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1. Introduction

A promising route to the rational design of functional 
nanomaterials is a bottom–up approach that makes 
use of the self-assembly of molecular building blocks 
and exploits the physical principles that govern 
inter- and intra-molecular interactions [1–3]. This 
is particularly true for biomimetic materials based 
on proteins and peptides as basic molecular units 
[4–7] albeit that this does require an understanding 
of the relation between their molecular structure 
and self-organization properties. Recent advances in 
experimental, theoretical and simulation techniques 
have drawn attention to the role played by factors 
such as the protein concentration, hydrophobic, 

hydrophilic and electrostatic interactions, the salinity, 
temperature, pressure, pH and so on [8–11]. By 
controlling the primary sequence one can in principle 
control the way that the designer protein molecule 
responds to these factors and control its structure and 
function [12–16].

An application of interest is gene therapy, relevant 
in the context of treatments of cancer, HIV (human 
immunodeficiency virus) and SCID (severe combined 
immunodeficiency), where a therapeutic gene is deliv-
ered into target cells [17, 18]. In order to successfully 
deliver the therapeutic gene into the target cells, a pro-
tective shell is required that shields the genetic mat erial 
from degradation and attack by nucleases [19, 20]. One 
way to do this is to use a virus as a delivery vehicle but 
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Abstract
By means of replica exchange molecular dynamics simulations we investigate how the length of a 
silk-like, alternating diblock oligopeptide influences its secondary and quaternary structure. We 
carry out simulations for two protein sizes consisting of three and five blocks, and study the stability 
of a single protein, a dimer, a trimer and a tetramer. Initial configurations of our simulations are 
β-roll and β-sheet structures. We find that for the triblock the secondary and quaternary structures 
upto and including the tetramer are unstable: the proteins melt into random coil structures and the 
aggregates disassemble either completely or partially. We attribute this to the competition between 
conformational entropy of the proteins and the formation of hydrogen bonds and hydrophobic 
interactions between proteins. This is confirmed by our simulations on the pentablock proteins, 
where we find that, as the number of monomers in the aggregate increases, individual monomers 
form more hydrogen bonds whereas their solvent accessible surface area decreases. For the 
pentablock β-sheet protein, the monomer and the dimer melt as well, although for the β-roll protein 
only the monomer melts. For both trimers and tetramers remain stable. Apparently, for these the 
entropy loss of forming β-rolls and β-sheets is compensated for in the free-energy gain due to the 
hydrogen-bonding and hydrophobic interactions. We also find that the middle monomers in the 
trimers and tetramers are conformationally much more stable than the ones on the top and the 
bottom. Interestingly, the latter are more stable on the tetramer than on the trimer, suggesting that as 
the number of monomers increases protein-protein interactions cooperatively stabilize the assembly. 
According to our simulations, the β-roll and β-sheet aggregates must be approximately equally 
stable.
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this apparently has disadvantages, e.g. associated with 
toxic immunological responses [21, 22]. An alternative 
approach is to design bio-compatible proteins that are 
able to self-assemble on the genetic material and form 
an artificial virus-like particle [23, 25].

Very recently a possible candidate for such an arti-
ficial DNA coat protein was proposed by de Vries and 
coworkers [25]. The protein is a triblock copolymer 
made up of a cationic DNA-binding motif, similar to 
the nucleic-acid binding domains in viruses, a colla-
gen-like hydrophilic random coil motif that provides 
colloidal stability in aqueous solution and a silk-like 
protein block. The design is based on the hypothesis 
that the latter self-assembles into β-sheets (at least in 
the aggregated state), that is, stack on top of each other 
via hydrogen bonding and hydrophobic interactions, 
and stabilize the protein aggregate around the DNA.

The work of de Vries et al shows that that the tri-
block copolymer is indeed capable of self-organizing 
into a capsid around the DNA, protect it against the 
action of nucleases and successfully transfect cells [25]. 
One of the important design parameters is the length 
of the silk-like block that consists of a variable  number 
of copies of a repeat unit. Below a critical length, 
the sequence does not seem to form a β-sheet, self-
assemble and provide sufficiently dense coverage on 
the DNA to protect it against attack by the nucleases. 
However, if the number of repeat units is too large the 
binding of the protein to the DNA may well become 
too strong, interfering with the expression of the target 
DNA in the cell [25].

To shed light on the influence of the number of 
repeat units in a silk-like protein similar to that of the 
core of the protein of de Vries and collaborators, we 
carry out all-atom replica exchange molecular dynam-
ics simulations on proteins consisting of three and five 
repeat units that we specify below. We restrict ourselves 
in this work to aggregates consisting of one to four pro-
teins in free solution and investigate the stability of the 
folded structure as well as that of the aggregates them-
selves. In follow-up work we extend this to simulation 
studies in the presence of DNA, which are computa-
tionally much more demanding.

Before presenting our simulations, we note that 
the influence of the length of β-sheet forming silk-
like proteins on their assembly into fibers has also 
been studied experimentally [12, 24, 26]. For instance, 
Davies and coworkers studied the self-assembly of 
peptides containing seven and nine amino acids with 
sequences CH3CO-RLQLQLE-NH2 and CH3CO-
QRLQLQLEQ-NH2 [12]. They observe that above 
a critical concentration the 7mers and 9mers, which 
have a random coil structure in the monomeric state, 
self-assemble into inter-molecular β-sheet tapes. The 
critical concentration was lower for the case of the 
9mers, indicating that the binding energy for the 9mer 
must be larger than that of the 7mer. This is plausi-
ble because more hydrogen bonds form between the 
longer peptides compared to the shorter ones.

From these experiments it is not possible to say 
whether dimers and trimers are also part of the full 
fiber length distribution that might be dominated by 
long assemblies. The reason is that the authors focus 
on circular dichroism spectroscopy that allows one to 
probe the assembled fraction of proteins and not the 
size distribution. Whilst informative, measurements 
like this cannot provide us with an insight at fully atom-
istic detail of the molecular processes at the root of the 
stability of the very long assemblies. Computer simula-
tions, however, can provide such atomistic detail. For 
example, Schor and collaborators studied by means of 
replica exchange molecular dynamics (REMD) simu-
lations in explicit solvent the most stable structure of 
a fiber forming silk-like protein, containing six repeat 
units of an amino acid sequence [(GA)3-GE] in aque-
ous solution. The authors performed simulations on 
a single protein starting from β-sheet or β-roll struc-
tures as well as a dimer containing two β-sheets or  
β-rolls that are stacked on top of each other to find 
which of the two structures is more stable. They find 
that in both monomeric and dimeric states the β-roll 
structure is the most stable structure [37].

Recently, we repeated the simulations of Schor and 
coworkers for a monomer and a dimer and in addition 
to this we carried out simulations with a trimer and a 
tetramer of their silk-like protein in both explicit and 
implicit solvent [27]. For the same amount of simula-
tion time we obtain the same result as Schor et al but by 
extending our simulations to longer time scales we find 
that in monomeric and dimeric states both the β-sheet 
and β-roll structures melt into random coil structures. 
This shows that more frequent sampling of the fewer 
replicas required for simulations with implicit sol-
vent, and probing longer time scales that can then be 
achieved in REMD simulations, are crucial for suffi-
cient sampling of the phase space of our protein. Here, 
we present results of replica exchange computer simu-
lations focusing on the self-assembly of a slightly dif-
ferent silk-like protein consisting of two types of repeat 
unit K[(GA)3-G] and Q[(GA)3-G]. See table 1 for the 
primary sequence of our protein. In our simulations 
we make use of an implicit solvent model and consider 
two values of the number of repeat units, n  =  3 and 5. 
We carry out simulations starting from one, two, three 
and four β-sheet or β-roll structures stacked on top of 

each other.
We find that for the case of the proteins with n  =  5 

repeat units, the monomer and dimer β-sheets melt 
into a disordered globular state whereas the dimer  
β-roll and trimers and tetramers of β-sheets and β-

Table 1. The primary sequence of our triblock (n  =  3) and 
pentablock (n  =  5) proteins.

