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ABSTRACT: Thermodynamic stabilities of amyloid fibrils
remain mostly unknown due to experimental challenges. Here,
we combine enhanced sampling methods to simulate all-atom
models in explicit water in order to study the stability of
nonpolar (Af4_,;) and polar (IAPP,,_s;) fibrils. We find that
the nonpolar fibril becomes more stable with increasing
temperature, and its stability is dominated by entropy. In
contrast, the polar fibril becomes less stable with increasing
temperature, while it is stabilized by enthalpy. Our results
show that the nature of side chains in the dry core of amyloid
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fibrils plays a dominant role in accounting for their thermodynamic stability.

1. INTRODUCTION

Peptide self-assembly into cross-f fibril structures has
important implications for plaque formation in amyloid
diseases that include Alzheimer’s and Parkinson’s."”” Accord-
ingly, this phenomenon has been the subject of intensive
studies to provide insights into the critical interactions that
need to be targeted by drugs to avoid plaque formation.
Interactions between backbone atoms, which are common to
all peptides, play an important role in accounting for the
superior mechanical strength of fibrils,”* and they may explain
the universal nature of fibrils that can form from seemingly
unrelated amino acid sequences given the right conditions.”®
Side chain interactions modulate the rate of fibrillization which
increases with the hydrophobicity and the f-sheet propensity
of the peptide sequence.” These interactions may also play an
important role in accounting for the thermodynamic stability
of cross-f3 structures as shown in alanine scanning mutagenesis
experiments.” In such experiments, the free-energy (AG) to
add an Af,_,, peptide to a fibril changed by up to ~2 kcal/mol
when a single residue was mutated to alanine. It is important to
note that equivalent AG values can emerge from different
combinations of enthalpy (AH) and entropic energy (—TAS),
ie, AG = AH — TAS. Knowledge of AH and —TAS can
provide insights into the stabilizing mechanisms of fibrils since
hydrophobic interactions of small nonpolar side chains are
mainly related to AS, whereas AH emerges mainly from direct
pairwise interactions, e.g, van der Waals and electrostatic
interactions.””'" Thus, thermodynamics provides a framework
to quantify fibril stability and the interactions accounting for it.

Albeit commonly used to study protein folding, equilibrium
thermodynamic quantities of mature amyloid fibrils are not
easily accessible experimentally, and they remain largely
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unknown."”™"* Only recently have experiments shown that

for some protein sequences, fibrils grow to an equilibrium state
in which they coexist with dissolved proteins."> The threshold
concentration of proteins dissolved in solution below which
fibril nucleation cannot occur'® has been explored to measure
AG and to discover effects of individual amino acids on the
stability of fibrils."’~*° Studies of the temperature dependence
of this equilibrium can also be used to compute other
thermodynamic quantities, e.g, AH, AS, and changes in heat
capacity ACP.12’21_23 Studies of f-sheet association provide
evidence that the molecular mechanisms accounting for fibril
stability depends on the peptide sequence.”**° In particular,
the enthalpically unfavorable desolvation of preformed p-
sheets made from polar peptides (Sup3S) could be the rate
limiting process of their association, whereas entropic effects
related to hydrophobic interactions could favor the association
of f-sheets made from nonpolar peptides. It is important to
note that while effects of temperature on AG are not well
understood, higher temperatures have been shown to affect the
kinetics of some amyloid fibrils by significantly increasing their
nucleation and growth rates.”’

The spontaneous addition of peptides to fibrils has been
studied through computer simulations. This process was
shown to occur in at least two steps wherein peptides dock
into fibrils before locking into them via nonspecific hydrogen
bonds.”***7** To compute AG, different simulation setups
based on the dissociation of peptides from known fibril
structures have been used.””>™>" Extensive sampling is
required to account for equilibrium AG where AG =
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Figure 1. Different views of (a) the antiparallel Afs_,, and (b) the parallel IAPP,,_5; fibrils. van der Waals surfaces of the fibril and the free peptide
are shown in blue and red, respectively. Residues forming the dry core of ABy_,; (F and L) and IAPP,g ;; (S and N) fibrils are highlighted.
Schematic representations of the simulation setup showing the reaction coordinate & for (c) Af}s_», and (d) IAPP,,_;; fibrils. A sphere of radius &
is shown to highlight the three-dimensional surface (gray) on which the free peptide can move around the Afj|4_,, fibril. The initial conformation of
the free peptide is shown at three different -values for the IAPP,q_; fibril. The two f-sheets accounting for the fibril are shown in yellow and

orange. Water molecules are not shown for clarity.

