori silk fibroin have received a lot of attention as
promising building blocks of self-assembling nanomaterials [6]. An elegant example is found in
the glycine-alanine rich (GAGAGAGX) repeat, where the eighth amino acid (X) is chosen to dis-
rupt the tight, hydrogen-bonded fibroin-like packing promoted by the Gly-Ala repeats [70,159–
161]. Triblock co-polymers of such silk-inspired polypeptides with water-soluble polyethylene

∗Based on M. Schor, A. A. Martens, F. A. de Wolf, M. A. Cohen Stuart and P. G. Bolhuis, Soft Matter (2009) 5: 2658-2665
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glycol (PEG) outer blocks, have been shown to form highly-defined fibrils when crystallised
from a methanol/formic acid mixture [70]. Previous work describes the synthesis and further
investigations of a fully protein-based triblock copolymer with a middle block containing 48
repeats of the above-mentioned octapeptide, with glutamic acid (E) on the X position [71, 162],
flanked by two hydrophilic, non-aggregating, 200 residue-long collagen-based blocks with a
high proline and polar amino acid content [163]. This block copolymer self-assembles within
hours into micrometer-long fibrils in aqueous solution at low pH, where the charge of the glu-
tamic acid is neutralised [71]. The core of the fibrils apparently consist of supramolecular stacks
of the middle silk-based blocks and the hydrophilic, collagen-like outer blocks form a dilute
corona around this core (see Fig. 3.1). The size and dimensions of these fibrils were determined
with atomic force and electron microscopy (AFM and TEM) and small-angle X-ray scattering
(SAXS) [71]. These measurements showed that the fibrils were multiple micrometers long and
ribbon-shaped with a height of 2.8 nm and a width of 13.6 nm. The fibrils formed by this and
similar triblock copolymers [72, 161] are thought to form according to a nucleation and growth
process. The nucleation step should involve folding upon pH-triggering from a soluble random
coil structure into an insoluble secondary structure, and the subsequent association of a mini-
mum amount of building blocks. This rate-limiting step is followed by rapid addition of new
units to the fibril during the growth phase. Hydrogen bonding and hydrophobic interactions
govern folding and assembly during the whole process.

Despite all experimental efforts, both the structure and the details of the self-assembly pro-
cess of these fibrils remain elusive. In order to understand the assembly process on a molecular
scale, it is essential to resolve the structure of the middle silk-like block (GAGAGAGX)n at the
various stages of fibril formation. Previous analysis of the fibrils by circular dichroism (CD)
spectroscopy gave a first indication of their secondary structure content as a function of pH [71].
The resulting spectra did not match CD spectra of β-sheets and could not be unequivocally
attributed to known structures but suggest a high β-turn content. As the fibrils tend to form
sticky gels NMR and wide angle X-ray crystallography - the conventional methods for protein
structure determination - are not suited to investigate these structures. Structures of a silk re-
peat crystallised from methanol were determined to consist of regular β-sheets [159], but such
crystals were shown to be unstable in water [164]. This is in contrast with the finding that stable
fibrils with uncommon CD spectra are formed in water [71].

The formation of the fibril core most likely involves a conformational change of the silk-like
block only, as the lower pH neutralises the charges of the glutamate, enabling the folding into a
regular structure. Indeed, the CD spectra of the collagen-based blocks seem unaffected by pH.
Hence, it is possible to first consider the structure formation of the silk-like middle block only. In
this first attemp, we will focus on testing whether a single (GAGAGAGE)n polypeptide would
form a stable secondary structure in aqueous solution. Such a predicted structure should have
several properties. First of all it should be the thermodynamically most stable state at low pH.
Besides, it should be able to form supramolecular stacks and, last but not least, its secondary
structure and dimensions, as well as the solvent dependency of its structure, should fit with all
available experimental data.