Number of (GA)3G 

blocks Primary sequence

n  =  3 K(GA)3GQ-(GA)3GK(GA)3GQ

n  =  5 [K(GA)3GQ-(GA)3G]2K(GA)3GQ

Phys. Biol. 15 (2018) 066010
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rolls are stable. In contrast, the proteins with n  =  3 
repeat units melt into random coil structures and dis-
assemble within the simulation time. This indicates 
that the protein-protein binding free energy increases 
with increasing the number of repeat units. This is 
arguably caused by stronger inter-molecular interac-
tions due to (i) a larger number of hydrogen bonds in 
the aggregates of the larger proteins and (ii) the fact 
that the solvent accessible surface area per monomer 
decreases more rapidly with aggregate size for the pro-
teins with n  =  5 than those with n  =  3.

The remainder of this paper is organized as fol-
lows. In section 2, we present the methods that we use 
in our simulations and the way we analyze our data. We 
discuss obtained results in section 3. Section 3.1 high-
lights our simulation results for the proteins with five 
repeat units. These results are compared with our find-
ings on the triblock proteins in section 3.2. Finally, sec-
tion 4 is devoted to conclusions.

2. Simulation method and analysis

We perform all-atom molecular dynamics simulations 
of a single protein, a dimer, a trimer and a tetramer 
of a silk-like protein with an alternating amino 
acid sequence K[(GA)3-GX]n, where X stands for 
glutamine and lysine, see table 1. We make use of 
the Amber simulation package [28] and employ 
the ff99SB force field [29], in combination with the 
generalized Born (GB) implicit solvent model [30], 
which represents solvent as a countinuous medium 
without artifacts from periodicity. In these simulations 
solvation energies become part of the total energy of 
the system and the forces driving dynamics contain 
the derivatives of this term. The GB is widely applied 
implicit-solvent model in atomic scale simulations, 
approximates long range electrostatic interactions 
based on an analytical formula given in literatures 
[31–33]. The average energetic contribution of solute–
solvent hydrogen bond is also included in implicit 
solvent model [30, 34]. This also serves to enhance 
sampling and rapid convergence due to the absence 
of solvent frictional forces which is not required re-
organization of explicit water molecules in response 
to protein conformational changes. The effective salt 
concentration in our simulations equals 0.1 M, which 
is implemented in the simulations by including a 
Debye–Hückel-type term [35] in the calculation of the 
electrostatic interaction energy of the implicit solvent 
model.

By choosing an implicit solvent model instead of 
an explicit one we reduce the computational cost of 
our simulations. This allows us to reach longer time-
scales compared to simulations with explicit solvent 
because (i) we need less computing time for each rep-
lica and (ii) we need fewer replicas. In a recent study 
on a similar protein with an amino acid sequence of 
[(GA)3-GE]5 we have shown that (i) for this protein 
and for the same amount of simulation time the results 

of implicit solvent simulations agree well with those of 
explicit solvent ones and (ii) by extending the implicit 
solvent simulations to longer timescales we have found 
that to study the self-assembly of our protein a suffi-
ciently long simulation is required [27].

We run simulations with n  =  3 and 5 repeat units 
starting from β-sheet and β-roll structures that are 
created using the Xleap program in AmberTools. The 
difference between β-sheet and β-roll structures is that 
in the β-sheet structure each repeat unit forms hydro-
gen bonds with its nearest neighbor in the protein 
sequence, whereas in β-rolls the hydrogen bonds are 
mostly formed between each repeat unit and the next-
nearest neighbor. In order to create these structures we 
make linear protein chains using the Xleap program 
and pull the nearest (for the β-sheet) or the next-near-
est (for the β-rolls) repeat units together during a short 
simulation run using the Amber simulation package. 
Cartoons of the monomers of a β-sheet and a β-roll 
structures is given in figure 1. Schematic images of pro-
teins presented in this paper are created using VMD 
software [36].

All simulations are performed using Langevin 
dynamics in implicit solvent, mimicking conditions 
where the lysine residues and the proteins as a whole 
are either charge neutral or the ionic strength is suf-
ficiently large to effectively screen Coulomb interac-
tions between charged groups. Partial positive and 
negative charges are invoked to model electro-negative 
and -positive atoms. Multimers of β-sheets and β-rolls 
are created by copying and translating monomers in 
the direction perpendicular to the β-sheet or β-roll 
plane over an arbitrary distance of 0.6 nm. From our 
simulations we find that for this choice individual  
proteins are able to find each other and bind within a 
reasonable simulation time. Note that our procedure 
conserves the broken up–down symmetry of the pro-
teins and maximizes the contact area between them. 
This is necessary because the proteins in cross sec-
tion are not symmetric. All initial structures are energy 
minimized prior to our simulations.

For each of the protein aggregates we run replica 
exchange molecular dynamics (REMD) simulations in 
the temperature range of 298–554 K. This temperature 
range we distribute over ten replicas for the monomers 
and dimers of the aggregates consisting of the pro-
tein with n  =  3 repeat units and for the monomers of 
proteins with five repeat units (n  =  5). For the trim-
ers and tetramers of the shorter proteins with n  =  3 
and for the dimers, trimers and tetramers of proteins 
with n  =  5 the temperature range is somewhat smaller, 
298–511 K, and spread over 12 replicas.

The temperature distribution is chosen in such 
a way that the replica exchange probabilities are 
between 10% to 30%, as is customary [37]. A replica 
exchange attempt is done every 500 MD steps, with 
each step representing 2 fs of real time. The exchange 
probability is determined by a Metropolis algorithm, 
where the weight factors are given by the product of the  

Phys. Biol. 15 (2018) 066010



4

J Razzokov et al

Boltzmann factors for each replica. The overall REMD 
simulation time is different depending on the size of 
the aggregates, but varies between 20 ns and 40 ns per 
replica. In our simulations the average time that it takes 
for a replica at the lowest temperature to diffuse up in 
the temperature space, reach the highest temperature 
and diffuse back to the lowest temperature is about 1 
to 3 ns. This shows that the overall REMD simulation 
time is sufficient for our conformers to explore the all 
replicas at different temperatures. Besides, substantial 
speedup conformational changes is observed by using 
implicit solvent models in literatures [31, 38].

To analyze our simulation data we calculate the 
number of hydrogen bonds within each protein aggre-
gate, the root mean-square deviation (RMSD) of each 
aggregate from its initial structure and the solvent 
accessible surface area (SA). The number of hydro-
gen bonds in each simulation frame we determined 
by measuring the distance between H-bond donors 
and acceptors, using a cutoff of 0.3 nm, and the angle 
between the acceptor, hydrogen and donor atoms for 
which the cutoff is 135°. For calculating the RMSD, 
we take the initial configuration of each simulation 
as a reference structure, which consists of a single or 
multiple β-sheets or β-rolls depending on the system 
we study, and compute the RMSD between all atoms of 
each frame to the atoms in the reference configuration. 
To probe the solvent accessible surface area (SA) of our 
protein systems, a ‘rolling-ball’ algorithm is used in 
which a spherical probe of radius of 0.14 nm moves on 
the surface of the protein [39].

In REMD simulations, trajectories are in a way 
not continuous in time, because they are exchanged 
between replicas at given intervals with a certain prob-
ability. Therefore, instead of calculating the number 
of hydrogen bonds, the RMSD and the SA as a func-

tion of time, we obtain the free energy of our protein 
systems, ∆G , as a function of each of the quantities 
mentioned above. To do this, first, from the data of the 
lowest temper ature replica, we count the number of 
occurrences in which our system is in state X, which 
corresponds to a value of, e.g. the RMSD. Next, the 
probability, Π(X), of finding our system at a state X is 
computed from the number of occurrences. Finally, 
the free-energy is calculated using the Boltzmann 
relation Π(X) ∝ exp−∆G(X)/kBT , where kB is the 
Boltzmann constant and T is the temperature. The 
global minimum of the free energy we arbitrarily set 
to zero as we can only probe free energy differences 
within a single simulation run.

In the following, we shall first discuss our results 
for the protein consisting of five repeat units, and after 
that contrast that to what we find for the triblock pro-
tein.

