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ABSTRACT: In this work we study contributions of mainchain and side chain atoms to
fibrillization of polyalanine peptides using all-atom molecular dynamics simulations. We show
that the total number of hydrogen bonds in the system does not change significantly during
aggregation. This emerges from a compensatory mechanism where the formation of one
interpeptide hydrogen bond requires rupture of two peptide−water bonds, leading to the
formation of one extra water−water bond. Since hydrogen bonds are mostly electrostatic in
nature, this mechanism implies that electrostatic energies related to these bonds are not
minimized during fibril formation. Therefore, hydrogen bonds do not drive fibrillization in all-
atom models. Nevertheless, they play an important role in this process since aggregation
without the formation of interpeptide hydrogen bonds accounts for a prohibitively large
electrostatic penalty (∼9.4 kJ/mol). Our work also highlights the importance of using accurate
models to describe chemical bonds since Lennard-Jones and electrostatic contributions of
different chemical groups of the protein and solvent are 1 order of magnitude larger than the overall enthalpy of the system.
Thus, small errors in modeling these interactions can produce large errors in the total enthalpy of the system.

■ INTRODUCTION

The hierarchical organization of building blocks into complex
supra-structures is a recurrent theme in biology. At the
molecular level, α-helices and β-strands are building units that
pack into globular shapes forming the native state of proteins.1,2

The length of these units and their packing topology accounts
for the diversity of known protein folds. The formation of
protein cross-β or fibril structures is a simpler case of
hierarchical organization in which β-strand building blocks
are identical.3−6 These conformations have been subjected to
numerous studies, as they are linked to diseases like Alzheimer’s
and Parkinson’s.7 However, despite these studies, it is still not
clear what forces are driving peptides into β-sheets and fibrils,
and how they differ from the ones driving residues into globular
proteins.8 This is of fundamental importance to understand the
pathology of diseases, and it is the focus of the present work.
Under appropriate experimental conditions, X-ray patterns

corresponding to cross-β structures have been identified for
proteins with seemingly unrelated amino acid sequences.9−12

This ubiquity suggests that backbone properties (which are
common to all proteins) could be responsible for fibrils.9

Accordingly, energetic models of the Protein Data Bank (PDB)
have shown that the free-energy landscape for misfolding is
dominated by interactions involving backbone atoms.13,14 In
this framework, the role of side chains is to modulate the
propensity of fibril formation.15 In particular, experiments have
shown that mutations accounting for an increase in the
concentration of nonpolar residues in the fibril core have a
higher fibrillization rate,16−18 while an increase in the net
peptide charge has the opposite effect.19 This has led to the
formulation of the amyloid self-organization principle according
to which fibril stability is enhanced by maximizing the number
of hydrophobic and favorable electrostatic interactions

(including salt bridges and hydrogen bonds).20−22 Despite
these insights, the question of how backbone and side chain
atoms contribute to fibrillization is still open.
Thermodynamics provides a quantitative framework to study

the forces driving conformational changes in proteins.23 These
phenomena are often described by a two-state reaction
equation with an equilibrium constant, K, that can be measured
and used to compute differences in Gibbs free energy, ΔG =
−RT ln(K).24,25 These free energy differences result usually
from the sum of large opposing terms. For example, in protein
folding at ambient conditions the entropic energy (−TΔS)
favors the unfolded state while enthalpy (ΔH) favors the native
stateeach term contributing ∼100−200 kcal/mol and
resulting in ΔG ∼ 10 kcal/mol.24,26,27 Main contributions to
−TΔS come from mainchain (−TΔSmainchain) and water
molecules around the protein (−TΔSwater), which favor,
respectively, unfolded and native states. ΔH emerges from
changes in energy due to covalent-bonds (ΔHCB) and
noncovalent-bonds (ΔHNCB). Thus,

Δ = − Δ − Δ + Δ + ΔG T S T S H Hmainchain water CB NCB (1)

