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Recent experiments have revealed that adenosine triphosphate (ATP) suppresses the fibrillation of amyloid
peptides — a process closely linked to neurodegenerative diseases such as Alzheimer's and Parkinson's.
Apart from the adsorption of ATP onto amyloid peptides, the molecular understanding is still limited, leav-
ing the underlying mechanism for the fibrillation suppression by ATP largely unclear, especially in regards
to the molecular energetics. Here we provide an explanation at the molecular scale by quantifying the free
energies using all-atom molecular dynamics simulations. We found that the changes of the free energies
due to the addition of ATP lead to a significant equilibrium shift towards monomeric peptides in
agreement with experiments. Despite ATP being a highly charged species, the decomposition of the free
energies reveals that the van der Waals interactions with the peptide are decisive in determining the

Received 15th January 2024, relative stabilization of the monomeric state. While the phosphate moiety exhibits strong electrostatic

Accepted 22nd March 2024 interactions, the compensation by the water solvent results in a minor, overall Coulomb contribution. Our
quantitative analysis of the free energies identifies which intermolecular interactions are responsible for the

suppression of the amyloid fibril formation by ATP and offers a promising method to analyze the roles of
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1 Introduction

Adenosine triphosphate (ATP) is mainly known as the primary
energy source for ATP-dependent enzymes to drive biological
reactions inside of cells. However, recent experiments have
demonstrated that ATP also suppresses the aggregation of
proteins and formation of fibrils." Since various debilitating
diseases like Alzheimer’s and Parkinson’s are closely connected
to the aggregation of peptides into amyloid fibrils,>® numerous
studies have been carried out to examine the effect of ATP on
protein aggregation.”’

It has been shown that ATP preferentially adsorbs onto
protein surfaces, especially onto their flexible regions and onto
intrinsically disordered proteins.”*” This can be attributed to
the ability of ATP to engage in various interactions with the
peptides, using both its hydrophobic adenosine moiety and
highly negatively charged phosphate moiety for n-r interac-
tions, hydrogen bonds, and hydrophobic interactions among
others. In the case of globular proteins, it has been demon-
strated that triphosphate anions are as effective as ATP in
increasing the stability of proteins against denaturation,
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similarly complex cosolvents in aggregation processes.

suggesting that the solubilizing effect of ATP may be due to
its highly charged phosphate moiety.'* Other studies have also
shown that ATP modulates the liquid-liquid phase separation
of RNAs and proteins depending on its concentration via
electrostatic interactions.”®"* A possible molecular explanation
is then given by a “supercharging mechanism”, wherein the
highly charged phosphate moiety adsorbs onto the protein
surface, causing some proteins to become negatively charged
which in turn increases their colloidal stability.'®"®"°

This explanation does not hold for amyloid fibrillation, though.
It has been revealed that adenosine molecules prevent the
formation of amyloid fibrils almost as efficiently as ATP, whereas
the effect of triphosphate ions is negligible,"" with promotion of
aggregation observed for some polyelectrolytes.”>*" This can be
surprising, especially when taken into account that ATP binds
preferably onto the positively charged residues of a peptide,
indicating that the phosphate moiety interacts more strongly than
the adenosine moiety with the peptide.”®'** A recent review
noted, indeed, that the solubilizing effect of ATP could not be
understood if electrostatic interactions are not the primary driving
force.?® It is thus puzzling why the electrostatic interactions stem-
ming from the phosphate moiety are not responsible for the
suppression of amyloid fibrillation despite the strong interactions
with the peptides. Furthermore, it is not clear how the interactions
between the adenosine moiety and the peptides lead to the
suppression of the fibrillation and which interaction components
are essential.
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Fig. 1 Analyzed ABig_22 structures. The 1-mer (monomer), 2-mer (dimer),
8-mer, 12-mer, and 16-mer were examined in the present work. The
2-mer forms an antiparallel B-sheet structure. The aggregates consist of
antiparallel B-sheets which are built from four monomers and stacked
parallelly on top of each other.

To disclose the origin of the solubilizing effects of ATP, it is
necessary to go beyond the analysis of structural features. The
most direct way is to compute the free energies involved in
fibrillation processes and to analyze the various contributions
at a molecular scale by incorporating not only the peptide-ATP
interactions but also the peptide-water interactions. To gain
insight into the mechanism behind the suppression of the
amyloid peptide fibrillation induced by ATP with atomic reso-
lution, all-atom molecular dynamics (MD) simulations have
been widely adopted.’**'*'>'” However, quantitative analysis
of the free energy with sufficient precision has still remained an
open challenge due to the complex molecular structure and
high negative charge state of ATP.