3. Results and discussion

3.1. Cooperative stabilization of folded pentablock 
proteins
Focusing first on a discussion of our simulation results 
on the assemblies of our five-repeat unit protein, we 
remind the reader that for each of the assemblies the 
initial configurations start off from all β-sheet and all 
β-roll structures. Shown in figure 2 are representative 
snapshots of a monomer, a dimer, a trimer and a 
tetramer taken from the simulations with initial  
β-sheet structures, and similar ones for the initial β-
roll structures in figure 9. Note that these snapshots are 
not necessarily the final structures of the simulations, 
they represent the most stable ones.

In our simulations, the monomers and the dimers 
of the β-sheets melt into a random coil whereas their 

Figure 1. Schematic representation of (a) a β-sheet and (b) a β-roll structure of our silk-like protein. Here each monomer contains 
n  =  5 repeat units. Proteins consisting of n  =  3 repeat units are created taking 3 strands of each monomer.

Phys. Biol. 15 (2018) 066010
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trimeric and tetrameric states are much more stable. 
For the β-rolls only the monomers melt within our 
simulation time, and dimers, trimers and tetramers are 
stable albeit one of the outer monomers of the tetramer 
melts. To quantify these observations we measure the 
root mean-square deviation (RMSD) of our proteins 
using snapshots that we take every 500 MD steps start-
ing from their initial structures. Shown in figure 3 are 
results for the β-sheets, we have very similar ones for 
the β-rolls (not shown).

Figure 3, shows that the minimum of the free 
energy for the monomer and one of the monomers in 
the dimer occur almost at the same value of the RMSD. 
This is because in our simulations the monomers in the 
dimer melt into random-coil-like structures, separate 
and turn into two individual random-coil monomers. 
The minimum of the free energy moves to lower values 
of the RMSD for the monomers that reside in the center 
of the trimer and the tetramer; the RMSD curves corre-
sponding to these monomers are in figure 3 referred to 
as trimer(middle) and tetramer(middle(1)).

There are two minima in the free-energy landscape 
of the trimer(middle) that are indicated in the figure as 
5S1 and 5S2. One of these minima is associated with 
a β-sheet structure and the other one corresponding 

to the deepest minimum, 5S2 is a β-sheet with one of 
the strands molten. Renderings of these structures are 
given in figure 4. For the tetramer(middle(1)), there are 
also two minima approximately on the same values of 
the RMSD but the deepest one corresponds to the 5S1 
structure. The width of the potential well in this case is 
smaller compared to that of the trimer(middle) protein 
indicating that the tetramer(middle(1)) protein has 
less conformational freedom.

Within the trimer and the tetramer structures, the 
conformations of the monomers in the center fluctu-
ate much less than those at both ends of the aggregates. 
The fluctuations can be quantified by measuring the 
RMSD for the individual monomers in the trimer and 
tetramer. Shown in figure 5 is the RMSD for the indi-
vidual monomers in the tetramer. The monomers in 
the middle of the tetramer are very stable and their 
free-energies exhibit a deep minimum at 0.22 nm. The 
standard deviation of RMSD for these monomers is 
about 0.04 nm. In contrast, the free-energy landscape 
of the ones on the top and bottom of the aggregate, 
which are in contact with water, is much broader. In 
this case the standard deviation of RMSD is about 
0.2 nm. Their free-energy minimum corresponds to 
the 5S2 structure that can turn into the 5S3 structure 

Figure 2. Representative snapshots of simulations at the temperature T  =  298 K starting from a monomer, a dimer, a trimer and a 
tetramer of β-sheets with five repeat units. Here each monomer contains n  =  5 repeat units.

Figure 3. Free energy, ∆G , obtained from simulations starting from a monomer, a dimer, a trimer and a tetramer of β-sheets 
consisting of five repeat units, as a function of the root-mean square deviation of snapshots of the monomer, one of the monomers 
in the dimer and monomers in the middle of the trimer and tetramer from their initial (β-sheet) structures. The structures 
corresponding to the minima of the free energy are denoted as 5S1, 5S2, 5R1 and 5R2 and shown in figure 4.

Phys. Biol. 15 (2018) 066010
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by overcoming a relatively small free-energy barrier as 
is clear from figure 5.

Our results on structures starting from β-rolls mir-
ror these findings. The only difference between the  
initial β-roll and β-sheet structures is in the confor-
mational asymmetry of the top and bottom mono-
mers. For the β-sheet structure our results point at a 
much more symmetric configuration, as evident from  
figure 5. Since both β-rolls and β-sheets are inherently 
chemically not mirror symmetric, we expect both 
types of assembly to be symmetry-broken. Obviously 
we cannot exclude the possibility that in a longer simu-
lation run both structures would exhibit this structural 
asymmetry.

The monomers in the center of the trimers and 
tetramers are more stable than the ones on the top and 
the bottom of the aggregate. However, the free-energy 
landscapes of the monomers in the center of the trim-
ers are broader than those in the center of the tetram-
ers. This suggests that the trimer is not as stable a struc-
ture as a tetramer. Interestingly, the monomers at the 
top and the bottom of the tetramer are also structur-
ally more stable than the outer monomers of the trimer 
(data not shown). This indicates that the more stable 
β-sheets in the center of the aggregates restrict the 
fluctuations of the outer monomers via inter-molec-
ular interactions and hence stabilize the structure as 
a whole. Considering that β-sheet dimers are not sta-

Figure 4. Snapshots of minimum free energy configurations representing a (5R1) random-coil structure, (5R2) a random coil 
with more surface exposed to water, (5R3) two random coils bound to each other, (5S1) a β-sheet, (5S2) a β-sheet with a molten 
strand, (5S3) a β-sheet with two molten strands. See also figure 5. These snapshots are taken from the lowest temperature replicas 
corresponding to a temperature T  =  298 K. 5R1, 5R2 are snapshots of simulations started from a monomer β-sheet and 5R3 is taken 
from a simulation on a dimer starting from β-sheet structures. 5S1, 5S2 and 5S3 structures are taken from simulation on tetramers 
consisting of β-sheets.

Figure 5. Free energy, ∆G , obtained from simulations starting from a tetramer of β-sheets with five repeat units as a function of 
the root-mean square deviation of snapshots of the individual monomers in the tetramer. The structures corresponding to the 
minima of the free energy that are denoted as 5S1, 5S2, 5R1 and 5R2 shown in figure 4. The average of RMSD of the monomers 
is RMSD ≈ 0.22 nm with a standard deviation of about 0.04 nm. The average and standard deviation of the top and bottom 
monomers are about 0.7 nm and 0.2 nm.

Phys. Biol. 15 (2018) 066010
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ble at all, this suggests a gradual increase in stability of 
the assemblies with increasing degree of polymeriza-
tion. This is consistent with density functional the-
ory calculations of Filot et al, where the authors find 
that the absolute value of average interaction energy 
between self-assembling C3-symmetrical trialkylben-
zene-1,3,5-tricarboxamide- based polymers increases 
as a function of the number of monomers [40].

To verify that the stability of our protein increases 
with increasing degree of polymerization, we calcu-
late the number of hydrogen bonds and the solvent 
accessible surface area as a function of the number 
of monomers in the aggregates. Shown in figure 6 is 
the free energy landscape of all of our assemblies as 
a function of number of hydrogen bonds per mono-
mer, starting off from β-sheet structures. In figure 7, 
only simulation results for the β-roll structures for 
the monomer and tetramer are shown for clarity. As 
expected, the location of the minimum of the free 
energy of the monomer and the dimer configurations 
is approximately at the same value, corresponding 
to about four hydrogen bonds per monomer. Again, 
this is because the β-sheet monomers in the dimer 

melt, separate and form individual monomers. As 
the number of monomers increases the average num-
ber of hydrogen bonds per monomer shifts to higher 
values and the corre sponding standard deviation 
decreases. This confirms that our protein structures 
become more stable as the number of monomers in 
the aggregates increases.

For the trimer and tetramer configurations, we find 
that the location of the free-energy minimum shifts to 
larger number of hydrogen bonds as a function of the 
number of monomers, because of the formation of 
inter-monomer hydrogen bonds. So, the free energy 
gain associated with additional hydrogen bonding 
increases with the number of monomers, arguably 
offsetting the entropy loss of formation of the β-sheet 
structures from random coils (molten globules) that 
also increases with the number of monomers. In fact, 
hydrogen bonds are also involved in the bonding 
between the proteins.