The four terms in the right-hand-side of eq 1 are not directly
accessible experimentally. This has led to controversies in
molecular interpretations of measured −TΔS and ΔH. For
example, in protein folding at ambient conditions, the entropic
energy of water molecules around nonpolar groups, which gives
rise to hydrophobic interactions,28 is believed to be the main
force driving protein folding.29−31 However, −TΔS, which is
the entropic quantity that can be measured experimentally,

Received: May 15, 2014
Revised: August 22, 2014
Published: August 26, 2014

Article

pubs.acs.org/JPCB

© 2014 American Chemical Society 10830 dx.doi.org/10.1021/jp504798s | J. Phys. Chem. B 2014, 118, 10830−10836

pubs.acs.org/JPCB


appears unfavorable to the folded state. This is because it is
dominated by −TΔSmainchain. Thus, studies aiming to describe
protein folding have shifted back and forth between side chain
and backbone centered views.32−34

In protein folding, the importance of hydrophobic
interactions can be inferred from the positive curvature of
ΔG with respect to temperature24,29,35−37 which is character-
istic of nonpolar solvation38 and accounts for heat and cold
denaturations of proteins.39−45 Also, the diversity of native folds
can only be encoded in the amino acid sequence, suggesting
that side chain properties and, in particular, the burial of
nonpolar side chains in the dry protein core have to be
responsible for folding. Currently, it is still a question of debate
how intra- and interpeptide hydrogen bonds contribute to
secondary-structure formation.46 It is being argued that
hydrogen bonding are stabilizing47−49 and destabiliz-
ing.29,30,50,51 This question is of fundamental importance to
understand fibril formation as interpeptide hydrogen bonds are
maximized in these structures.
Here we study fibril formation using extended polyalanine

peptides as unit blocks for aggregation and an umbrella
sampling protocol to compute free energies to form peptide
dimer, trimer, and tetramer. The latter can be considered the
smallest repeating unit of a fibril. We find that Lennard-Jones
and electrostatic energies of chemical groups in the protein and
solvent are 1 order of magnitude larger than the overall
enthalpy of the system. Thus, small errors in modeling these
interactions can account for large errors in the total enthalpy of
the system, highlighting the need for accurate models. We show
that the total average number of hydrogen bonds in the system
does not change during aggregation as the result of a
compensatory mechanism where the formation of one
interpeptide hydrogen bond accounts for the rupture of two
peptide−water bonds and the release of water molecules from
the neighborhood of the peptide leading to the formation of
one extra water−water bond.29,52−55 A consequence of this
compensation is that electrostatic energies related to hydrogen
bonds are not minimized during fibril formation. Thus,
hydrogen bonds do not drive fibril formation. However, we
argue that interpeptide hydrogen bonds play an important role
in fibril formation since aggregation without the formation of
these bonds is energetically prohibitive. Both mainchain and
side chain atoms contribute actively to minimize Lennard-Jones
interactions during fibril formation. This knowledge of how
different chemical groups of the protein contribute to minimize
the energy of the system is of fundamental importance to
develop strategies to inhibit fibrilization related to diseases and
to develop better coarse-grain models of proteins.

■ METHODOLOGY
The system studied in this work consists of up to four poly
alanine peptides, i.e., ALA10, immersed in a periodic box
containing 5500 TIP3P water molecules (0.03 M peptide).
Polyalanine peptides have been shown experimentally to
aggregate and to form fibrils at conditions of 10 μM peptide,
pH 7, 0.1 M salts at 25 °C56 (see also ref 10). In our
simulations, peptides are made “infinite” through the use of
periodic boundary conditions by attaching the carbonyl-group
of residue 1 to the amine-group of residue 10 in the z-direction.
The use of “infinite” peptides eliminates effects from chain
ends, causing all residues to be equivalent and to resemble
amino acids in the middle of a β-strand. A pressure of 38 bar is
applied along the z-direction to keep the box from collapsing.