We aim to predict precisely such a structure by combining molecular dynamics (MD) simula-
tions with the previous experimental results [71]. Although a single silk-based block in solution
represents a tremendously reduced system size, folding a 385-residue long polypeptide is still a
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a)

b)

Figure 3.1: (a) AFM image of the micrometers-long self-assembled fibrils [71]. (b) Cartoon of the pro-
posed structure of the fibrils. Middle silk-like blocks fold, assemble and stack to form the
dense core of the fibril, while the outer collagen blocks form a dilute corona around them.
The dimensions of the fibril are h = 2.8 nm and w = 13.6 nm [71].

huge challenge. However, because the polypeptide is a regular repeat, it is likely that the folded
structure also shows much regularity. Hence, we decided to focus our efforts on resolving the
properties of only a small, but representative, part of the silk-based block, corresponding to ap-
proximately 20% of the total sequence. The insight gained from this small part would, however,
directly translate to the full polypeptide in solution. Even with such a reduced size, spontaneous
folding of the polypeptide would take too long to happen during a straightforward MD simu-
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lation. MD can only access timescales of microseconds, whereas the folding could take seconds
to minutes.

Therefore, we use a more heuristic approach. We start by investigating the properties of one
of the smallest building blocks, the β-hairpin, based on existing structures (1SLK and 2SLK)
[165]. Based on these results we construct a model for the structure of the folded silk-based
block in solution. The particular structure that we obtained is one composed of two intercon-
nected parallel β-sheets. As this structure is very similar to the rather rare β-roll motif [166] we
likewise term it a β-roll. The β-roll structure is in good agreement with the fibril dimensions
obtained from AFM and SAXS experiments [71] and may well explain the CD spectra obtained
in water. To test whether this tentative model represents a thermodynamically stable state, we
need to sample the conformational space of the molecule and compute the relative free energies
with respect to alternative foldings. As mentioned before, starting an MD simulation from an
unfolded random coil state will take too much time because the folding process is a rare event
and the folding free energy landscape is rough. Likewise, a simulation starting from the β-roll
structure will not be able to explore the conformational changes due to the presence of high free
energy barriers. To overcome these high (un)folding barriers and explore the conformational
space of the silk block, we employ REMD simulations [131, 143, 167]. The REMD simulations
indicate that the β-roll is indeed the most stable structure in water. In methanol, however, a flat
β-sheet is most stable. This difference in behaviour is caused by the hydrophobic effect [168].
In addition, we show that direct sheet-roll transitions are possible in both solvents but that, de-
pending on the solvent, one structure is preferred above the other. Our findings can thus explain
why we find stable fibrils of an unusual structural motif in water [71], while previous studies
performed in methanol mixtures found a β-sheet structure [70, 160].

3.2 Methods

All MD simulations in this chapter were performed using the GROMACS package (version
3.3.2) [78]. All straightforward MD simulations were conducted in the NPT ensemble, where the
pressure was kept at 1 bar using Parrinello-Rahman coupling and the temperature was kept at
298 or 400 K with the help of a Nosé-Hoover thermostat. Bonds were constrained with LINCS,
allowing for a 2 fs timestep. In all simulation runs, the OPLS/AA [169] force field was used
to model the protein, in combination with the TIP3P water model. We performed an additional
REMD roll run using the GROMOS96 [170] force field in combination with the SPC water model
to investigate the dependence of our results on the force field used.

TheE(GAGAGAGAE)2 hairpin and longer repeats were constructed from the 1SLK or 2SLK
PDB [165] structures or from scratch using MOLMOL [171]. Because the 1SLK and 2SLK struc-
tures do not contain glutamate, this residue was inserted manually with MOLMOL. VMD [172]
was used for further visualisation.

As fibril formation happens at low pH, the Glu sidechains were protonated in all simulations,
the termini of the protein (or hairpins) were oppositely charged, resulting in an uncharged to-
tal system. After solvation of the neutral structures and energy minimisation, a short, protein
restrained run was performed to allow for equilibration of the solvent, followed by a 1 ns MD
simulation to equilibrate the whole system. Dodecahedral boxes were used with a volume of
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Name run system # res. V (nm3) # repl. t (ns) ensemble
MD 1slk 1SLK β-hairpin in water 17 45 1 10 NPT
MD 2slk 2SLK β-hairpin in water 17 45 1 10 NPT
REMD roll roll in water 81 90 48 10 NVT
REMD 1slk 2 1SLK sheets in water 2 x 41 117 48 17 NVT
REMD back 2 rolls in water 2 x 41 117 48 17 NVT
REMD methanol 2 1SLK sheets in methanol 2 x 41 117 48 17 NVT

Table 3.1: Overview of the simulation runs discussed in this chapter. See main text for description of
simulation details.

approximately 45 nm3 for the MD 1slk and MD 2slk simulations, 90 nm3 for the REMD roll
simulations and 117 nm3 for the REMD 1slk, REMD back and REMD methanol simulations
(see section 3.3 of a more detailed description of these simulation runs). A summary of all sim-
ulations discussed in this chapter is given in table 3.1.