Assemblies are presumably not only stabilized by 
inter-molecular hydrogen bonding but also by hydro-
phobic interactions between the proteins. This we can 
probe by calculating the solvent accessible surface area 

Figure 6. Free energy, ∆G , obtained from simulations at temperature T  =  298 K starting from a monomer, a dimer, a trimer and 
a tetramer of β-sheets of our protein consisting of five repeat units, as a function of the number of hydrogen bonds divided by the 
number of monomers. The values of the average and standard deviation for a monomer, a dimer, a trimer and a tetramer are  
(4.6, 2.19), (4.5, 1.7), (8.7, 1.5) and (10.5, 1.4), respectively.

Figure 7. Free energy, ∆G , as a function of (a) the number of hydrogen bonds per monomer and (b) the solvent accesible surface 
area, SA, for the monomers and tetramers computed from simulations that start from β-roll or β-sheet structures.

Phys. Biol. 15 (2018) 066010
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(SA) for each of the assemblies because our proteins 
are almost entirely made up of hydrophobic amino 
acid residues (only Glutamine is polar). For all of 
the structures starting from β-sheets this is shown in  
figure 8, and for the monomer and tetramer of the 
initial β-roll configurations in figure 7. The fig-
ures clearly demonstrate that as the assemblies grow 
in size more of the hydrophobic surface is buried 
inside the assembly. This means that the overall free-
energy cost of the contact of the hydrophobic residues 
of the proteins with water decreases as a function of 
the degree of polymerization of the assemblies. This 
can be used to estimate effective binding free ener-
gies and a critical polymerization concentration, that, 
as we shall see, are virtually the same for both the β-
sheets and the β-rolls.

All of this indicates that β-sheet and β-roll assem-
blies must be equally stable, at least within our simu-
lations. This is rather surprising, considering that 
the large-scale structure of the both types of assem-
bly appear very different. Indeed, as shown in fig-
ure 9(b), the width of a tetramer consisting of the β-
rolls is smaller than that of the β-sheets. The former 

is about 1.3 nm and the latter equals approximately 
1.9 nm. On the other hand, if we consider the internal 
structure of the β-roll tetramer then it becomes evi-
dent that the β-rolls form inter-molecular β-sheets, 
that is, hydrogen bonds are formed between strands 
of two or more of the β-rolls. See figure 9. The β-roll 
tetramer actually resembles a tetramer consisting of 
tilted β-sheets. This presumably explains the small 
difference in stability. We return to this in the follow-
ing section.

First, however, we discuss stability of the structure 
of assemblies formed by the triblock protein and com-
pare this with what we found for the pentablock.

3.2. Stability of the triblock proteins
The question arises how the results that we obtained 
in the previous sections depend on the length of the 
silk-like protein sequence, i.e. on the number of repeat 
units that make up this protein. As alluded to in the 
introduction, this is relevant to the experiments of 
de Vries et al, where increasing the number of repeat 
units of the silk-like block promotes the self-assembly 
of the proteins on a DNA molecule [25]. To address 

Figure 8. Free-energy, ∆G , obtained from simulations at temperature T  =  298 K starting from a monomer, a dimer, a trimer and 
a tetramer of β-sheets consisting of five repeat units as a function of the solvent accessible surface area divided by the number of 
monomers.

Figure 9. (a) From the left to the right: snapshots of simulations representing two β-rolls forming inter-molecular β-sheet (5Ro1), 
a β-roll with a molten strand (5Ro2), a β-roll with a molten strand and a half molten strand (5Ro3). (b) Snapshots of tetramers 
containing the β-rolls (on the left) and β-sheets (on the right). For the former the approximate width of the aggregate shown by 
arrows is about 1.3 nm and for the latter it is about 1.9 nm. Orientation of each intra- and inter-molecular β-sheet plane is shown by 
a dashed line.
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this question, we again rely on REMD simulations of 
monomer, dimer, trimer and tetramer of β-sheet and 
β-roll structures of a smaller sequence consisting of 
n  =  3 repeat units. This protein is sufficiently large 
for the formation of β-sheet and β-roll structures, and 
is small enough to allow us to study the differences 
between its self-assembly and that of the protein with 
n  =  5 repeat units. For compactness, we only discuss 
the results we obtained for the β-sheets. Again, as was 
the case for the pentablock protein, our findings for 
the β-sheet and β-roll assemblies of the triblock are 
consistent.

In our simulations, the monomers melt into ran-
dom coil structures. The monomers in the dimers also 
melt and subsequently separate. For the trimer, first, 
the top and bottom monomers of the assembly melt. 
Next, one of these two monomer detaches itself from 
the trimer. Following that, the remaining folded mon-
omer of the dimer also melts and eventually the dimer 
disassembles. This indicates that the protein-protein 
interactions between the triblock proteins are weaker 
than those of the pentablocks: trimers of the latter spe-
cies are indeed stable. The tetramer largely follows the 
route of the trimer, that is, first the outer two mono-
mers melt and one of them detaches towards the end 
of the simulation run. Presumably, the remaining 
trimer would also completely melt and disassemble in 
a longer simulation run. However, within our simula-
tion time of 20 ns per replica we are not able to observe 
the completion of this process. It seems that none of 
the assemblies upto and including the tetramer are sta-
ble under the conditions tested.

To illustrate how we obtained this conclusion, 
apart from studying snapshots, we analyze how the 
free energy curves that we obtain depend on the 
RMSD, the number of hydrogen bonds and the solvent 
accessible surface area of the protein configurations 
sampled. Because we sample over the entire simula-
tion time, which includes the actual melting process, 
our free energy is not a true free energy and contains 

information on non-equilibrium configurations. This 
can be seen in figure 10 that shows the free-energy of 
the aggregates as a function of the RMSD of the simu-
lations starting from the β-sheet structures.

The obtained free-energy curves of the mono-
mer and the monomers in the dimer are similar. They 
all have a minimum at a relatively large value of the 
RMSD, confirming that the monomers of the dimer 
separate and form random coil structures. Here, the 
melting process is so quick that the folded structure 
does not significantly contribute to the free energy. 
This is not so for the trimer. The free energy of this 
structure has two minima, one of which is associated 
with the original β-sheet and the other one with the 
molten state. The former is indicated in the figure with 
the acronym 3S1 and the latter with 3R2 that corre-
spond to structures illustrated in figure 11.

The melting and breakup of the tetramer is so slow 
that the free energy of the proteins in the center retain 
most of their original configuration. This expresses 
itself in the free energy landscape of the monomer in 
the center of the tetramer shown in figure 10 in the 
existence of a minimum at an RMSD between 0.3 
and 0.4 nm. This is consistent with an almost perfect 
β-sheet structure such as the 3S1 structure shown in 
figure 11. A similar picture emerges if we compare 
the free energy landscapes of all four monomers in 
the tetramer, shown in figure 12. All the monomers 
in the tetramer retain at least some of their original 
structures, associated with the β-sheet and β-roll. 
Conformationally more flexible ones, i.e. ones that 
have to cross a lower barrier to the actual free energy 
minimum, develop additional minima associated 
with different structures (denoted 3S2, 3R1 and 3R2 in  
figure 11).

More information can be extracted from figure 12 
allowing us to compare the structures of the triblock 
and pentablock proteins. For instance, the width of 
the free energy well for the monomer below the top 
monomer, which is denoted as middle(1) in figure 12, 

Figure 10. Free energy, ∆G , obtained from simulations starting from a monomer, a dimer, a trimer and a tetramer of β-sheets with 
three repeat units as a function of the root-mean square deviation of snapshots of the monomer, one of the monomers in the dimer, 
the second monomer in the middle of the trimer and tetramer from their initial β-sheet structures. The structures corresponding to 
the minima of the free energy that are denoted as 3S1 and 3R2 are shown in figure 11.

Phys. Biol. 15 (2018) 066010



10

J Razzokov et al

is wider than both monomers in the middle of the 
tetramer consisting of pentablocks. Hence, the mid-
dle triblock protein fluctuates more than the corre-
sponding pentablock ones. Also, the global minimum 
in the free-energy landscape of the second middle 
monomer, named middle(2) in figure 12, is associ-
ated with a β-sheet with a molten strand (see 3S2 in 
figure 11).