Here, we address quantitatively the change of the free energy
of solvation for various aggregation states of the capped seven-
residue peptide AB;6-,, upon addition of ATP by employing the
energy-representation method.>*”*” The studied peptide com-
prises the fibril-forming, central hydrophobic core of the full-
length peptides AB;_4 and AB; 4, and has thus been widely
studied both experimentally®®° and computationally®*'~* as
a model system. The cosolvent species examined were ATP and
urea, where the latter was employed for comparison. Through
the decomposition of the solvation free energy into various
components, we elucidate the individual contributions of the
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ribose, adenine, and phosphate moieties of ATP, the sidechain
and backbone of the peptides, and the water solvent. Our
analysis reveals that the suppression of the fibrillation stems
mostly from van der Waals interactions, whereas the contribu-
tion from electrostatic interactions is minor.

2 Theory and computational methods

The studied systems consist of AB;e_5,, its dimer or its aggre-
gates as solutes in pure water, a mixture of water with 100 mM
ATP anion and 400 mM Na®, and a mixture of water with 3 M
urea. Fig. 1 illustrates the 1-mer (monomer), 2-mer (dimer),
8-mer, 12-mer, and 16-mer which were examined in this work.
We collectively refer to them as n-mer with n = 1, 2, 8, 12, and
16. The sequence of APy, is Lys-Leu-Val-Phe-Phe-Ala-Glu.
The N- and C-termini were capped with Ace and NMe, respec-
tively. The 1-mer was generated with the LEaP program of
AmberTools18.>® The 2-mer consists of two 1-mers which are
placed laterally next to each other in antiparallel configuration,
i.e., with the N-terminus of one peptide facing the C-terminus
of the other. The aggregates were constructed from antiparallel
B-sheets which are stacked on top of each other in parallel.
Each antiparallel B-sheet was made of four 1-mers placed
laterally next to each other in antiparallel configuration. The
8-, 12-, and 16-mers consist of two, three, and four of these sheets,
respectively. The total number of solvent molecules was 30 000 for
each system. Here, the ATP anion, Na*, and urea are denoted as
solvent species as well as water. For the ATP-water mixture, the
number of ATP ions is 60 and the number of Na* ions was 240.
For the urea-water mixture, the number of urea molecules was
1770. The number of cosolvent molecules and the box sizes were
chosen such that the desired concentrations are achieved and that
the average pressure is 1 bar for the simulations without solute.
Each n-mer is treated as a single solute particle.

All simulations were conducted at 300 K with GROMACS
2022.1 in NVT ensemble,®® and further details of the simulation
setups are described in Appendix A. We used the TIP4P/2005
water model®” and the Amber ff03w forcefield*® for the pep-
tides. For ATP, the force field is described in our previous
work." The force field of Holzl et al. was adopted for urea.*®
The free energy of solvation was computed by utilizing the
energy-representation (ER) theory of solution.””

To determine the energetics of our systems, we performed
the MD simulations as follows. First, we prepared a set of n-mer
solute structures. For this, we ran a simulation in the solvent of
pure water for 150 ns for each n-mer which was treated as a
flexible species. From each trajectory, a snapshot was extracted
every 2 ns between 52 ns and 150 ns, resulting in a total of 50
snapshot configurations for each n-mer. For each snapshot of
each n-mer, MD was carried out in the aforementioned solvents
where the solute configuration was kept fixed and the free
energy of solvation was determined through the procedure
described in Appendix A. The averaged values over the 50
configurations of the solute are denoted as (---) in Results
and discussion. The total simulation time for the solution
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Table 1 Simulation setups for the solution systems of interest. The
simulation times for the equilibration and production runs and the sam-
pling interval are listed for each solvent. Note that for the ATP-water
solvent, the simulations were carried out five times per solute structure
and that the numbers listed here are for one run

Equilibration Production Sampling
Solvent time (ns) time (ns) interval (ps)
Pure water 1 5 1
ATP-water 50 50 0.1
Urea-water 5 20 1

system of interest per snapshot configuration of the solute was
6 ns in the pure-water solvent, 500 ns with ATP as a cosolvent,
and 25 ns with urea as a cosolvent. Note that in the ATP system,
5 runs were performed for each solute structure with different
initial solvent configurations. Refer to Table 1 for further
details about the simulation times.