The magnitude of this pressure is chosen to ensure an average
peptide length of ∼3.5 nm. Therefore, peptides are stretched in
our simulations. Notice that the main energetic term opposing
aggregation in eq 1 is the reduction in the entropy of the
mainchain. This “dissociation” force is not taken into account in
our simulations since mainchain entropies of stretched peptides
are essentially the same in all states, implying that −TΔSmainchain
= 0 in eq 1. Our simulation setup is designed to describe
“aggregations” forces, i.e., changes in the enthalpy of peptide/
water and entropy of water (ΔHCB, ΔHNCB, and −ΔSwater in eq
1) when solvated amino acids are brought to interact with each
other.
A pressure of 1 atm is applied along the x and y directions to

account for water density at ambient pressure. Simulations are
carried out using GROMACS and the Amber99-sd-ildn force
field.57 Temperature (298 K) and pressure are controlled using
the v-rescale thermostat (τT = 1 ps) and the Parrinello−
Rahman barostat (τP = 1 ps), respectively. A time step of 2 fs is
used, and the neighbor list is updated every 10 steps.
Electrostatics is treated using the smooth particle mesh Ewald
method with a grid spacing of 0.13 nm and a 1.3 nm real-space
cutoff.58

To determine the free-energy landscape of peptide tetramer
formation, we perform three sets of simulations containing two,
three, and four peptides, respectively. In the first set, peptides
are arranged in an antiparallel orientation and an umbrella
sampling protocol is used to sample the space given by the
distance between centers-of-mass of peptides (ξ2 in Figure 1a)

in the range 0.4 to 2.0 nm. Different windows in which peptides
are restrained by a spring that has a constant of 5000 kJ mol−1

nm−2 are simulated. Equilibrium distances of springs in
neighboring windows differ in steps of 0.05 nm. Each window
is simulated for 100 ns and the potential of mean force (PMF)
to form a dimer is computed using the weighted histogram
analysis method (WHAM).59 In coarse-grained simulations
fibrillization was found to start with the formation of
antiparallel structures follow by a transition to parallel
conformations after enough peptides are added to β-
sheets.60−62 This suggests that parallel β-structures are less
stable than antiparallel ones when sheets are formed by a small
number of peptides while the opposite is expected for large
sheets. For polyvaline, the number of peptides required to
stabilize parallel β-sheet was found to be 14.60 While the scope
of the present work is not to study this transition, we show as
Supporting Information (SI) that parallel β-sheets involving
two peptides are indeed less stable than antiparallel ones.
To perform the second set of simulations, a peptide is added

to the simulation box of the dimer. In these simulations, a
spring is used to restrain centers-of-mass of the dimer at a
distance corresponding to the minimum of its PMF. Umbrella
sampling simulations are repeated for this new system to
sample the distance between centers-of-mass of a reference

Figure 1. Schematic representation of the reaction coordinate used to
study the formation of peptide dimer (a), trimer (b), and tetramer (c).
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peptide in the dimer and the additional chain (ξ3 in Figure 1b).
Configurations from these simulations are used to compute the
PMF of trimer formation using WHAM. At last, the trimer is
restrain to the configuration corresponding to the minimium in
its PMF using two springs connecting a reference peptide to
the other two chains. A peptide is added to the simulation box
which now comprises two sets of antiparallel peptides.
Umbrella sampling simulations are performed using the
distance between the reference peptide in the trimer and the
added chain as the new reaction coordinate (ξ4 in Figure 1c).
The PMF to form a tetramer is computed using WHAM.
To define hydrogen bonds we employ a commonly used

geometrical definition in which these bonds are formed when
the distance between hydrogen (H) donor (D) and acceptor
(A) is smaller than 0.4 nm and the angle H-D-A is smaller than
30°. In the calculation of quantities involving solute−solvent
and solvent−solvent atoms, all solvent (water) molecules were
taken into account. In the calculation of spatial distribution
functions of water (see Figure 4) the simulation box was
divided in bins of length 0.02 nm. Spatial distribution functions
are given in units of the ratio of the density of water in the
simulation and the density of water of an ideal fluid for each
bin.