Moreover, the monomer at the bottom of the 
aggregate melts into a disordered structure, similar to 
that of 3R1 in figure 11. The free-energy landscape of 
the monomer on the top has three minima that cor-
respond to three different structures. This includes 
the initial 3S1 structure that morphs into a partially 
molten, two-stranded 3S2 structure and the final ran-
dom coil structure 3R2. The latter eventually sepa-
rates from the rest of the aggregate. Apparently, the 
time evolution of the top and bottom proteins in the 
tetramer is not the same. Presumably this reflects the 
up–down asymmetry of the initial β-sheet structures 
and hence of the entire assembly.

To investigate more quantitatively the reason for 
the structural differences between the aggregates that 
consist of the two proteins with three and five repeat 
units, we also compute the free energy of the configu-
rations as a function of the number of hydrogen bonds 

per monomer. Results are shown in figure 13. Again, 
the free-energy curves of the monomer and the dimer 
approximately match, because both melt in a short 
time, but they are different from that of the trimer. This 
is because the monomers in the trimer melt into ran-
dom coil structures but they only separate towards the 
end of the simulation. This causes the shift in the mini-
mum and the asymmetry of the free energy landscape. 
The shift we observe for the tetramer has the same root 
cause, amplified by the even slower conformational 
relaxation processes that take place in this assembly.

For the maximum number of intra- and inter-
molecular hydrogen bonds in a fully folded (β-sheet or 
β-roll) tetramer of the pentablock, we find from our 
simulations a value of about 15 per monomer. Given 
the size of the triblock we would expect this to go down 
to about 9. We read off from figure 13 that the opti-
mal values are much smaller than that, caused by the 
melting of the folded structures during the course of 
the simulation. The melting is partially caused by a 
reduction in the maximum solvent accessible surface 
area that can be shielded from water due to the smaller 
size of the protein.

Figure 14 confirms this expectation. Comparing 
with the solvent accessible surface area of the penta-
block proteins, we see a fifty per cent reduction in the 

Figure 11. From the left to the right: snapshots of simulations representing a β-sheet (3S1), a β-sheet with a molten strand (3S2), a 
half molten β-sheet (3R1), a random coil strucrue (3R2) and a tetramer containing proteins with three repeat units. The snapshots 
are taken from simulations at the lowest tempereture (T  =  298 K) replica.

Figure 12. Free energy, ∆G , obtained from simulations starting from a tetramer of β-sheets with three repeat units as a function 
of the root-mean square deviation, RMSD, of the individual monomers in the tetramer from their initial β-sheet structure. The 
structures corresponding to the minima of the free energy that are denoted as 3S1, 3S2, 3R1 and 3R2 are shown in figure 11.
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gain of that quantity upon assembly. Of course, this is 
not really surprising given the differences in protein 
size. Also, the ratio of the average solvent accessible 
surface area, SA, of the molten monomer for the case of 
triblock to that of the pentablock is about 0.68, which 
is slightly smaller than the ratio that is expected for col-
lapsed polymers: (5/3)(2/3)  =  0.71.

For the triblock and pentablock proteins we find 
that a minimum number of proteins is required to pro-
duce a stable aggregate. For the triblock this number 
is probably larger than four, whilst that for the penta-
block it is either two or three depending on whether 
we are dealing with a β-roll or β-sheet structure. The 
existence of a difference in configuration of free mono-
mers and the smallest stable folded aggregate implies 
(i) that this minimum number of disordered free 
monomers need to come together and (ii) that they 
have to undergo a conformational change in order to 
form the smallest thermodynamically stable assembly. 
Consequently, the linear polymerization of this kind of 
protein must be nucleated, kinetically and/or thermo-
dynamically [41]. Kinetic nucleation occurs through 
high-free energy intermediate conformational states 

of monomers between de- and attached states, ther-
modynamic nucleation through high-free energy con-
formers in bound state. The latter are stabilized by a 
binding free energy.

This could explain why the long self-assembled 
fibers of a triblock construct of two collagen-like 
diso rdered sequences sandwiching a silk-like central 
block take such a long time to form in the experiments 
of Martens and coworkers [42]. Incidentally, these 
authors find that the width of the fibers that form in 
solutions of their protein is almost half of the value 
that is expected for fibers made out of β-sheets [42]. 
This suggests that the β-roll structure in the assembled 
state of the protein is the most stable one albeit that we 
cannot exclude the possibility that this is due to kin-
etics rather than thermodynamics.

As already alluded to, from our simulations we have 
to conclude that β-roll and β-sheet assemblies must be 
virtually equally stable or very nearly that, at least upto 
the tetramer level. We can make this statement more 
quantitative. For this we make use of insights based on 
a simple coarse-grained model that describes the coop-
erative binding of monomers into supramolecular  

Figure 13. Free energy, ∆G , obtained from simulations starting from a monomer, a dimer, a trimer and a tetramer of β-sheets with 
three repeat units as a function of the number of hydrogen bonds divided by the number of monomers.

Figure 14. Free energy, ∆G , obtained from simulations starting from a monomer, a dimer, a trimer and a tetramer of β-sheets with 
three repeat units as a function of the solvent accessible surface area divided by the number of monomers.
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polymers [41]. Two free energies describe activation 
and elongation of these self-assembled polymers. The 
first is a free energy penalty associated with assuming 
the polymerization-active state of the molecules and 
the second a binding free energy between polymeriza-
tion-active molecules in the assembly. The presump-
tion is that the polymerization-active state represents 
an excited state or conformation of the molecule that 
in the assembly is stabilized by the binding to its neigh-
bors. Hence, the model describes thermodynamic 
nucleation.

These two free energies we now attempt to estimate 
from our simulations for the two proteins. Within 
the nucleated assembly model the total binding free 
energy, ∆G , depends on the number of monomers in 
an assembly, N, as,

∆G(N) = (N − 1)∆Gb + N∆Gc. (1)

Here, ∆Gb is the free energy of the formation of a 
bond between a protein and the assembly, representing 
elongation of the chain. ∆Gc is the free energy of the 
conformational change required for the protein to 
be able to bind. To calculate ∆Gb and ∆Gc, we first 
compute the ∆G(N) for our pentablock protein 
aggregates.

As a first estimate, we presume that binding is 
driven by hydrophobic interactions that we associate 
with the reduction of solvent accessible surface area 
upon binding. We compute the ∆G(N) by (i) calculat-
ing the SA for folded structures upto N  =  4, (ii) sub-
tract from that the SA of respectively three and four 
molten monomers, (iii) multiply this by the surface 
tension of the hydrophobic parts of the protein, γ, (iv) 
fit equation (1) to these two data points. The surface 
tension, γ, is used in our implicit solvent simulations to 
calculate the non-polar contribution of the solvation 
free energy, and has a value of 0.84 kBT nm−2 at room 
temperature (T  =  298 K) [43].

Applying this procedure for the N  =  3 and N  =  4 
β-sheets of the pentablock protein gives values of 
∆Gc � +8 kBT and ∆Gb � −20 kBT. From this 
admittedly crude estimate we can indeed conclude that 
the folded structure represent a high-energy state, sta-
bilized by protein-protein interactions. Interestingly, 
these values are not all that far off from those obtained 
by Aggeli and coworkers who analyzed their exper-
imental data on the self-assembly of a β-sheet form-
ing oligopeptide using the same nucleated assembly 
model: ∆Gc � +7 kBT and ∆Gb � −31 kBT [4]. Note 
that our estimate is based entirely on the contrib ution 
from hydrophobic interactions and hence should be 
considered as a lower estimate. We return to this issue 
below.

If we repeat this exercise for the N  =  2, 3 
and 4 β-rolls of the pentablock proteins, we find 
∆Gc � +3 ± 2 kBT and ∆Gb � −13 ± 5 kBT. For 
the β-roll we have error bars because we have three 
data points. This is not so for the β-sheets for which 
we only have two data points and hence by definition 

obtain a perfect fit. See figure 15. The estimate of the 
errors for both protein types we expect to be compa-
rable, hence we do not think there is a real statistically 
significance between the different values of the free 
energies that we obtain. Indeed, the critical assem-
bly concentration, Xc (a mole fraction), we obtain 
this way is virtually identical for the two conform-
ers [41]: kBT lnXc = ∆Gb +∆Gc. For our β-sheets 
lnXc = −12 and for the β-rolls lnXc = −10 ± 6. That 
∆Gc acts as a thermodynamic nucleation free energy is 
shown in figure 16, where we show the mean degree 
of polymerization, N, as a function of the protein con-
centration for ∆Gb +∆Gc = −12 kBT and two values 
of ∆Gc = +8 kBT and 0 kBT, obtained from the two 
constant assembly models [41]. For ∆Gc = +8 kBT 
the polymerization is sharper than for ∆Gc = 0 kBT. 
For a description of the model the reader is referred to 
the work of van der Schoot [41].