—AGgissociation = AGassociation- Recently, AG values computed
from simulations have been shown to be in reasonable
agreement with experiments for the Af,_,, fibril>® These AG
emerge from a favorable entropic contribution and a small
nonfavorable enthalpy. Rationalization of these results requires
an understanding of how the amino acid sequence and fibril
structure account for equilibrium thermodynamic quantities.

In this paper, we compute potentials of mean force (PMF)
to add monomeric peptides to nonpolar and polar fibrils.
PMF(&) corresponds to the free-energy to bring a peptide
from noninteracting distances to a distance £ from the fibril.
This quantity is computed at different temperatures in order to
provide estimates for AH and —TAS. Simulations are
performed by combining two enhanced sampling methods,
ie, Replica Exchange Molecular Dynamics (REMD) and
Umbrella Sampling (US). REMD is used to improve sampling
of the different US windows, thus, providing equilibrium
ensembles of peptide structures around the fibril at different
temperatures. The weighted histogram analysis method
(WHAM) is used to compute PMF(¢) at different temper-
atures from the different ensembles. We anticipate that the
methodology used here will become popular as the intensive
computational resources required to perform the simulations
are becoming more widely available to researchers. The
combination of REMD and umbrella sampling presents the
advantage of being easily generalized to other systems as it
requires little prior knowledge of the system being study, and it
provides equilibrium conformational ensembles at different
temperatures.
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We find that the nonpolar fibril studied in this paper
becomes more stable with increasing temperature. At first
sight, this result is counterintuitive as solid materials tend to
become less stable with increasing temperature and not the
opposite. We show that hydrophobic interactions in the core of
nonpolar fibrils are responsible for this nonconventional
dependence of stability on temperature. In contrast, the
polar fibril becomes less stable with increasing temperature.
Thus, our results suggest that the stability of fibrils can be
tuned by carefully choosing the amino acid sequence in the dry
core of the fibril. Accordingly, one may envisage fibrils being
used as thermosensors that will fall apart whenever a given
temperature T, is reached. To the best of our knowledge, this
is the first computational study to investigate the effect of
temperature on the thermodynamic stability of amyloid-like
fibrils using all-atom molecules and explicit solvent. Moreover,
the combination of REMD and US allows us to compute
enthalpic and entropic energies with small uncertainties for
both nonpolar and polar fibrils. We find that the former is
stabilized by entropic energy, and the latter is stabilized by
enthalpy. This suggests, that similarly to the thermodynamic
theory of protein folding, it may be possible to develop a
thermodynamic theory for fibril growth wherein the addition
of a peptide to a fibril accounts for specific changes in enthalpy,
entropic energy, and heat capacity. However, this will require
the study of other fibrils from different amino acid sequences
as well as polymorphic fibril structures. This study provides a
proof of concept in that direction and shows a new
methodology that can be used for that purpose.
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Figure 2. Characteristic configurations of the peptide (in red) locked into (a) Af4_,, and (b) IAPP,4_; fibrils. Backbone hydrogen bonds are
represented by dotted blue lines, and f-sheet structures in the fibril are represented in yellow. PMF to add a peptide to the fibril along the reaction
coordinate ¢ for (c) ABs_,; and (d) IAPP,4_j; fibrils at 309 K (black), 330 K (red), and 360 K (blue). Temperature dependence of the PMF at
locked state for (e) Af4_5; and (f) IAPP,,_s; fibrils. Red lines correspond to fits of the PMF at & to eq 1, and error bars were computed using

bootstrap analysis.

2. METHODS

All simulations are performed using GROMACS 4.6 with
AMBER99sb-ILDN force-field and TIP3P water.>” The initial
structure of the nonpolar Af;4_,; fibril (sequence KLVFFA) is
based on the PDB entry 30W9 which contains 12 antiparallel
peptides.” To reduce the computational cost of the simulation
while allowing the free peptide to interact with the solvent
accessible sides of the fibril, we retain six of the 12 peptides in
the simulation box—see Figure la. The polar IAPP,q_;; fibril
(sequence SSTNVG) was constructed by extending the PDB
entry 3DG1”" to account for a cross-f structure made of six
chains with parallel f-sheets as determined experimen-
tally*""**—see Figure 1b. Simulation boxes of Afs_,; and
IAPP,;_;; fibrils are solvated with 7379 and 7300 water
molecules, and the net charge of the Afs, system is
neutralized by adding six CI” ions. These initial fibrils were
relaxed for 2 ns at 300 K and 1 atm to remove unrealistic
contacts. Details of the simulation protocol are given in the
Supporting Information (SI).”!