In the following, we give a brief overview of the theoretical
framework to describe the cosolvent effects on the fibrillation of
AP16_22. This framework is not limited to ATP, urea, or AB;e 2>
and can in principle be applied for any cosolvent and solute. The
formation of n-mers from n 1-mers is a dynamic process and is
in constant competition with the reverse process of the dissolu-
tion of n-mers back into their constituent monomers. It can be
shown that the following equation is valid when the monomeric
state and the n-mer aggregate state of a peptide are in equili-

brium:***
€X
() (5 ) o

kg is the Boltzmann constant and T the temperature. p, is the
concentration and y;;* the excess chemical potential of the n-mer
when the ideal part is taken to be kgTlog p,. p; and u5* are the
corresponding values for the 1-mer. The left-hand side of the
equation quantifies the equilibrium of the two states; if the ratio
between p,, and (p,)" is large, the equilibrium is in favor to the
n-mer aggregate state. The aggregation of peptides can therefore
be prevented by adding a cosolvent which increases p;° or
decreases p5*.

Each n-mer is a single solute particle in our treatments, and
its excess chemical potential u5* can be expressed as*’

§o = jdw,,Pwn)Es(wn) + jdw,,Pw,,)vm'V(wn)

@)
+kBTjde<¢n>1og<P<m>>.

¥, denotes the coordinates of the solute collectively and P(i),,) is
its probability distribution function. The first term of eqn (2)
refers to the average of the intra-solute energy Es(,) at a
structure V. Es is composed of the intramolecular interactions
of the monomers and the intermolecular interactions between
the constituent monomers within the n-mer aggregate when
n > 1. The second term corresponds to the average of the
solvation free energy for a fixed structure v**“(y,). *°V(,,) is
the reversible work required to turn on the intermolecular
interactions between the solute with the fixed ¥, and the
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solvent (and cosolvents). As described above and in Appendix A,
the solvation free energy was computed by the energy-
representation method using all-atom models with explicit
solvent.?**” The last term of eqn (2) is known as the configura-
tional entropy, chain entropy, or conformational entropy of the
solute, which quantifies the extent of flexibility of the solute.
Those terms which are canceled in the right-hand side of eqn (1)
are omitted in eqn (2).

As shown in Appendix B, the change of the excess chemical
potential upon addition of a cosolvent at a concentration c is
given by

2 e) = 150) = [a, P30

(3)
X (1/50“(!&”; ¢) — Ny, 0)) + C”(cz).
P(r,,;0) is the distribution function of the solute structure ¥, at
a cosolvent concentration of ¢ = 0, i.e., in the pure-water solvent.
M ,5¢) is the solvation free energy for the structure i, at the
cosolvent concentration ¢, and accordingly, 1*°™(1f,;0) is the
solvation free energy for the structure i, in the pure-water
solvent without cosolvent. Eqn (3) is an exact expression
derived from the variational theorem.’®*' It shows that the
change of the excess chemical potential upon addition of a
cosolvent of concentration ¢ (left-hand side) can be obtained
without taking into account the variation of the distribution
function P(y,,) with respect to ¢ (right-hand side) if the concen-
tration is small enough such that higher-order terms can be
neglected. In the following, the integral expression in the right-
hand side of eqn (3) is written as A{1*°").

To describe the equilibrium shift between the 1-mer and the
aggregate state upon addition of a cosolvent, we introduce the
function W(c). It signifies the peptide concentration at which
50% of the peptide molecules are in the aggregate form as a
function of the cosolvent concentration ¢, and W(0) is the value
in the pure-water solvent. Eqn (1) leads to

log(;%;) T }:)kBT

LCETAR

4)
= (H7(e) = u(0)) |-

Eqn (4) is valid not only when 50% of the peptide molecules are
in the aggregate form but for any percentage value o (0 < o <
100), as long as the value of « is kept fixed when c is varied. In
this work, we address the cosolvent effect on the peptide
aggregation in terms of the solvation free energy using
eqn (3) and (4). A larger value of W implies that the peptide
concentration needed for aggregation is higher. In other words,
if the cosolvent increases W, it acts as an inhibitor of aggrega-
tion, and when the cosolvent species is varied at fixed c, a
cosolvent with larger W(c) is a stronger inhibitor. The cosolvent
effects are addressed in Results and discussion on the basis of
the data for ATP at 100 mM and urea at 3 M, and the
dependence on the cosolvent concentration is described in
Appendix C.
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Fig. 2 Energy components per monomer in pure water and the cosolvent effects on aggregate formation. (a) Averaged peptide—peptide interactions
per monomer (Es)/n, free energy of solvation per monomer <VSOW>/V7, and their sum as a function of the aggregation degree n of AB;6-22 in pure water.
(Es)/n favors the formation of aggregates whereas (+*°)/n inhibits it. The sum of these two contributions shows that the aggregation of the peptides is
energetically favorable (with more negative values). (b) Cosolvent-induced change of the averaged free energy of solvation per monomer A(*°")/n upon
addition of 100 mM ATP or 3 M urea. The 1-mer is stabilized the most and the stabilization decreases with increasing n (less negative values).
(c) Qualitative illustration of the resulting equilibrium shift. ATP inhibits the aggregation more effectively than urea. (d) Quantification of the equilibrium
shift with the suppression factor Sp defined through egn (4). To reach the same percentage of aggregated peptides as in the pure-water solvent, the
concentration of the peptides has to be increased by 2 to 3 orders of magnitudes if 3 M urea is added, and 10 to 13 orders of magnitudes if 100 mM ATP is
added. The error bar is expressed at 95% confidence interval (twice the standard error) and is not shown when the size of the data symbol is larger. Lines

connecting the data points are drawn as guides for the eyes.