Our analysis shows that according to our simula-
tions self-assembled fibrils consisting of β-sheets and 
those of β-rolls of our protein must be approximately 
equally stable. From the experiments of Martens et al 
[42] on their silk-like protein we obtain a lower bound 
for ∆Gb +∆Gc of  −18 kBT. This number is much 
more negative than what we find but this is not surpris-
ing because their silk-like protein is about five times 
larger than ours (n  =  24). On the other hand, their 
block is connected to a very large disordered protein 
blocks that apparently significantly reduce the net 
binding free energy of that protein. Interestingly, bind-
ing energies close to 20 kBT are typically found in the 
context of protein assembly of, e.g. viruses [44, 45].

As discussed in section 3.1, the fibers that Martens 
and collaborators find must, because of their dimen-
sions, be of the β-roll variety. This is confirmed by the 
REMD simulations of Schor and collaborators on a 
much smaller silk-like protein with n  =  6 [37]. The 
authors find that in monomeric and the dimeric states 
the β-roll structures are more stable than the others. 
However, in a recent study where we repeat the simu-
lations of Schor et al and we find that the most stable 
monomer structure is a disordered globule not a β-roll 
[27]. This is also true for the dimers.

Note that the repeat unit in Schor’s work that was 
inspired by that of Martens et al is slightly different 
from the one studied in this work: (GA)3-GE instead 
of our (GA)3-GX with X alternatingly Q and K. The 
difference between our previous results and those of 
Schor on the same sequence we described to differ-
ences in simulation time [27]. Our explicit solvent 
simulations were twice and our implicit solvent ones 
ten times as long. This highlights the importance of 
full equilibration of the simulation, in this context 
meaning that the proteins must visit all the replicas 
sufficiently often.

In this work, by the same REMD equilibration cri-
terion, our simulations should have completely equili-
brated. This is because, as mentioned in section 2, 
the average simulation time that it takes for a replica 
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at the lowest temperature to diffuse up to the high-
est temper ature and again down to the lowest one is 
about 1 to 3 ns and our simulations are 20–40 ns long. 
Therefore during a simulation run conformers explore 
all replica temperatures sufficiently long. However, we 
do observe that one of the monomers of the tetramer 
consisting of our triblock proteins melts and detaches 
to form a trimer. We find that starting from a folded 
trimer, the trimer melts and dissociates. This implies 
that the simulation on the tetramer at least as far as dis-
assembly is concerned does not reach its thermal equi-
librium. This does not mean that the folded tetramer 
of the pentablock has not equilibrated but does suggest 
that it would be useful in the future study to revisit this 
problem using much longer simulation times analyz-
ing results with a specific tool Wordom [47] that cur-
rently are out of our reach.

Finally, we have in our discussion above ignored 
any contribution from intra- and inter-molecular 
hydrogen bonding to the stability of the proteins. 
Their contribution is actually not so trivial to assess 

because one would need to measure the difference 
in free energy between the hydrogen bonds between 
the donors and acceptors on the protein and those 
between moieties on the protein and water. If we 
ignore this complication and assign a net binding free 
energy to every hydrogen bond, Gh, then we find that 
the contribution to ∆Gc and ∆Gb for the pentablock 
β-sheet structures amount to approximately  −12 Gh 
and  +24 Gh, respectively. A reasonable estimate for Gh 
is between  −2.6 and  −3.2 kBT [46].

This suggests that hydrogen bonding could in prin-
ciple significantly enhance the stability of the folded 
aggregate structure but also that hydrogen bonding 
increases the free energy of the folded state. The lat-
ter conclusion is somewhat surprising, because one 
would naively expect that the folded structure engages 
in more intra-molecular hydrogen bonds than the 
molten structure does. Hence, it appears that inter-
molecular hydrogen bonds stabilize the β-sheet and 
β-roll structures of our protein. On the other hand, a 
naive uncoupling of the effects of burying hydrophobic  

Figure 15. Free energy contribution of hydrophobic interactions, ∆GSA, obtained from simulations starting from N β-sheets and 
β-rolls with five repeat units as a function of the number of monomers N. The lines are plotted by fitting our data to equation (1).

Figure 16. Mean degree of polymerization, N, as a function of concentration of our pentablock protein for two values of the free 
energy of conformational change of the protein upon binding, ∆Gc = +8 kBT and 0 kBT. For both curves ∆Gb +∆Gc = −12.
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surface area and the formation of hydrogen bonds 
ignores the exchange of intra-molecular hydrogen 
bonds in the globular structure for inter-molecular 
ones.

4. Conclusions

We applied replica exchange molecular dynamics 
simulations to study the influence of the length of the 
primary sequence of a ‘blocky’ silk-like protein on 
its quaternary structure. The stability of aggregates 
containing one, two, three and four of the protein 
monomers consisting of three or five repeat units 
was investigated. All simulations were started from 
two initial configurations: β-sheets and β-rolls. We 
find that monomers in the assemblies containing 
the smaller-length proteins melt into random coil 
structures and separate. Single monomers of both  
β-sheets and β-rolls of the pentablock protein also 
melt. Dimers of the β-sheet proteins also melt into 
random coil structures, whereas those of the β-roll 
seem stable. Trimers and tetramers of both folds 
remain folded within our simulation time.

This shows that the inter-molecular interactions 
stabilizing the protein aggregates must be stronger for 
the longer proteins. We find that the monomers in the 
center of the trimers and tetramers are conformation-
ally more stable than the ones on the top and the bottom 
the assemblies. Interestingly, the ones in the middle of 
the tetramers are more stable than the ones of the trim-
ers. This results in more conformationally stable folded 
monomers on the top and bottom of the tetramer due 
to the inter-molecular interactions with the middle 
ones and suggest that as the assemblies become longer 
their stability increases. Presumably this effect levels off 
for sufficiently long assemblies, as is seen in theoretical 
studies of assemblies of small molecules [40].

Our findings allow an in-depth understanding of 
self-assembly of protein building blocks and provide 
a new approach for the preparation of bio-inspired 

nanoscale materials with a unique morphologies.

Acknowledgments

The work of J Razzokov is supported by Jepa-Limmat 
Foundation. We thank Sarah Harris (University of 
Leeds) and Alexey Lyulin (Eindhoven University of 
Technology), for useful discussions and advice on the 
simulations. Eindhoven University of Technology 
is thanked by J Razzokov for their hospitality. We are 
grateful for computer time provided by the Dutch 
National Computing Facilities at the LISA facility 
at SURFsara. The work of S Naderi forms part of the 
research program of the Dutch Polymer Institute (DPI, 
Project No. 698). This work was supported by NWO 
Exacte Wetenschappen (Physical Sciences) for the use 
of supercomputer facilities, with financial support 
from the Nederlandse Organisatie voor, Onderzoek 

(Netherlands Organization for Scientific Research, 
NWO).