A two-step Umbrella Sampling protocol®® combined with
replica exchange molecular dynamics is used to study fibril
dissociation at different temperatures. Notice that US (without
REMD) is commonly used to study free-energies to add
peptides to a fixed-main chain fibril.*”****~*° The combina-
tion of US and REMD enhances sampling of the phase space
(see section S6 of the SI’'), and it provides estimates of the
PMF at different temperatures which we use to compute
enthalpy and entropic energy. In these simulations, heavy
atoms of five chains of the initial fibril are restrained to their
initial positions by a spring with constant 1000 kJ mol™! nm™.

In the first US step, the C, atom of the N-terminal of the
“free” peptide is pulled away from the center-of-mass of its
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closest three chains along the one-dimensional direction of the
fibril axis (£,). From these 10 ns steered molecular dynamics
simulations, 20 and 19 configurations for Afs_,; and
IAPP,g 33, respectively, were extracted along the dissociation
pathway. The &, distance between peptide and fibril in these
extracted configurations was in the range of 0.9—2.8 nm for
AP, and 094-2.74 nm for IAPP,; ;; with 0.1 nm
increments for both systems. The goal is to use these
structures as initial configurations to sample the system along
the reaction coordinate.

We define the distance & between the C, atom of the N-
terminal of the “free” peptide and the center-of-mass of the
three closest chains of the fibril as our reaction coordinate for
the second step of umbrella sampling—see the SL’' The
selection of ¢ in this way limits the conformations of the free
peptide to move on a sphere with radius £ at each window—see
Figure lc. To avoid potential biases introduced by the initial
structure of the “free” peptide, we removed all the water from
the simulation box and performed a manual random rotation
of the peptide around its C, atom of the N-terminal residue,
avoiding steric collisions with the fibril. This rotation was
performed once for each window of both systems while
keeping the distance £ fixed. Examples of rotations for three &
values are shown in Figure 1d. The configurations with rotated
free peptide were solvated and equilibrated for 2 ns with
position restraints on heavy atoms.

In the second US step, a spring with a constant of 4000 k]
mol™! nm™2 is used to restrain initial & distances of the 20
APis_,1 and 19 IAPP,g ;; windows. These systems are
simulated using REMD* for 75 ns each. The last 25 ns of
the trajectories is used to compute PMF(¢) at each of the 32
temperatures (ranging from 290 to 373 K) using the weighted
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Figure 3. Temperature dependence of the enthalpy AH, and entropic energy —T,AS, for (a) Af}js_,; and (b) IAPP,_s; fibrils computed at &;.
These quantities were obtained by fitting the PMF to eq 1 at different reference temperatures T). Error bars in these figures were obtained from fits

to eq 1—see SL.”'

histogram analysis method.*”” Details of the simulation and
analysis of the convergence of the PMF are provided in the
Supporting Information (SI).”" Notice that the PMF increases
with —k,Tlog(£*) due to the three-dimensional nature of &.
We subtract this dependence of the PMF on &, and the PMF is
shifted to zero at £ = 2.7 nm.

3. RESULTS

In Figure 2c-d we depict the PMF of AfB4_,; and IAPP,q_;
fibrils along the reaction coordinate & at temperatures 309,
330, and 360 K in black, red, and blue colors, respectively.
Global minima of these PMF (dashed lines in Figure 2c-d)
correspond to configurations in which the free peptide is
locked to the fibril, ie., the free peptide adopts a f-strand
structure that is hydrogen bonded to the fibril. Cluster analysis
(see Figure S4 in the SI’') shows that locked states are
accounted for by two main structures: one where f-sheets are
made of four and two peptides (Figure 2a), and the other
where both f-sheets of the fibril are made of three peptides
each (Figure 2b). The latter structure represents an “ideal
fibril” where the peptide is hydrogen bonded to one f-sheet of
the fibril and its side chains interact with the opposing f-sheet.
Locked structures make up ~70% of the conformations
sampled by the peptide at &, = 0.94 nm for Af_,, and &, =
1.00 nm for IAPP,; ;3. At large distances (£ > 2.5 nm), the
peptide does not interact with the fibril.