The REMD simulations were performed in the NVT ensemble [131, 143, 167]. The swap
moves were governed by a perl script. To avoid biasing towards the initial structure, the first
1 ns in all REMD simulations was discarded before analysis. 48 replicas are used to cover a
temperature range from 298 K to 500 K. The temperature distribution was optimized to ensure
a constant acceptance probability of approximately 30% for the exchange of adjacent replicas
[143, 167]. An exchange was attempted every ps (500 MD steps) and protein structures were
saved with the same frequency. The simulation time per replica was 10 ns (a total integrated
time of 0.48 µs) in case of the REMD roll simulation, and 17 ns (total integrated time 0.82 µs)
for the REMD 1slk simulation, REMD methanol and REMD back simulations. The free energy
contour plots were obtained by taking the negative logarithm of the two dimensional probability
histograms to observe the order parameters of interest.

3.3 Results and Discussion

3.3.1 Structure Construction of the Silk-like Block

3.3.1.1 Previous Computational Efforts

Already in 1991 Fossey et al. [165] compared the stability of two possible β-sheet structures for
silk-like peptides: the in-register (RSPDB 2SLK) structure, in which the strands connect via γ-
turns and all alanine side-chains are on one side of the sheet, and the out-of-register (RSPBD
1SLK) structure, with the strands connecting through type II β-turns, exposing the alanine side-
chains of neighboring strands on alternating sides of the sheet. They found that the 2SLK
structure has the lowest free energy in vacuum. This structure was later confirmed by X-ray
crystallographic experiments [160]. However, the crystal rapidly loses structure when the hu-
midity is increased [164], suggesting that this structure is unlikely to occur in water. The 1SLK
structure on the other hand was supported by further calculations [173] and solid-state NMR
experiments [174].
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3.3.1.2 β-turn Conformations

Clearly, there is no consensus about the secondary structure of folded silk-like peptides in water.
To investigate which secondary structure element is most stable we perform several MD simula-
tions of small representative fragments in explicit solvent at 298K. We start with one 17 residue
hairpin with the sequenceE(GAGAGAGE)2. While such a small fragment cannot represent the
solution structure of the full polypeptide, it can suggest what type of motif is stable in aqueous
solution.

Two single hairpin configurations based on the 1SLK and 2SLK structures (see Fig. 3.2) were
simulated (MD 1slk and MD 2slk. The 1SLK hairpin loses its structure within 3 ns of simulation.
On the other hand, the γ-turn of the 2SLK hairpin rearranges itself within 2 ns to a structure that
can be denoted as a twisted hairpin (See Fig. 3.2), which is stable during the remaining 8 ns
of simulation. A Ramachandran plot (See Fig. 3.2a) shows the backbone dihedral angles of
the turn-forming residues Gly8 and Glu9 for the 1SLK- and 2SLK-based hairpins (after energy
minimisation) and the twisted hairpin. From this Ramachandran plot it follows that the main
difference between the 2SLK hairpin and the twisted hairpin is in the dihedral angles of Gly8.

3.3.1.3 β-roll Construction

All-atom MD of the entire solvated 384 residue silk-based block is computationally too expen-
sive. However, because this polypeptide is a highly regular repeat, it is very likely that the
folded state also exhibits much symmetry. We can therefore gain insight into the structure of
the whole silk-based block by studying only a fraction of the sequence. As a reasonable, but
still computationally accessible, model for the repetitive silk-based block we study the sequence
E(GAGAGAGE)10, amounting to approximately 20% of the total sequence (GAGAGAGE)48.
Note that the collagen-like block is not included at this point. As the CD results indicate that the
structure of the silk-like block is not influenced by the type of outer block present, this would be
a reasonable approach to model the central part of the silk-like block [70, 71].