3 Results and discussion

We first discuss the energetics of the AB;6-,, n-mer aggregates in
the pure-water solvent. Fig. 2a shows the energetic contributions
to the stability of the n-mers. (Es)/n (blue line, triangles) is the
average of Es per monomer and corresponds to the first term in
eqn (2). (Es)/n becomes more negative and therefore more favor-
able with increasing aggregation degree n, showing that the
peptide interactions within themselves and among one another
favor the formation of a fibril structure. (1*°")/n (red line, squares)
is the average of the solvation free energy per monomer and refers
to the second term of eqn (2). It represents the energetic con-
tribution of the water solvent to the stability of the n-mer. This
contribution becomes more positive with increasing n, revealing
that the solvent effect counteracts the peptide-peptide interac-
tions within the n-mers. The sum of (Es)/n and (*°™)/n (green
line, circles), however, becomes more negative with increasing n.
The aggregate formation is an energetically favorable process, and
(Es)/n is the energetic driving force.

Next, we discuss how the introduction of a cosolvent into the
solvent environment affects the stability of the AR5, n-mer
aggregate. According to eqn (3), only the cosolvent-induced
change of the averaged solvation free energy per monomer
A{*°Y)/n needs to be considered. A(+*°™)/n upon addition of

This journal is © the Owner Societies 2024

ATP or urea is shown in Fig. 2b. For both ATP and urea, A(1*°")/
n is negative for every n-mer. This means that the addition of
either ATP or urea into the solution stabilizes the n-mer
regardless of the aggregation degree n. However, the magnitude
of A(*") is non-linearly dependent on n. The stabilization
effect is most pronounced for the 1-mer and becomes weaker
with higher aggregation degrees. While this is true for both ATP
and urea, the difference in the solvation free energy change is
several times larger for ATP. When also taking into account that
the concentration of urea is 30 times higher, it becomes clear
that ATP is much more effective at stabilizing the 1-mer when
compared at the same molar or mass concentrations.

The consequence for the equilibrium between the 1-mer and
the n-mers with n > 2 is illustrated schematically in Fig. 2c.
When the solvent is pure water, the upper half-headed arrow
pointing towards the n-mer side is drawn to be much longer
than the lower one towards the 1-mer side to reflect the stability
of the aggregate. When the solvent environment is altered due
to the introduction of either urea or ATP as a cosolvent, the
equilibrium is shifted towards the 1-mer. As the differences in
A(*°Y)/n between the 1-mer and the n-mers are larger for ATP,
the lower arrow is drawn longer for ATP than for urea.

To give a quantitative measure for the cosolvent-induced
shifts in the equilibria between the 1-mer and the n-mers, we
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determined the suppression factor Sp =log,,(W(c)/W(0))
according to eqn (4) and plotted it as a function of n in
Fig. 2d. For Sp, we used the logarithm to base 10 to simplify
the interpretation. The suppression factor for urea at 3 M (red
lines, squares) lies between 2 and 3, which means that the
concentration of the peptide has to be increased by a factor of
10” to 10> to obtain the same extent of aggregation as without
urea. In the case of ATP at 100 mM (blue line, circles), the value
is between 10 and 13. Eqn (3), (4), and (A4) further show that Sp
is about 1 to 1.3 at ¢ = 10 mM. This predicts that 10 mM ATP
suppresses the fibril formation to similar extents as 1 to 2 M
urea. Indeed, experiments have shown that the percentage of
aggregation amounts to ~30% for ATP at 10 mM and ~40%
for urea at 2 M.'"** The computational results are therefore in
reasonable agreement with experimental observations.