ORCID iDs

Jamoliddin Razzokov  https://orcid.org/0000-0002-
3098-0797

References

	[1]	 Cheng J Y, Ross C A, Smith H I and Thomas E L 2006 
Templated self-assembly of block copolymers: top–down helps 
bottom–up Adv. Mater. 18 2505–21

	[2]	 Shimomura M and Sawadaishi T 2001 Bottom–up strategy of 
materials fabrication: a new trend in nanotechnology of soft 
materials Curr. Opin. Colloid Interface Sci. 6 11–6

	[3]	 Bai F, Wang D, Huo Z, Chen W, Liu L, Liang X, Chen C, 
Wang X, Peng Q and Li Y 2007 A versatile bottom–up assembly 
approach to colloidal spheres from nanocrystals Angew. 
Chem., Int. Ed. 46 6650–3

	[4]	 Aggeli A, Nyrkova I A, Bell M, Harding R, Carrick L, 
McLeish C B T and Boden N 2001 Hierarchical self-assembly 
of chiral rod-like molecules as a model for peptide β-sheet 
tapes, ribbons, fibrils, and fibers Proc. Natl Acad. Sci. 98 11857–
62

	[5]	 Vauthey S, Santoso S, Gong H, Watson N and Zhang S 2002 
Molecular self-assembly of surfactant-like peptides to form 
nanotubes and nanovesicles Proc. Natl Acad. Sci. 99 5355–60

	[6]	 Cui H, Webber M J and Stupp S I 2010 Self-assembly of 
peptide amphiphiles: from molecules to nanostructures to 
biomaterials Peptide Sci. 94 1–18

	[7]	 Ulijn R V and Smith A M 2008 Designing peptide based 
nanomaterials Chem. Soc. Rev. 37 664–75

	[8]	 Chen C L, Bromley K M, Moradian-Oldak J and DeYoreo J J 
2011 In situ AFM study of amelogenin assembly and 
disassembly dynamics on charged surfaces provides insights 
on matrix protein self-assembly J. Am. Chem. Soc.  
133 17406–13

	[9]	 Graveland-Bikker J F, Schaap A T I, Schmidt C F and De 
Kruif C G 2006 Structural and mechanical study of a self-
assembling protein nanotube Nano Lett. 6 616–21

	[10]	Klein M L and Shinoda W 2008 Large-scale molecular 
dynamics simulations of self-assembling systems Science 
321 798–800

	[11]	Colombo G, Soto P and Gazit E 2007 Peptide self-assembly 
at the nanoscale: a challenging target for computational and 
experimental biotechnology Trends Biotechnol. 25 211–8

	[12]	Davies P W R and Aggeli A 2011 Self-assembly of amphiphilic 
sheet peptide tapes based on aliphatic side chains J. Pept. Sci. 
17 107–14

	[13]	Scharnagl C, Reif M and Friedrich J 2005 Stability of proteins: 
temperature, pressure and the role of the solvent Biochim. 
Biophys. Acta 1749 187–213

	[14]	Shukla D, Schneider C P and Trout B L 2011 Complex 
interactions between molecular ions in solution and their 
effect on protein stability J. Am. Chem. Soc. 133 18713–8

	[15]	Miklos A C, Sarkar M, Wang Y and Pielak G J 2011 Protein 
crowding tunes protein stability J. Am. Chem. Soc. 133 7116–20

	[16]	Pace C N et al 2011 Contribution of hydrophobic interactions 
to protein stability J. Mol. Biol. 408 514–28

	[17]	Cavazzana-Calvo M and Fischer A 2007 Gene therapy for 
severe combined immunodeficiency: are we there yet? J. Clin. 
Invest. 6 1456–65

	[18]	Cavazzana-Calvo M, Lagresle C, Hacein-Bey-Abina S 
and Fischer A 2005 Gene therapy for severe combined 
immunodeficiency Annu. Rev. Med. 56 585–602

	[19]	Roos W H, Bruinsma R and Wuite J L G 2010 Physical virology 
Nat. Phys. 6 733–43

	[20]	Giacca M and Zacchigna S 2012 Virus-mediated gene delivery 
for human gene therapy J. Control. Release 161 377–88

Phys. Biol. 15 (2018) 066010

https://orcid.org/0000-0002-3098-0797
https://orcid.org/0000-0002-3098-0797
https://orcid.org/0000-0002-3098-0797
https://doi.org/10.1002/adma.200502651
https://doi.org/10.1002/adma.200502651
https://doi.org/10.1002/adma.200502651
https://doi.org/10.1016/S1359-0294(00)00081-9
https://doi.org/10.1016/S1359-0294(00)00081-9
https://doi.org/10.1016/S1359-0294(00)00081-9
https://doi.org/10.1002/anie.200701355
https://doi.org/10.1002/anie.200701355
https://doi.org/10.1002/anie.200701355
https://doi.org/10.1073/pnas.191250198
https://doi.org/10.1073/pnas.191250198
https://doi.org/10.1073/pnas.191250198
https://doi.org/10.1073/pnas.072089599
https://doi.org/10.1073/pnas.072089599
https://doi.org/10.1073/pnas.072089599
https://doi.org/10.1002/bip.21328
https://doi.org/10.1002/bip.21328
https://doi.org/10.1002/bip.21328
https://doi.org/10.1039/b609047h
https://doi.org/10.1039/b609047h
https://doi.org/10.1039/b609047h
https://doi.org/10.1021/ja206849c
https://doi.org/10.1021/ja206849c
https://doi.org/10.1021/ja206849c
https://doi.org/10.1021/nl052205h
https://doi.org/10.1021/nl052205h
https://doi.org/10.1021/nl052205h
https://doi.org/10.1126/science.1157834
https://doi.org/10.1126/science.1157834
https://doi.org/10.1126/science.1157834
https://doi.org/10.1016/j.tibtech.2007.03.004
https://doi.org/10.1016/j.tibtech.2007.03.004
https://doi.org/10.1016/j.tibtech.2007.03.004
https://doi.org/10.1002/psc.1335
https://doi.org/10.1002/psc.1335
https://doi.org/10.1002/psc.1335
https://doi.org/10.1016/j.bbapap.2005.03.002
https://doi.org/10.1016/j.bbapap.2005.03.002
https://doi.org/10.1016/j.bbapap.2005.03.002
https://doi.org/10.1021/ja205215t
https://doi.org/10.1021/ja205215t
https://doi.org/10.1021/ja205215t
https://doi.org/10.1021/ja200067p
https://doi.org/10.1021/ja200067p
https://doi.org/10.1021/ja200067p
https://doi.org/10.1016/j.jmb.2011.02.053
https://doi.org/10.1016/j.jmb.2011.02.053
https://doi.org/10.1016/j.jmb.2011.02.053
https://doi.org/10.1172/JCI30953
https://doi.org/10.1172/JCI30953
https://doi.org/10.1172/JCI30953
https://doi.org/10.1146/annurev.med.56.090203.104142
https://doi.org/10.1146/annurev.med.56.090203.104142
https://doi.org/10.1146/annurev.med.56.090203.104142
https://doi.org/10.1038/nphys1797
https://doi.org/10.1038/nphys1797
https://doi.org/10.1038/nphys1797
https://doi.org/10.1016/j.jconrel.2012.04.008
https://doi.org/10.1016/j.jconrel.2012.04.008
https://doi.org/10.1016/j.jconrel.2012.04.008


15

J Razzokov et al

	[21]	Marshall E 1999 Gene therapy death prompts review of 
adenovirus vector Science 286 2244–5

	[22]	Check E 2002 Gene therapy: a tragic setback Nature 420 116–8
	[23]	Thomas M and Klibanov A M 2003 Non-viral gene therapy: 

polycation-mediated DNA delivery Appl. Microbiol. 
Biotechnol. 62 27–34

	[24]	Smeenk J M, Schn P, Otten M B, Speller S, Stunnenberg H G 
and van Hest J C 2006 Fibril formation by triblock copolymers 
of silklike β-sheet polypeptides and poly (ethylene glycol) 
Macromolecules 39 2989–97

	[25]	Hernandez-Garcia A et al 2014 Design and self-assembly of 
simple coat proteins for artificial viruses Nat. Nanotechnol. 
9 698–702

	[26]	Smeenk J M, Otten M B, Thies J, Tirrell D A, Stunnenberg H G 
and van Hest J 2005 Controlled assembly of macromolecular 
sheet fibrils Angew. Chem., Int. Ed. 44 1968–71

	[27]	Razzokov J, Naderi S and van der Schoot P 2014 Prediction of 
the structure of a silk-like protein in oligomeric states using 
explicit and implicit solvent models Soft Matter 10 5362–74

	[28]	Salomon Ferrer R, Case D A and Walker R C 2013 An overview 
of the Amber biomolecular simulation package Wiley. 
Interdiscip. Rev. Comput. Mol. Sci. 3 198–210

	[29]	Hornak V, Abel R, Okur A, Strockbine B, Roitberg A and 
Simmerling C 2006 Comparison of multiple Amber force 
fields and development of improved protein backbone 
parameters Proteins 65 712–25