To obtain a good starting structure we extend a twisted hairpin structure to five identical
hairpins, connect them by eliminating four E residues, and apply the above found φ− ψ angles
for the turn residues. Energy minimization of the resulting structure in vacuum and subse-
quently in water, followed by a 1 ns equilibration run resulted in the structure shown in Fig.
3.2b. Contrary to the more common β-sheets, which are built of anti-parallel strands, our struc-
ture consists of two interconnected sheets with parallel strands within one sheet. From Fig.
3.2b it can be seen that backbone hydrogen bonds are formed not only between the anti-parallel
strands of the hairpins (strands i, i+1) but also between the parallel strands (i, i+2) of the sheet,
thereby increasing the stability. The Ramachandran plot of Fig. 3.2a shows that the turns con-
necting the upper and lower sheet can be classified as reverse type II β-turns.

3.3.1.4 Comparison to Experiment

The structure we predict is very similar to the rather unusual β-roll motif [166]; we likewise label
it a β-roll. The β-roll motif was first observed in an alkaline protease of Pseudomonas aeruginosa
[175] and since then has been observed for several other cases, most notably in amyloid fibers
formed by the HET-s prion protein [176] and the amyloid-β(1-42) peptide [39]. In our case, the
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Figure 3.2: Characterisation of the turn induced in aE(GAGAGAGE)2 sequence by the Glu9 residue. (a)
The Ramachandran plot shows the φ- and ψ-angles of residues Gly8 and Glu9 for the 1SLK
hairpin structure (circles), the 2SLK hairpin (squares), the twisted hairpin (diamonds) and the
psi- and phi-angles of all turns of the 81 residue β-roll (triangles). Structures corresponding
to these angles are shown in b), c), d) and f), with the thin lines denoting hydrogen bonds,
and the beads indicating the Ala sidechains. The 1SLK hairpin (b) starts with a type II β-turn
but rapidly falls apart. The 2SLK hairpin (c) initially has a γ-turn but during the simulation
rearranges to form a twisted hairpin (f). The dashed arrow in (a) indicates the corresponding
change in the φ- and ψ-angles of Gly8. When multiple hairpins are attached to each other and
equilibrated, the turn-forming Gly and Glu residues rearrange once more as indicated by the
dotted arrows (a). This results in a β-roll structure, shown from above in (d). This β-roll is
very regular, can form hydrogen bonds both within and between its two parallel sheets and
has all Ala sidechains on the outside of the roll, which would be ideal for self-assembly of
multiple rolls (e).

roll has all alanine side chains pointing to the outside, thereby forming a hydrophobic surface
which could play an important role in stacking of multiple polymers. If we assume fibril growth
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to be perpendicular to the hydrogen bonding direction of the sheet [70], both the 1SLK and the
2SLK structures would result in a fiber with a height of 2.8 nm and a width of 22 nm. This width
is approximately twice the width of 13.6 nm obtained in our SAXS experiments [71], indicating
that the sheet has to be folded or rearranged in such a way that its width is reduced by roughly
a factor two. In contrast, a β-roll would have approximately the right width: extending the
10-repeat β-roll to the 48 repeats of the experimental polymer would give a width of 11.6 nm,
which is only 2 nm less than the value obtained with SAXS [71]. This small difference is readily
explained by a slight contribution of the collagen corona to the width measurement. Also, the
CD spectra are not inconsistent with the β-roll as, while they differ from a regular anti-parallel
β-sheet, they suggest a high β-turn content [71].

3.3.2 Assessing Thermodynamic Stability in Water by REMD Simulation

3.3.2.1 The Single β-roll

The β-roll is remarkably stable when simulated for 10 ns in explicit solvent at 298K or 400K.
However, the fact that a structure is mechanically stable for a period of several ns is not sufficient
evidence for its thermodynamic stability. For a system in equilibrium the thermodynamically
most stable state is characterised by a global minimum in the free energy. The β-roll structure
that we found might instead be a local minimum, and there may be a thermodynamically more
stable state, separated from the local minimum by a high barrier.