The temperature dependence of the PMF at &, ie., the
locked state, is shown in panels e and f of Figure 2 for Af4_,,
and IAPP,; s, fibrils, respectively. These panels show that the
nonpolar fibril becomes more stable with increasing temper-
ature, while the opposite is observed for the polar fibril. At first
sight, the temperature dependence of the Af4_,, fibril appears
counterintuitive as thermal fluctuations reduce the stability of
conventional material. However, this behavior is consistent
with hydrophobic interactions becoming stronger with
increasing ternper'clture.A'S’A'9 In section S8 of the SI, we discuss
how the positively charged lysine in Af|¢_,, interacts with the
fibril.”" Further insights into the role of hydrophobic
interactions can be obtained by decomposing the PMF into
enthalpy AHy(£) and entropic energy —T,AS,(£) at the
reference temperature T, These quantities, as well as the heat
capacity AC,,(£) to add a peptide to a fibril, can be obtained
by fitting the temperature dependence of the PMF to”"~>*

(T-T)-T log(;]}
(1)

PME(¢, T) = AHy(£) — TAS(&) + AC,(&)
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Lines in Figure 2e-f correspond to fits of the PMF at &, to eq
1. These fits provide a good description of our simulation data
as well as numerical estimates for AHy(&,), —TASy(&,), and
AC,,(&)—see Tables S1 and S2 of the SL”' The temperature
dependence of AHy(&,) and —T,ASy(&,) is shown in Figure 3.
For the Af4_,, fibril, —ToASy(&,) favors the fibrillar state,
while AHy(£,) opposes it at all temperatures, including
physiological conditions, i.e, 310 K. The dominant —T,AS,
arises from hydrophobic interactions in the core of
Aﬁ16_21.9’55_57 These interactions emerge because water in
the vicinity of nonpolar residues is released into the bulk
solution with increased entropy when nonpolar molecules
approach each other. The stability of the IAPP,q_;; fibril is
favored by enthalpy, while it is opposed by entropy at
temperatures above 306 K. Direct interactions involving atoms
of peptide, fibril, and water molecules can rationalize this
enthalpic stabilization.” The configurational entropy of the
peptide which becomes smaller when it binds to the fibril may
explain the unfavorable entropic energy of binding of
IAPP,s 3;. At physiological conditions, the entropic compo-
nent is negligible, and the stability of IAPP,s_3; is dominated
by enthalpy.

AC,, measures the curvature of the temperature dependence
of the PMF—see eq 1. For protein folding, this quantity is
invariably negative, and it has been related to the burial of
nonpolar residues away from water.*”**** Accordingly, AC,,
for protein folding is often written as the sum of negative and
positive terms accounting for the desolvation of nonpolar
Acgg“l"’l“ and polar Angla' residues, respectively.”® In contrast
to this decomposition, a recent study reported Angl” to be
negative for a large class of polar compounds,”’ while
experimental studies have called for a re-evaluation of the
additive interpretation of ACPO.M’é2 Amyloid fibrils may
constitute ideal systems to study these questions as the
hydropathy of their dry core can be tuned by varying the
peptide sequence. In our simulations, we find that AC,, is
negative for both AB (ACP0 = —0.85 kJ/mol/K) and
IAPP,y_;; (—1.44 kJ/mol/K) fibrils—see Tables S1 and $2.”'
This suggests that the burial into the fibril core of both
nonpolar side chains of Afs_,; and polar side chains of
IAPP,; 33 account for a negative change in heat capacity.
However, simulations of other polar fibrils are needed to
validate these results.

The lowest temperature probed by our simulations is 290 K.
However, eq 1 can be used to extrapolate PMF(&;) to lower
temperatures. In particular, the extrapolated PMF(¢,) at 265.4
K for ABs 5, and 227.1 K for IAPP,; 33 is zero implying that
fibrils become unstable at these temperatures. We anticipate
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Figure 4. Changes in enthalpy AH and entropic energy —TAS as a function of & for (a) Af4_,; and (b) IAPP,,_5; fibrils at 310 K (full lines) and
320 K (dashed lines). Error bars in these figures are obtained from fits to eq 1. (c) Fraction of contacts between phenylalanine residues of the free-
peptide and the fibril at 310 K (full line) and 320 K (dashed line). Residues are considered to be in contact whenever their atoms are at a distance
smaller than 0.25 nm from each other. (d) Characteristic configuration of fibril (cyan) and peptide (red) at £ = 1.8 nm.