The above discussion demonstrates that the key quantity to
understand the suppression of fibril formation by ATP is the
change of the solvation free energy A(+*°™) upon addition of a
cosolvent. A(1*°") itself is determined by the balance of the
intermolecular interactions among the solute (peptide or its
aggregate), water, and the cosolvent. The decomposition of
A(#°M) into the contributions from a variety of interaction
components is thus useful to assess the effect of the cosolvent
from an energetic point of view and see the driving forces for
the prevention of the fibrillation. In principle, the decomposi-
tion scheme is not unique and depends on the chosen method.
The energy-representation formalism allows the energy decom-
position in a straightforward manner since the solvation free
energy change can be expressed as a sum of the following
contributions:*°

AWy = Autee 4 AV 4 A (Jdg@)) . ()

Au*® and Au'™ are the average changes of the electrostatic
and van der Waals energies of the solute with the solvent
environment, respectively, when the cosolvent is added. The
integral expression in the last term of eqn (5) denotes the free-
energy penalty due to the reorganization of the solvent struc-
ture by insertion of the solute, and the last term itself with A
refers to the difference in the solvent-reorganization penalty
with and without the cosolvent. ¢ denotes the pair energy of the
solute with the solvent. From this term, the excluded-volume
effect can be determined if the lower integration limit is set to
an energy ¢. We set this energy to 150 kcal mol ™" for the
systems with ATP as the cosolvent and 20 keal mol " with urea.
The lower integration limit has to be set higher with ATP due to
its high negative charge which leads to stronger electrostatic
interactions both on the attractive and repulsive sides. In the
following, the change of the solvation free energy upon addi-
tion of ATP is analyzed in terms of the contributions according
to eqn (5) and compared to urea.

Fig. 3 shows the contributions of the electrostatic energy
(blue lines, up-pointing triangles), van der Waals energy (green
lines, down-pointing triangles), and excluded-volume effect
(red lines, squares) with the (total) change of the solvation free
energy (purple lines, circles). The magnitudes of the energy
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Fig. 3 Changes of the energy components per monomer upon ATP and
urea addition. The electrostatic contribution is almost independent of n.
The van der Waals interaction contributes the most to the stabilization of
the 1-mer over the aggregates for both cosolvents. The changes of the
solvation free energies are the same as in Fig. 2b. The error bar is expressed
at 95% confidence interval (twice the standard error) and is not shown
when the size of the data symbol is larger. Lines connecting the data points
are drawn as guides for the eyes.

contributions in the water-ATP mixture are mostly larger
compared to those in the water-urea system, although the
concentration of ATP is 30 times lower. For example, the
electrostatic contributions in the water-ATP mixture are more
than twice the values in the water-urea mixture. The depen-
dence of the electrostatic contribution on the degree of aggre-
gation n is weak, though, with both ATP and urea. The
electrostatic interaction is thus not decisive in determining
the relative stabilities between the 1-mer and the aggregates.
The excluded-volume effect favors the higher aggregation states
with ATP while its n dependence is weak. The van der Waals
interaction is the major contribution to the n dependence of the
change of the solvation free energy with both cosolvents. In
other words, while there are differences between the quantita-
tive values of the energy components with ATP and urea as a
cosolvent, the qualitative picture for the interaction governing
the cosolvent effect is similar. This is an interesting result as
the structures of those cosolvents are quite different in terms of
size, charge, and flexibility. ATP may thus be viewed as a “big
urea” in the sense that the van der Waals interaction leads to
the peptide dissociation with minor roles played by the electro-
static components and that the aggregation is suppressed
much more strongly with ATP. While it can be expected that
the electrostatic contribution of urea is small compared to the
van der Waals one,***"**® one might consider that the reverse
is the case for ATP due to its high negative charge and because
electrostatic interactions are stronger in general. In fact, several
studies have pointed out that ATP adsorbs preferably onto the

This journal is © the Owner Societies 2024
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Fig. 4 Decomposition of the changes of the energy components per monomer for each solvent species upon ATP addition. The largest contribution to
the n dependence of the cosolvent-induced change of the total solvation free energy (blue lines, squares) stems from the ATP anion. ATP (green lines,
down-pointing triangles) stabilizes the 1-mer whereas water (red lines, circles) favors higher aggregation degrees. The same trend is observed for the
electrostatic and van der Waals energies. The n dependence of the excluded-volume effect stems almost solely from water. The contributions from Na*
can be neglected for all the cases. The total values are the same as in Fig. 3. The error bar is expressed at 95% confidence interval (twice the standard
error) and is not shown when the size of the data symbol is larger. Lines connecting the data points are drawn as guides for the eyes.

positively charged arginine and lysine residues of the
peptides.”'*'*1¢ On the other hand, it has also been shown
that triphosphate on its own cannot prevent the fibril for-
mation of AB;_4, while adenine and adenosine can, suggesting
that the role of the phosphate group is to increase the
solubility."* Our energy decomposition results are therefore in
line with the experimental observations.