■ RESULTS

In Figure 2a we show PMF(s) of peptide dimer, trimer, and
tetramer. These three PMF(s) are computed separately as
described in the Methodology section and the continuous

reaction coordinate ξ is obtained by concatenating inverted
order parameters of peptide dimer (ξ2

new = 2.0 −ξ2), trimer
(ξ3

new = 2.0 −ξ3), and tetramer (ξ4
new = 2.0 −ξ4). In this

procedure, the PMF of the peptide trimer at ξ3
new = 0.0 is shifted

to match the minimum in the PMF of the peptide dimer.
Similarly for the tetramer: its PMF at ξ4

new = 0.0 is shifted to
match the free-energy minimum of the trimeric system. This
concatenation procedure describes the assembly of fibrils
through monomer addition63,64 where peptide dimer is formed
first followed by docking of a third peptide and subsequent
tetramer formation.
In Figure 2b we show how numbers of hydrogen bonds in

the system change during peptide dimer, trimer, and tetramer
formation. The number of hydrogen bonds for isolated
peptides is used as a reference, i.e., NHbond(ξ = 0)  0. For
all values of ξ, the total (or net) number of hydrogen bonds
does not change significantly. A similar behavior was reported
recently for β-hairpin formation of GB1 peptide65 and β-sheet
formation of model peptides made of glycine, alanine, valine,
and leucine residues.66 To understand this result in more detail,
we decompose the total number of hydrogen bonds into
contributions from peptide−peptide, peptide−water, and
water−water bonds. We observe an almost perfect compensa-
tory mechanism29,52−55 where the formation of one peptide−
peptide hydrogen bond is preceded by the rupture of two
peptide-water bonds accounting for water release into the bulk
and the formation of one additional water−water bond. Notice
that during peptide trimer formation (at ξ ∼ 2.8 nm) the third
peptide docks onto the dimer (i.e., β-sheet) without forming
interpeptide hydrogen bonds (see Figure 1). This process
involves displacement of water molecules from the space
between side chains in the β-sheet (see “HB” configuration in
Figure 4a) to the bulk during docking. In this case, rupture of
peptide−water hydrogen bonds during docking of the third
peptide is compensated by newly formed water−water bonds.
The generality of the observed hydrogen bond compensation
for peptides with different amino acid sequences and situations
might be due to the small size and polarity of water which can
penetrates small cavities to saturate nonsatisfied hydrogen
bonds.67,68

In all-atom models, hydrogen bonds emerge from electro-
static interactions involving X−H···Y chemical groups, where X
and Y are electronegative atoms and H is hydrogen. Thus, if
hydrogen bonds are a main force driving aggregation, the
electrostatic energy is expected to correlate with the PMF, i.e.,
it should decrease whenever the PMF become a minimum. In
Figure 2c we show the dependence of the electrostatic energy
of the system on the reaction coordinate ξ. It does not correlate
with the PMF being mostly indifferent to tetramer formation.
In contrast, the energy due to Lennard-Jones interactions is
favorable to peptide aggregation. As a result, the sum of
Lennard-Jones and electrostatic energy, i.e., nonbonded
interactions, is favorable to aggregation.
Figure 3 quantifies contributions of different chemical groups

to changes in electrostatic and Lennard-Jones energies. Panel a
shows a compensatory mechanism for electrostatic interactions
where unfavorable mainchain−water interactions are balanced
by favorable water−water and mainchain−mainchain inter-
actions. Since nitrogen and oxygen are mainchain atoms
contributing the most to the peptide’s electrostatic energy, the
observed compensatory mechanism for the electrostatic energy
can be mapped to the formation of one interpeptide hydrogen
bond which requires breakage of two peptide−water hydrogen