To investigate the thermodynamic stability we performed REMD simulations. In the REMD
simulation of the 10 repeat β-roll (REMD roll) the following order parameters were monitored:
root mean square deviation (RMSD) with respect to the equilibrated structure (Fig. 3.2b) of the
whole backbone (RMSDtotal), of the backbone of the N-terminal residues 1 to 25 (RMSD1-25)
or of the C-terminal residues 57 to 81 (RMSD57-81), Cα to Cα distance between residue 5 and
residue 21 (ALA5−21) or between residue 61 and 77 (ALA61−77) and the total solvent accessible
surface area (SAS). These order parameters were chosen as they indicate whether or not the
β-roll is formed and how much solvation of the backbone has occurred. While a fully formed
β-roll should unfold at high temperature, the β-roll turns out to be a very stable conformation
in our simulation, even at the highest temperature of 500 K (note: the force field is not valid at
these temperatures). In fact, only the outer hairpins (res. 1 to 25 and res. 57 to 81) unfold in our
simulation and therefore we monitor the RMSD of the C and N terminal, and not the middle
part (residue 26-56). As our prediction of the β-roll as a stable structure could depend on the
force field, we employed both the OPLS/AA [169] as well as the GROMOS96 [170] force fields.

While the OPLS/AA free energy landscapes hardly show any unfolding at all, the GRO-
MOS96 landscapes do indicate unfolding of the N- and C-terminal strands. All FE landscapes
in Fig. 3.3 show a pronounced minimum (R) corresponding to a fully folded β-roll conformation
with ALA5−21(ALA61−77) values of 0.48 nm and RMSD values around 0.05 to 0.3 depending on
precise conformation of the two terminal residues and the turn residues. For GROMOS96, the
N-terminus landscape (top right) another minimum (In1), with a free energy of 1 kBT relative
to minimum R, can be observed at higher RMSD but similar ALA5−21 distance. In this case
the terminal residues have changed their orientation but otherwise the β-roll structure is intact.
Two other minima are visible (In2 and Un) at higher RMSD and, for Un, also at higherALA5−21.
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Figure 3.3: Free energy landscapes of the REMD roll simulations projected in the (ALA5−21,RMSD1−25)
plane and the (ALA61−77, RMSD57−81) plane. Contour lines are 1 kBT apart. Although there
are clear differences between the OPLS/AA (left) and the GROMOS96 (right) results, both
show a fully formed β-roll (indicated by R) to be the most abundant structure.

These meta-stable states both have a free energy of 4 kBT relative to minimum R. However,
in the FE landscape of the C-terminus (bottom right) a minimum analogous to In1 is absent.
Instead a minimum (Ic) with a free energy of 3 kBT relative to minimum R is observed at an
ALA61−77 distance of 0.7 to 0.8 nm and higher RMSD of 0.4 nm, corresponding to a meta-stable
state which is partially unfolded. A relatively unstable minimum Uc, similar to Un, appears at
high RMSD and ALA61−77. Although the β-roll is a highly symmetric structure, differences in
the free energy landscapes are to be expected, as the N- and C-termini are not identical. This is
most likely caused by the different charges of the termini (see methods).

While there are differences between the results of the two force fields, the fact that both
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predict the β-roll as the most stable structure in water suggests that the current generation of
force fields is reasonably accurate in predicting relative stabilities [90].

3.3.2.2 1SLK β-sheet Structure Transforms into β-roll in Water

As mentioned above, both the 2SLK- and the 1SLK-based structures can potentially convert into
a β-roll and vice versa through rearrangement of their turns. In this section we investigate this
inter-conversion, in order to test which of these structures is thermodynamically more stable.
An MD simulation starting from a 2SLK sheet shows a quick collapse into a molten globule
state. Indeed, it was shown before that this structure is unstable in the presence of water [164]
and another study [173] has suggested the 1SLK structure as the best candidate for a stable
structure in water. A single 1SLK sheet of 41 residues, already quite flexible in a 10 ns MD run
at 298 K, will eventually unfold. Stacking two sheets stabilises the 1SLK structure substantially.
Therefore, we investigate the transition from a stack of two 1SLK sheets to β-rolls and vice versa
with REMD simulations (note that the size of each β-roll is twice as small as in the previous
section to keep the simulation tractable).