The energy components can be further decomposed into the
contributions stemming from the cosolvent and water to gain
deeper insights into the energetics:*°

A = 37 A, (6)
AV — Z AV, @)
A(foor) - ZA({dsﬂsi)). (®)

The subscript i refers to the solvent species of our systems, i.e.,
water, ATP anion, Na', or urea. Au$® and Aw/Y are the
electrostatic and van der Waals components with solvent
species i, respectively. ¢ in the right-hand side of eqn (8)
corresponds to the pair energy of the solute with solvent
species i. By using eqn (6)-(8), we can define the solvation free
energy contribution A(f°™) of each solvent species i to the total
change of the solvation free energy A(1*°") as

AN = A + Auy™ + A (stJ’(ai)) : (9)

With this definition, A({°™) is an additive quantity, ie., it
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fulfills the following equation:

A<VSO]V> = ZA<V?°1V>. (10)

Hereafter, we use eqn (6)-(9) to obtain the contributions
from each solvent species in the system with ATP as the
cosolvent (Fig. 4): water (red lines, circles), ATP anion (green
lines, down-pointing triangles), and Na' (purple lines, up-
pointing triangles). The contributions of Na* to the dependen-
cies of the changes of the solvation free energy and its compo-
nents on the aggregation degree n are negligible and are
therefore not discussed. The decomposition of the change of
the solvation free energy reveals that the stabilization of the
1-mer over the aggregates after the introduction of ATP into the
solvent environment stems almost solely from the ATP anion.
Its contribution to A(*°Y) amounts to 65 kcal mol~* for the
difference between the 1-mer and 16-mer, for example. This is
partially compensated by water (—54 kcal mol™ ') and enhanced
by Na' (2 keal mol ), resulting in the total A(*°") difference of
13 keal mol . The same trend can be observed for the decom-
position of the van der Waals energy. The total van der Waals
contribution amounts to 8 kcal mol™?, which is due to the
stabilizing effect of ATP (12 kcal mol ') with partial compensa-
tion by water (—4 kcal mol '). Regarding the electrostatic
energy, there is a significant contribution stemming from the
ATP anion which is an order-of-magnitude larger than the van
der Waals one. This is in line with the expectation that the high
charge of ATP should lead to strong electrostatic interactions.
However, these are almost completely compensated by water,
which explains our observation that the electrostatic inter-
action is almost independent of the aggregation degree n.
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Fig. 5 Moiety contributions to the electrostatic and van der Waals ener-
gies between the ATP anion and the solutes. The electrostatic energy
stems almost completely from phosphate. Adenine contributes the most
to the van der Waals energy, followed by ribose and phosphate. The data
for the total ATP anion is identical to the data in Fig. 4. The error bar is
expressed at 95% confidence interval (twice the standard error) and is not
shown when the size of the data symbol is larger. Lines connecting the
data points are drawn as guides for the eyes.

The excluded-volume effect is almost solely due to water.
Accordingly, water is in favor of the states with higher aggrega-
tion degrees for all of the electrostatic, van der Waals, and
excluded-volume components while the ATP anion acts to
suppress the aggregation.

We further decompose the electrostatic and van der Waals
energies to analyze the contribution of each moiety within the
ATP anion. The contributions of adenine (pink lines, circles),
ribose (orange lines, down-pointing triangles), and phosphate
(blue lines, up-pointing triangles) are shown in Fig. 5. Regard-
ing the electrostatic energy, the contributions of adenine and
ribose to the dependence on the aggregation degree n are small.
The phosphate contribution almost matches the total ATP one.
As for the van der Waals energy, all three moieties have a
significant contribution. In particular for the difference
between the 1-mer and the 16-mer, adenine has the largest
contribution with ~5.5 keal mol™", followed by ribose and
phosphate with ~ 3.5 kcal mol™" each. It has been revealed by
experiments'" that adenine already can prevent the formation
of amyloid fibrils. The fibrillation can be further suppressed
when ribose is attached to adenine, and furthermore by phos-
phate. This series correlates with the finding in Fig. 5 that all
three moieties contribute to the n dependence of the van der
Waals component.

Our last decomposition concerns the contributions of the
sidechains and the backbones of the n-mers to the van der
Waals energy. These are plotted in Fig. 6 for each moiety
of ATP. The n dependence is larger for the sidechain with
~7.5 keal mol ™" for the difference between the 1-mer and 16-
mer. Within this difference, adenine has the largest contribu-
tion with ~3.0 kcal mol ', while ribose and phosphate
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the van der Waals energies with the moieties within ATP. The sidechain has
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the adenine moiety. The ribose and phosphate moieties have similar
contributions. The error bar is expressed at 95% confidence interval (twice
the standard error) and is not shown when the size of the data symbol is
larger. Lines connecting the data points are drawn as guides for the eyes.

contribute with ~2.0 kcal mol™* and ~2.5 kecal mol ", respec-
tively. The contribution of the backbone to the difference between
the 1-mer and 16-mer amounts to roughly 5 kcal mol ', which is
smaller than that of the sidechain but not negligible. It
is composed of adenine with ~2.5 kcal mol ", ribose with
~1.5 kecal mol ', and phosphate with ~1.0 keal mol .