Figure 2. PMF (a), number of hydrogen bonds (b), and potential
energy (c) to assemble β-strands in a hierarchical process. These
quantities were computed with respect to their values at non-
interacting peptide conformations (ξ = 0). Number of hydrogen bonds
was divided into contributions from peptide−peptide (pp), water−
water (ww), and peptide−water (pw). The net number of hydrogen
bonds is also shown. The potential energy was divided into
electrostatic and van der Waals contributions. Dashed lines separate
simulations of dimer (left), trimer (middle), and tetramer (right).
Error bars were estimated from block averages by dividing the
simulation in five blocks.
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bonds and subsequent formation of one water−water hydrogen
bond. Moreover, the total change in electrostatic energy
emerging from these contributions is approximately zero, as
shown in Figure 2c. Hence, it is not expected to drive
aggregation. However, a hypothetical process in which
mainchain NH− and CO− groups are buried away from
water without forming inter- or intrapeptide hydrogen bonds
would increase the electrostatic energy by a prohibitive large
amount, i.e., ESol−Main

elect + ESol−Sol
elect ∼ 9.4 kJ/mol/residue. This

suggests that a main role of inter- and/or intrapeptide hydrogen
bonds is to penalize structures for which the overall number of
hydrogen bonds in the system is not optimized.
Notice that in implicit water models the formation of

mainchain hydrogen bonds is taken into account by a decrease
in the energy of the system.69 This favors peptide
conformations with optimized secondary structures. This
approach was successful in predicting the structure of various
nonamyloid70−74 and amyloid75,76 peptides. However, this
description of hydrogen bonds does not mimic the energetics
of explicit water simulations as described above. Thus, there is a
trade-off between accounting for the entropic contribution of
the backbone using implicit water coarse-grained models and
describing with greater accuracy noncovalent interactions using
all-atom models. A successful strategy could be to combine
these two approaches.77

Figure 3b shows how burial of side chain and mainchain
atoms away from water during aggregation affects Lennard-
Jones interactions. In this process, water molecules are
transferred to the bulk, accounting for a modest decrease in
Lennard-Jones energy. This change is comparable to the
reduction in Lennard-Jones energy due to side chain-side chain
interactions. Main contributions to changes in Lennard-Jones
energy are due to water−mainchain, water−side chain,
mainchain−mainchain, and mainchain−side chain interactions.

Breaking bonds between water and peptide atoms, i.e., water−
mainchain and water−side chain bonds, accounts for the large
increase in Lennard-Jones energy. However, this process is
overcompensated by the favorable formations of new bonds
between atoms of the peptide, i.e., mainchain−mainchain and
mainchain−side chain. This leads to a net Lennard-Jones
energy that is favorable to aggregation, as shown in Figure 2c.
Figure 3c shows the sum of Lennard-Jones and electrostatic

energies, i.e., nonbonded energies, for interactions between the
different chemical groups of the system. The overall non-
bonded energy is favorable to aggregation (as displayed in
Figure 2c) and Figure 3c shows that it emerges from large
contributing terms that have opposite signs. Contributing terms
are 1 order of magnitude larger than the overall nonbonded
energy. This highlights the importance of using accurate models
since small errors in modeling the strength of one bond can
produce large errors in the total enthalpy of the system.
In Figure 4 we show the spatial distribution of water around