that experimental studies of amyloid fibrils at high pressure
and/or in solutions containing cosolvents may be used to
explore the dissociation of nonpolar fibrils at temperatures
below 273 K. Pressure and cosolvents account for a reduction
in the freezing point of water, enabling studies at temperatures
below 273 K. Experimental evidence that fibrils can
dissociate at low temperatures has been provided for a-
synuclein. ™%

Figure 4 depicts thermodynamic quantities computed along
the reaction coordinate, &, for Aff;s_,; and IAPP,g_ s, fibrils at
310 and 320 K. Panel (a) in Figure 4 shows that the first and
second minima of the PMF of the Af4_,; fibril are favored by
entropy and enthalpy, respectively. At the first minimum,
nonpolar surfaces of L;; and Fyg side chains are buried in the
fibril core (see Figure 1c) accounting for the release of shell
water into the bulk and the dominant entropic component of
the free-energy. At the second minimum, the peptide interacts
with the side of the fibril, maximizing the number of van der
Waals and electrostatic interactions, thus explaining the
dominance of the enthalpic component. Accordingly, Figure
4c shows that the number of contacts between phenylalanine
side chains of the peptide and the fibril is a maximum at the
second minimum. A sample conformation in which phenyl-
alanine side chains of the peptide and the fibril are in contact is
shown in Figure 4d. In contrast, the dry core of IAPP,q_3; at
locked states is made of polar residues (see Figure 1d) that
form electrostatic, van der Waals, and hydrogen bonds with the
fibril, accounting for the enthalpically dominant component of
the PMF. Accordingly, in Figure S12”" we show that residue
Nj, of the peptide forms hydrogen bonds with residues Nj;
and S,y of the fibril contributing to intra- and inter-f-sheet
stability. Notice that the magnitudes of AH(&) and —TAS(&)
in Figure 4a-b are 2—4 times larger than the magnitude of the
PMF(€). However, since one of these quantities is negative
and the other is positive, i.e., enthalpy and entropic energy
compensate each other, the magnitude of the PMF is only of
the order of 15—20 kJ mol™".%

4. CONCLUSION AND DISCUSSION

In summary, our results support the idea that the molecular
mechanisms stabilizing cross-f structures are strongly related
to the amino acids that are buried in the fibril core. This is in
line with scanning mutagenesis experiments in which AG is
shown to depend significantly on individual residues that are
being mutated,*® bioinformatics estimates of AG based on
structural complementarity of side chains forming the p-
sheet,”” thermodynamic efforts to design new amino acid
sequences that form fibrils,"*~*° and thermodynamic studies of
coarse-grained models.”**” We find that nonpolar fibrils are
stabilized by entropy and destabilized by enthalpy, while the
opposite trend is observed for polar fibrils. This suggests that
nonpolar fibrils are stabilized by hydrophobic interactions,
which are characterized by an increase in the entropy of water
molecules, whereas the stability of polar fibrils emerges from
van der Waals and electrostatic bonds including hydrogen
bonds. Notice that in implicit water simulations, enthalpy and
entropy were found to contribute equally to the free-energy of
a nonpolar fibril”® suggesting that an explicit treatment of
water may be required to account for thermodynamic
properties.

Limitations of the present work should also be noted. In
particular, our simulations are based on fibril models with fixed
main-chains. They provide a template that corresponds to a
deep free-energy minimum of the system as the peptide is
found locked to the fibril in approximately 70% of the time for
small & distances. However, more relaxed conformational
restrictions of the fibril will be necessary to explore, for
example, conformational fluctuations at the fibril end and how
it affects transient states leading to the locked state.” Also, it is
desirable to reproduce results from this work with different
force-fields. The extensive computational resources required to
simulate 48 us for ABs_,, and 45.6 us for IAPP,g_,; in boxes
containing ~7,300 water molecules have so far prevented us
from doing so. However, strengthening of hydrophobic
interactions and weakening of direct interactions with
increasing temperature, which gives rise to the entropic and
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enthalpic stability of nonpolar and polar fibrils, are robustly
reproduced by different force-fields. This provides evidence
that qualitative results from this work are independent of the
force-field.
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