We end our discussion by analyzing the structural features
between ATP and the n-mers (Fig. 7) and connecting them with
the energetic results. The spatial distribution function (SDF,
Fig. 7a) reveals that ATP (gray) adsorbs onto the peptide sur-
face. The SDF further shows that the ATP anion is accumulated
primarily around the positively charged lysine residue and
secondarily at hydrophobic sidechains like phenylalanine.
While it can be observed that Na* (purple) also adsorbs onto
the peptide surface, especially around the oxygen atoms, Na" is
mostly gathered around the ATP anion. To quantify the adsorp-
tion, the number of contacts per solvent-accessible surface area
(SASA) of the solute between each ATP moiety and the backbone
and sidechain of the n-mers is plotted in Fig. 7b. The larger
contribution stems from the sidechain (vibrant colors) while
the backbone (faded colors) accounts for 10% to 30%. The total
number of contacts per SASA is highest for the 1-mer and
decreases with increasing aggregation degree. When the side-
chain and backbone contributions are summed, adenine has
the highest contribution, followed by ribose. The contribution
of phosphate is smaller and corresponds to less than 50% of
the one of adenine or ribose. We also determined the number
of hydrogen bonds per SASA. Fig. 7b shows that the adenine
and ribose moieties interact mainly with the backbone, con-
tributing between 50% and 75%. The phosphate moiety, on the
other hand, forms hydrogen bonds mainly with the sidechains
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Fig. 7 Structural features between the solute and ATP. (a) Spatial distribution function (SDF) of the ATP anion (gray) and Na™ (purple) around a snapshot
structure of the 1-mer. ATP (gray) adsorbs onto the peptide surface and is especially found around the positively charged lysine and the hydrophobic
phenylalanine sidechains. Na™ (purple) is mainly gathered around ATP. The SDF of the ATP anion was determined by referring to all the atoms in ATP. The
iso-density surfaces are drawn at the values equal to twice the bulk density. (b) Numbers of contacts and hydrogen bonds per SASA between the n-mers
and ATP. The number of contacts (left) is dominated by the adenine and ribose moieties while the hydrogen bonds (right) are mainly formed by the
phosphate moiety. Error bars equal twice the standard error (95% confidence interval).

while the backbone contributions are between 10% and 25%.
The phosphate contributions are also larger than the ones of
the adenine and ribose moieties combined. In accordance with
the free-energy analysis, both plots in Fig. 7b reveal that the
interaction with the 1-mer is the most favorable. It should be
noted, though, that the relative importance of the interaction
components can be addressed with the energetic analysis.
While the adenine and ribose moieties make up for the most
part of the number of contacts, the phosphate moiety forms
most of the hydrogen bonds. It is therefore necessary to
combine these results with the energetic analysis to get a
picture of the mechanism behind the suppression of the
fibrillation by ATP.

A connection between the structural and energetic points of
view can be made when the contributions of the ATP moieties
in Fig. 7b are compared with the ones in Fig. 5. The electrostatic
energy correlates with the number of hydrogen bonds as the
phosphate moiety is dominant in both. Although the adenine
and ribose moieties form hydrogen bonds with the solute, their
contributions to the electrostatic energy are minor as the
phosphate moiety involves high negative charges. Regarding
the van der Waals energy, correlations with the number of
contacts can be observed. For example, the phosphate moiety
has the least and the adenine moiety the highest contribution.
Although the ribose moiety has similar numbers of contacts as
the adenine moiety, the latter exhibits stronger interactions like
n-stacking with the sidechain of phenylalanine and has the
more favorable (negative) van der Waals energy. With these

This journal is © the Owner Societies 2024

connections, the suppression of the peptide fibrillation by ATP
can be explained in the following way.