ground states of peptide dimer (panel a), trimer (b), and

tetramer (c). The first column corresponds to cross sections of
the peptide’s main axis. In an antiparallel β-sheet, residues along
a strand can either be hydrogen-bonded to the neighboring
strand or non-hydrogen-bonded.78,79 Side chains of hydrogen-
bonded residues all face the same direction, which is called the
hydrogen-bonded face (HB) of the β-sheet. Similarly defined is
the non-hydrogen-bonded face (NHB). A detailed analysis of
water distribution around a β-sheet for different nonpolar
amino acids was reported recently.80 It showed that water
distribution is different at HB and NHB faces. This result was
particularly striking for leucine and valine residues. For alanine,
polar groups of the mainchain are more exposed to water at the
NHB face compared to HB. Thus, water molecules were shown
to penetrate deeper in the space between side chains at the
NHB face. This result is visible in the cross-section view of
dimers and tetramers where iso-surfaces are more pronounced
and penetrate deeper between side chains at the NHB face. At
the HB face, distributions of water in addition of being
perpendicular to the axis of the peptide also have a parallel
component that enhances electrostatic interactions between
water and polar groups of the mainchain that are partially
buried between Cα atoms. The lateral view (last column in

Figure 3. Contribution of different chemical groups of the protein and
solvent to tetramer formation. Electrostatic (a), Lennard-Jones (b),
and nonbonded-interactions (c) are decomposed into solvent−solvent
(black), solvent-mainchain (red), solvent-side chain (green), main-
chain−mainchain (blue), mainchain−side chain (orange), and side
chain−side chain (brown) contributions.

Figure 4. Iso-surface of water distribution around the ground state of
dimer (a), trimer (b), and tetramer (c). Columns correspond to cross-
sections of the peptide’s axis, non-hydrogen-bonded face (NHB),
hydrogen-bonded face (HB), and lateral view. Isovalues of dimer,
trimer, and tetramer are 5.04278, 5.04278, and 10.5715, respectively.
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Figure 4) shows a more pronounced distribution of water
facing NH− groups of the mainchain compared to CO−
groups. This result was studied in detail in ref 80, and it was
related to the hydrogen-receiver nature of the CO− group,
which allows hydrogen-bonding with water with a greater
angular freedom.

■ CONCLUSION
In summary, to investigate the energetics of fibril formation, we
performed extensive molecular dynamics simulations of
polyalanine in water. To understand which chemical groups
of the peptide favor fibril formation, we decomposed
nonbonded interactions into contributions from mainchain
and side chain atoms. We show that changes in the energy of
the system due to mainchain atoms play a major role in this
process. We used a geometrical definition to compute the
number of hydrogen bonds in the system. We show that, due to
a compensatory mechanism, the total number of hydrogen
bonds in the system does not change significantly during
fibrillization.29,52,54,55 Furthermore, main changes in the
electrostatic energy of the system are related to hydrogen
bonds and, as a result of the compensatory mechanism, it does
not decrease during fibrillization. Thus, while fibril formation
accounts for an increase in the number interpeptide hydrogen
bonds, there is no apparent energy gain in the formation of
these bonds. This leads to the question of what is the energetic
role of interpeptide hydrogen bonds?46

We argue that peptide aggregation without the formation of
interpeptide hydrogen bonds produces a large electrostatic
penalty. Thus, in all-atom simulations, secondary structures do
not form to minimize energetic terms associated with hydrogen
bonds but to avoid the energetic penalty of having nonsatisfied
polar groups pointing toward the dry core of the protein. This
implies that disordered configurations with polar groups
exposed to water and secondary-structure configurations
might not be very different with respect to the energy of
hydrogen bonds. Therefore, the main role of hydrogen bonds is
to reduce the number of peptide conformations and, in
particular, the number of compact peptide structures. This
result could have important implications for the development
of coarse-grained models.
Moreover, if we assume that energies to form side chain−side