The first REMD simulation (REMD 1slk) starts from a stack of two 1SLK sheets. Impor-
tant characteristics of the β-roll when compared to the 1SLK sheet are the shifted hydrogen
bonds, which are now also located between strands i and i+2 and the smaller distance between
the parallel strands (measured as the distance between the Cαs of the alanine residues in the
center of each strand). Order parameters quantifying this difference are the Cα to Cα distance
between residue 5 and residue 21 (ALA5−21), between residue 13 and 29 (ALA13−29), between
residue 21 and 37 (ALA21−37), between residue 46 and 62 (ALA46−62), between residue 54 and
70 (ALA54−70) and between residue 62 and 78 (ALA62−78) (see Figs. 3.4 and 3.5).

As transitions of the two sheets can occur independently of each other they are analysed
separately in the simulation. Fig. 3.4 shows the FE landscape at 298 K for sheet 1 plotted in
the (ALA5−21, ALA13−29) plane, and for sheet 2 plotted in the (ALA54−70, ALA62−78) plane. For
sheet 2 the FE landscape is fairly symmetric, with two main minima: R (0.48 nm, 0.48 nm) and
S (0.9 nm, 0.9 nm). The deepest minimum R corresponds to a β-roll very similar to the one
constructed and simulated in the previous section. S has a free energy around +1 kBT higher
than R and corresponds to a structural intermediate between an extended 1SLK sheet (Ala-Ala
distances of 1.0 nm) and the β-roll in R. Minima I1 and I2, at respectively +3 and +4 kBT relative
to R, indicate metastable folding intermediates where one of the Ala-Ala distances has decreased
to 0.48 nm. Sheet 1 shows a similar FE landscape, although the R minimum is absent. Here the
minima S and I1 are most stable, while the minimum corresponding to I2 is found at +2 kBT .
The presence of I1 and I2 but absence of R indicates only partial β-roll formation. Neither of
these FE landscapes show a minimum that corresponds to the flat 1SLK sheet, which indicates
that this completely flat starting structure is unlikely in water. The C-terminus of sheet 1 is
much more flexible than the N-terminus. This is a result of partial unfolding at the ends during
the equilibration procedure; the same can be observed for the N-terminus of sheet 2. Also, this
indicates that the simulation had not fully converged.

To investigate the stability of the formed β-roll complex and possible other conversions of
either sheets, another REMD simulation (REMD back) is performed with a configuration taken
from the ensemble in the minimum R in which both sheets had formed a β-roll. Resulting FE
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Figure 3.4: Free energy landscapes and representative structures for the REMD 1slk (a,c) and REMD back
simulations (b,d). Plot (a) and (b) represent sheet 1, while (c) and (d) correspond to sheet 2.
Contour lines are 1 kBT apart. Starting from the 1SLK structure both sheets show a transition
to intermediate (I1 and I2) structures and sheet 2 also to a β-roll (labeled R). When starting
from two fully formed rolls (b,d), only sheet 1 visits the rippled β-sheet (S) minimum. The
cartoon at the bottom resembling an accordion pleat illustrates the sheet-to-roll transition
process, and identifies the distance order parameters between the alanine Cα used or the free
energy plots.

landscapes plotted in the (Ala5-21, Ala21-37) plane for sheet1 and in the (Ala46-62, Ala62-78)
plane for sheet 2 are shown in Fig. 3.4 on the right. For sheet 1, R is the main minimum, with
I, I2 and S found at +6 kBT . The landscape of sheet 2 only shows a single very deep minimum
corresponding to the β-roll.

While the two REMD simulations do not converge properly, a common problem in REMD
simulations [155, 167], combination of the two simulations shows that indeed in water a transi-
tion can occur from the 1SLK structure to a β-roll. This transition resembles that of an accordion
pleat, as is illustrated in Fig. 3.4.The reverse transition from β-roll to 1SLK can also occur, but
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Figure 3.5: Representative structures and mechanism of going from S to R via I1. S corrresponds to the
1SLK starting structure, I1 is intermediate I1 and R is the β-roll. The cartoon at the bottom
resembling an accordion pleat illustrates the sheet-to-roll transition process, and identifies the
distance order parameters between the alanine Cα used or the free energy plots (Fig 3.4).
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is much less likely: starting from two fully folded β-rolls, the inclination to change their struc-
ture is much smaller. The β-roll is therefore indeed likely to be the most stable state in aqueous
solution.