	[30]	Tsui V and Case D A 2000 Theory and applications of the 
generalized Born solvation model in macromolecular 
simulations Biopolymers 56 275–91

	[31]	Anandakrishnan R, Drozdetski A, Walker R C and 
Onufriev A V 2015 Speed of conformational change: 
comparing explicit and implicit solvent molecular dynamics 
simulations Biophys. J. 5 1153–64

	[32]	Feig M, Im W and Brooks C L III 2004 Implicit solvation 
based on generalized Born theory in different dielectric 
environments J. Chem. Phys. 120 903–11

	[33]	Zhang L Y, Gallicchio E, Friesner R A and Levy R M 2001 
Solvent models for protein-ligand binding: comparison of 
implicit solvent Poisson and surface generalized Born models 
with explicit solvent simulations J. Comput. Chem.  
22 591–607

	[34]	Lomize A L, Pogozheva I D and Mosberg H I 2011 Anisotropic 
solvent model of the lipid bilayer. 1. Parameterization of long-

range electrostatics and first solvation shell effects J. Chem. Inf. 
Model 51 918–29

	[35]	Srinivasan J, Trevathan M W, Beroza P and Case D A 1999 
Application of a pairwise generalized Born model to proteins 
and nucleic acids: inclusion of salt effects Theor. Chem. Acc. 
101 426–34

	[36]	Humphrey W, Dalke A and Schulten K 1996 VMD: visual 
molecular dynamics J. Mol. Graph. 14 33–48

	[37]	Schor M, Martens A A, Stuart A C M and Bolhuis P G 2009 
Prediction of solvent dependent β-roll formation of a self-
assembling silk-like protein domain Soft Matter 5 2658–65

	[38]	Kleinjung J and Fraternali F 2014 Design and application of 
implicit solvent models in biomolecular simulations Curr. 
Opin. Struct. Biol. 25 126–34

	[39]	Shrake A and Rupley J A 1973 Environment and exposure to 
solvent of protein atoms. Lysozyme and insulin J. Mol. Biol. 
79 351–71

	[40]	Filot I A, Palmans A R, Hilbers P A, van Santen R A, Pidko E A 
and de Greef T F 2010 Understanding cooperativity in 
hydrogen-bond-induced supramolecular polymerization: a 
density functional theory study J. Phys. Chem. B  
114 13667–74

	[41]	van der Schoot P 2009 Nucleation and co-operativity in 
supramolecular polymers Adv. Chem. Eng. 35 45–77

	[42]	Martens A A, Portale G, Werten M W, de Vries R J, Eggink G, 
Cohen Stuart M A and de Wolf F A 2009 Triblock protein 
copolymers forming supramolecular nanotapes and pH-
responsive gels Macromolecules 42 1002–9

	[43]	Sitkoff D, Sharp K A and Honig B 1994 Accurate calculation of 
hydration free-energies using macroscopic solvent models J. 
Phys. Chem. 98 1978–88

	[44]	Kegel W K and van der Schoot P 2004 Competing hydrophobic 
and screened-Coulomb interactions in hepatitis B virus capsid 
assembly Biophys. J. 86 3905–13

	[45]	Kegel W K and van der Schoot P 2006 Physical regulation of 
the self-assembly of tobacco mosaic virus coat protein Biophys. 
J. 91 1501–12

	[46]	Sheu S Y, Yang D Y, Selzle H L and Schlag E W 2003 Energetics 
of hydrogen bonds in peptides Proc. Natl Acad. Sci.  
100 12683–7

	[47]	Seeber M, Cecchini M, Rao F, Settanni G and Caflisch A 
2007 Wordom: a program for efficient analysis of molecular 
dynamics simulations Bioinformatics 23 2625–7

Phys. Biol. 15 (2018) 066010

https://doi.org/10.1126/science.286.5448.2244
https://doi.org/10.1126/science.286.5448.2244
https://doi.org/10.1126/science.286.5448.2244
https://doi.org/10.1038/420116a
https://doi.org/10.1038/420116a
https://doi.org/10.1038/420116a
https://doi.org/10.1007/s00253-003-1321-8
https://doi.org/10.1007/s00253-003-1321-8
https://doi.org/10.1007/s00253-003-1321-8
https://doi.org/10.1021/ma0521654
https://doi.org/10.1021/ma0521654
https://doi.org/10.1021/ma0521654
https://doi.org/10.1038/nnano.2014.169
https://doi.org/10.1038/nnano.2014.169
https://doi.org/10.1038/nnano.2014.169
https://doi.org/10.1002/anie.200462415
https://doi.org/10.1002/anie.200462415
https://doi.org/10.1002/anie.200462415
https://doi.org/10.1039/c4sm00384e
https://doi.org/10.1039/c4sm00384e
https://doi.org/10.1039/c4sm00384e
https://doi.org/10.1002/wcms.1121
https://doi.org/10.1002/wcms.1121
https://doi.org/10.1002/wcms.1121
https://doi.org/10.1002/prot.21123
https://doi.org/10.1002/prot.21123
https://doi.org/10.1002/prot.21123
https://doi.org/10.1002/1097-0282(2000)56:4<275::AID-BIP10024>3.0.CO;2-E
https://doi.org/10.1002/1097-0282(2000)56:4<275::AID-BIP10024>3.0.CO;2-E
https://doi.org/10.1002/1097-0282(2000)56:4<275::AID-BIP10024>3.0.CO;2-E
https://doi.org/10.1016/j.bpj.2014.12.047
https://doi.org/10.1016/j.bpj.2014.12.047
https://doi.org/10.1016/j.bpj.2014.12.047
https://doi.org/10.1063/1.1631258
https://doi.org/10.1063/1.1631258
https://doi.org/10.1063/1.1631258
https://doi.org/10.1002/jcc.1031
https://doi.org/10.1002/jcc.1031
https://doi.org/10.1002/jcc.1031
https://doi.org/10.1021/ci2000192
https://doi.org/10.1021/ci2000192
https://doi.org/10.1021/ci2000192
https://doi.org/10.1007/s002140050460
https://doi.org/10.1007/s002140050460
https://doi.org/10.1007/s002140050460
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1039/b902952d
https://doi.org/10.1039/b902952d
https://doi.org/10.1039/b902952d
https://doi.org/10.1016/j.sbi.2014.04.003
https://doi.org/10.1016/j.sbi.2014.04.003
https://doi.org/10.1016/j.sbi.2014.04.003
https://doi.org/10.1016/0022-2836(73)90011-9
https://doi.org/10.1016/0022-2836(73)90011-9
https://doi.org/10.1016/0022-2836(73)90011-9
https://doi.org/10.1021/jp1072928
https://doi.org/10.1021/jp1072928
https://doi.org/10.1021/jp1072928
https://doi.org/10.1016/S0065-2377(08)00203-2
https://doi.org/10.1016/S0065-2377(08)00203-2
https://doi.org/10.1016/S0065-2377(08)00203-2
https://doi.org/10.1021/ma801955q
https://doi.org/10.1021/ma801955q
https://doi.org/10.1021/ma801955q
https://doi.org/10.1021/j100058a043
https://doi.org/10.1021/j100058a043
https://doi.org/10.1021/j100058a043
https://doi.org/10.1529/biophysj.104.040055
https://doi.org/10.1529/biophysj.104.040055
https://doi.org/10.1529/biophysj.104.040055
https://doi.org/10.1529/biophysj.105.072603
https://doi.org/10.1529/biophysj.105.072603
https://doi.org/10.1529/biophysj.105.072603
https://doi.org/10.1073/pnas.2133366100
https://doi.org/10.1073/pnas.2133366100
https://doi.org/10.1073/pnas.2133366100
https://doi.org/10.1093/bioinformatics/btm378
https://doi.org/10.1093/bioinformatics/btm378
https://doi.org/10.1093/bioinformatics/btm378

	Nanoscale insight into silk-like protein self-assembly: effect 
of design and number of repeat units
	Abstract
	1. Introduction
	2. Simulation method and analysis
	3. Results and discussion
	3.1. Cooperative stabilization of folded pentablock proteins
	3.2. Stability of the triblock proteins

	4. Conclusions
	Acknowledgments
	ORCID iDs
	References