chain and mainchain−mainchain hydrogen bonds are similar
then our results suggest that burial of nonpolar side chains in
the protein core without the formations of hydrogen bonds
could be subjected to large penalties. Thus, conformational
changes of proteins after the formation of a dry core would
involve little change in the number of both side chain and
backbone hydrogen bonds since this requires overcoming large
energy barriers. This is consistent with reported results from
coarse grained simulations in which transitions between β-
barrel structures and fibrils for the polar NHVTLSQ peptide
occurred with little variation in the number of hydrogen
bonds.81 In addition, the penalty of having nonsaturated
hydrogen bonds in the protein core could be responsible for
faster fibrillization rates of polar sequences compared to
nonpolar ones,82 since the formation of side chain hydrogen
bonds would occur promptly after the creation of a dry core in
the case of polar sequences, while a larger (and more
frustrated) phase space has to be sampled before in-registry
fibrils can form in nonpolar peptides. In the case of trans-
membrane proteins, it has been reported that hydrogen bonds
between polar side chains and the backbone play an important

role in the dynamics and stability of α-helical structures.83 This
is also consistent with our results that associate an energetic
penalty to polar side chains exposed to membranes that can,
however, be minimized through side chain-mainchain hydrogen
bonding.
Despite these conceptual and quantitative contributions,

limitations of the current work should also be noted. While all-
atom models have been optimized over the years to account for
folding of several proteins,84,85 there are still uncertainties
regarding force-field parameters. In particular, all-atom models
do not account for context-dependent interactions, whereas
experiments suggest that the strength of hydrogen bonds could
be dependent on the environment.47,86−89 Moreover, the setup
used in this work only considers stretched peptide structures,
which is a geometry that facilitates the observed compensatory
mechanism for hydrogen bonds. In contrast, when peptides are
not interacting, they can assume conformations for which the
total number of hydrogen bonds in the system is not optimized.
While results on the GB1 model peptide show that the
compensatory mechanism is also valid for unconstrained
structures,65 this requires further investigation.
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Process of a Fibril Precursor in the C-Terminal Segment of Amyloid-β.
Phys. Rev. Lett. 2013, 110, 168103.
(62) Nguyen, P.; Derreumaux, P. Understanding Amyloid Fibril
Nucleation and Aβ Oligomer/Drug Interactions from Computer
Simulations. Acc. Chem. Res. 2014, 47, 603.
(63) Collins, S.; Douglass, A.; Vale, R.; Weissman, J. Mechanism of
Prion Propagation: Amyloid Growth Occurs by Monomer Addition.
PLoS Biol. 2004, 2, e321.
(64) Hills, R. D., Jr.; Brooks, C. L., III. Hydrophobic Cooperativity as
a Mechanism for Amyloid Nucleation. J. Mol. Biol. 2007, 368, 894.
(65) Narayanan, C.; Dias, C. L. Exploring the Free Energy Landscape
of a Model β-Hairpin Peptide and Its Isoform. Proteins: Struct., Funct.,
Bioinf. 2014, DOI: 10.1002/prot.24601.
(66) Narayanan, C.; Dias, C. L. Hydrophobic Interactions and
Hydrogen Bonds in β-Sheet Formation. J. Chem. Phys. 2013, 139,
115103.
(67) Chandler, D. Hydrophobicity: Two Faces of Water. Nature
2002, 417, 491.
(68) Chandler, D. Interfaces and the Driving Force of Hydrophobic
Assembly. Nature 2005, 437, 640.
(69) Sterpone, F.; Nguyen, P. H.; Kalimeri, M.; Derreumaux, P.
Importance of the Ion-Pair Interactions in the OPEP Coarse-Grained
Force Field: Parametrization and Validation. J. Chem. Theory Comput.
2013, 9, 4574.
(70) Wei, G.; Mousseau, N.; Derreumaux, P. Sampling the Self-
Assembly Pathways of KFFE Hexamers. Biophys. J. 2004, 87, 3648.
(71) Chen, W.; Mousseau, N.; Derreumaux, P. The Conformations
of the Amyloid-β (21−30) Fragment can be Described by Three
Families in Solution. J. Chem. Phys. 2006, 125, 084911.
(72) Maupetit, J.; Derreumaux, P.; Tuffeŕy, P. A Fast Method for
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