3.3.3 Assessing Thermodynamic Stability in Methanol

Contrary to our fibril formation experiments in water, previous experimental work [70, 160],
supportive of a β-sheet conformation for similar silk-based peptides, has been carried out in
methanol mixtures. In order to obtain insight into whether different solvents indeed favour dif-
ferent protein structures for the silk-based peptide it is worthwhile to investigate if the transition
from the flat 1SLK sheet to a β-roll as observed in the REMD-1slk simulation occurs in methanol
as well. Therefore an additional REMD simulation of a stack of two 1SLK sheets solvated in
methanol (REMD met) is performed. The resulting FE landscapes plotted in the (ALA5−21,
ALA13−29), (ALA13−29, ALA21−37), (ALA46−62, ALA54−70) or (ALA54−70, ALA62−78) planes are
shown in Fig. 3.6. These order parameters again show the difference between a β-roll and flat
β-sheet.

Similar to the water simulations, the terminal strands have a fairly high flexibility. All FE
landscapes show a pronounced minimum S (0.95 nm, 0.95 nm) corresponding to a nearly flat
sheet. A minimum corresponding I1 is only observed in the (ALA13−29, ALA21−37) plane at +4
kBT relative to S, while the I2 minimum is only observed in the (ALA5−21, ALA13−29) landscape
at +1 kBT . A minimum corresponding to a β-roll is not observed in any of the landscapes.
Some of the landscapes show shallow minima at increased Ala-Ala distances indicative of more
unwound structures. Cluster analysis performed to reveal the most prevalent structures for the
simulations showed that in water over 30% (REMD 1slk) to 90% (REMD back) of all structures
in the ensemble belonged to the R minimum. In methanol about 50% of all structures were
found in the S minimum and less than 2% belonged to a roll-like structure. These results can
also explain why a classical β-sheet CD spectrum was obtained for PEG-(GAGAGAGE)n-PEG in
a methanol/formic acid mixture [70], but not for our very similar collagen-silk-collagen triblock
copolymer in water [71].

3.3.4 The Hydrophobic Effect

The differences between the structures observed in water and in methanol can be explained by
the hydrophobic effect. A thermodynamic description of this effect is given by the solvation free
energy, which is equal to the sum of the free energy of formation of a cavity of the size of the
solute, and the solute-solute and solute-solvent interaction energy [168]. The transition to the
β-roll roughly divides the sheet’s width by two, and doubles the length of the stack. This means
we can neglect the already small PV term in the free energy, as the volume of the stack stays
constant to a first approximation. If we moreover neglect the change in chain entropy, the total
free energy difference for the sheet-roll transition equals the sum of the cavity formation free
energy difference ∆Gcav and the solute-solute and solute-solvent interaction energy difference
upon the transformation [168].

The solute considered here is so large that the surface free energy is the dominant factor in
the cavity formation [168]. Therefore the cavity formation free energy is Gcav ≈ Aγ, with A
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Figure 3.6: Free energy landscapes for the REMD methanol simulations plotted in different represen-
tations: a) (ALA5−21, ALA13−29), b) (ALA13−29, ALA21−37), c) (ALA46−62, ALA54−70), d)
(ALA54−70, ALA62−78). Plot (a) and (b) correspond to sheet 1, while (c) and (d) correspond
to sheet 2. Contour lines are 1 kBT apart. Contrary to the FE landscapes shown in figures 3
and 4, here the most pronounced minimum, indicated with S, represents a nearly flat β-sheet,
although transitions to a partly formed β-roll (indicated by I1 and I2) do occasionally occur.
A fully formed roll (R) is not observed.

the surface area of the solute and γ the surface tension of the liquid-vapor interface. The cavity
formation free energy difference between the β-roll and the β-sheet is then simply ∆Gcav =
∆Aγ.

In our REMD 1slk simulation the formation of the β-roll from a stack of β-sheets is accompa-
nied by a reduction in the solvent-accessible (or exposed) surface area of approximately 5 nm2,
corresponding to about 10% of the total surface. This reduction provides the major driving force
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for the roll β-formation. With a liquid vapor surface tension for water γ = 0.072N/m the cavity
formation free energy difference for the sheet-stack transition is ∆Gcav ≈ −5 × 0.072 × 602 =
−210kJ/mol ≈ −87kBT . This strong driving force should be enough to compensate for the
loss of interaction between the solvent and the solute. For larger silk blocks the driving forces
are likely to be proportionally stronger, making the β-roll truly the stable solution structure in
water. The hydrophobic effect is more than three times weaker in methanol, enabling the sol-
vation of a larger solute surface. The lower surface tension of methanol γmeth = 0.020N/m
yields ∆G ≈ −60kJ/mol ≈ −25kBT , which is most likely not enough to overcome the loss in
solvent-solute interaction energy, suggesting why in methanol β-rolls do not form.

Interestingly, from our simulations it follows that the number of backbone hydrogen bonds
remains constant upon formation from the β-sheet. Hence, the β-roll is not stabilized by more
backbone-backbone hydrogen bonds, although there are more hydrogen backbone possibilities,
as a strand can not only hydrogen bond to the nearest neighbouring strands but also to the
next-nearest-neighbour strands. This might lead to a increase in entropy. In contrast, during
the transformation from sheet to roll around 15 hydrogen bonds (out of 105) to the surrounding
water are lost, corresponding to around 15% of the total. This represents a loss in interaction
energy but a gain in translational entropy of the solvent. In methanol only 6 hydrogen bonds
out of 63 (about 10%) to the solvent are lost. This difference shows, again, that indeed the free
energy change for β-roll formation is much stronger in water than in methanol.

This discussion only gives a qualitative explanation of the transition, and it is clear that more
work is required to obtain insight in the exact quantitative contributions to the free energies.

3.4 Conclusions

We performed extensive molecular dynamics and replica exchange MD simulations of the mid-
dle silk-like (GAGAGAGE)n block of a fibril forming polypeptide triblock copolymer. Based on
our simulations we predict that a structure composed of two interconnected parallel β-sheets is
the most stable structure in water. To our surprise, this structure is very similar to the rather
rare β-roll motif [166], and so we likewise term it a β-roll.

The higher stability of the β-roll when compared to standard β-sheets may partially result
from increased hydrogen bond possibilities: not only can hydrogen bonds be formed between
nearest neighbour strands but also between next-nearest-neighbour strands. In addition, the
β-roll has a smaller water exposed surface. The β-roll structure is in good agreement with the
fibril dimensions obtained from AFM and SAXS experiments, and is not inconsistent with the
CD spectra [71]. Moreover, the β-roll has excellent properties for fiber self-assembly, as the
alanine methyl side chains form a tightly packed hydrophobic surface on both faces of the roll.
In contrast, we find that in methanol a flat β-sheet is most stable. This difference in behaviour is
caused by the hydrophobic effect [168].

The REMD simulation showed that direct sheet-roll transitions via a simple accordion pleat
transformation are possible in both solvents. While the REMD simulation accelerates the explo-
ration of the configuration space substantially, we realize that the method cannot guarantee to
find the global free energy minimum, and suffers from convergence problems. The β-roll struc-
ture that we find is therefore only a prediction. Nevertheless, in our opinion the fact that the
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roll can transform into a sheet and vice versa gives this prediction much more weight. During
the transformation from sheet to roll the solvent accessible surface area decreases by 10%. For
water, this reduction leads to a substantial gain in free energy that more than offsets the ener-
getic loss of solute-solvent interaction. Methanol has a 3 times lower surface tension, which is
not high enough to drive the transition toward the β-roll. This finding also explains why in pre-
vious studies performed in methanol mixtures, a β-sheet structure was found [70, 160], which
transformed into some other structure upon exposure to water [164].

These observations help explain differences in supramolecular structures obtained from very
similar building blocks and thereby aid the development of new nanomaterials. In particu-
lar, the notion of a β-roll as a building block may inspire researchers to come up with novel
supramolecular assemblies.
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