As discussed with Fig. 7, the ATP anion adsorbs onto the
peptide surface through various types of non-covalent bonds.
Fig. 7a shows that one major adsorption site is around the
lysine residue. This is due to the hydrogen bonding between the
negatively charged phosphate moiety and the positively
charged lysine sidechain, which is the main contribution to
the number of hydrogen bonds in Fig. 7b. From Fig. 7a, it is
observed that ATP also adsorbs onto the aromatic sidechains of
phenylalanine and the hydrophobic sidechains of valine and
leucine. According to the number of contacts in Fig. 7b, this is
mainly attributed to the adenine and ribose moieties. The
underlying interactions can be the n-stacking between the
adenine moiety and aromatic phenylalanine sidechains and
the hydrophobic interactions of the adenine and ribose moi-
eties with the hydrophobic sidechains. The comparison of Fig.
5 and 7b thus suggests that the hydrogen bonds correspond to
electrostatic interactions, whereas the n-stacking and hydro-
phobic interactions are related to van der Waals interactions, in
agreement with chemical intuition. As seen in Fig. 7b, the
number of hydrogen bonds per SASA between ATP and the
peptides is highest when the latter are not aggregated. This
might lead to a view that the prevention of the fibrillation by
ATP could be partially attributed to hydrogen bonds formed
between ATP and the peptides. However, the resulting differ-
ence in the electrostatic energy between the aggregated and the
monomeric state is small if the whole system is taken into
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account (Fig. 3). The energy decomposition in Fig. 4 reveals
together with Fig. 5 that water cancels the electrostatic energy
gain resulting from the higher number of hydrogen bonds per
SASA formed by the phosphate moiety with the 1-mer. On the
other hand, according to Fig. 4, the formation of n-stacking and
hydrophobic interactions leads to the strongest gain of the van
der Waals energy if the peptides are in the monomeric state.
The van der Waals contribution dominates over the electro-
static one, which is in line with experimental observations
that the amyloid fibrillation can be suppressed even when
the phosphate moiety is removed from ATP.'"' Note that
although the van der Waals interaction of the adenine moiety
with the sidechains has the highest contribution (Fig. 6), it
amounts only to 10% to 25% of the total van der Waals energy.
Therefore, the suppression of the amyloid fibrillation by ATP
cannot be attributed to a single type of interaction, but reflects
the interactions of all three moieties of ATP with both the
sidechain and backbone of the peptides.

Fig. 3 shows that the van der Waals component contributes
the most to the solvation free energy change upon the intro-
duction of ATP into the solution, leading to the free energy
most favorable for the 1-mer. The equilibrium is then shifted
from the fibril towards the 1-mer as illustrated in Fig. 2c and d.
Note that for urea, the van der Waals interactions are also the
main contribution to the stabilization of the 1-mer over the
aggregate structures, whereas the electrostatic interactions
have a minor effect.*”*"**~*® This shows that ATP and urea
suppress the amyloid fibril formation through similar mechan-
isms from the viewpoint of energy decomposition.

4 Conclusions

The van der Waals interaction between ATP and the amyloid
peptides was identified to be the driving force for the suppres-
sion of fibril formation upon the addition of ATP. It was also
revealed that ATP is two orders of magnitude more effective
than urea (when compared at the same molar concentrations)
due to the ability of ATP to form stronger van der Waals
interactions with peptides. This suggests that an effective way
to destabilize amyloid fibrils is to strengthen the van der Waals
interactions between the cosolvent and the solute. Note that
our scheme is not limited to ATP and urea and can be used for
any cosolvent, including those containing arginine and
guanidium.”’~° Accordingly, this work will help to design even
more effective cosolvents to control the amyloid fibrillation and
other aggregation processes.

Data availability

The molecular structure, topology, and parameter files required
for the MD simulations and the free-energy analyses have been
deposited at Zenodo (DOI: https://doi.org/10.5281/zenodo.
8394729).
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Appendices
Appendix A: Detailed procedures of computation

The periodic boundary condition was employed with minimum
image convention. The electrostatic interactions were com-
puted using the smooth particle-mesh Ewald summation with
a real-space cutoff of 1.4 nm, an interpolation order of 4, a
relative tolerance of 10>, and a Fourier spacing of 0.12 nm.>*
The Lennard-Jones potential was truncated for distances greater
than 1.4 nm and shifted such that it is zero at the cutoff. Long-
range dispersion correction for energy and pressure as implemen-
ted in GROMACS was employed during the simulations for the
Lennard-Jones potential. The Lennard-Jones parameters between
unlike pairs of atoms were combined with the Lorentz-Berthelot
combination rules. The LINear Constraint Solver (LINCS) algo-
rithm was employed to fix the lengths of all bonds of AB;¢_5,, ATP,
and urea.>” The water molecules were treated as rigid by using
the SETTLE algorithm.>® The leap-frog algorithm was adopted to
integrate the equations of motion with a time step of 2 fs. The
systems were coupled to a v-rescale thermostat with a coupling
time of 0.1 ps to set the temperature to 300 K.>*

To prepare the initial configuration of the 2-mer, we placed
two 1-mers laterally next to each other with a distance of 0.5 nm
between their respective centers of geometry. The N-terminus
of one peptide faced the C-terminus of the other with center-of-
mass distances of roughly 0.7 nm between the a-carbons of the
N- and C-termini, resulting in an antiparallel configuration.
As for the 8-, 12-, and 16-mer aggregates, we started by first
constructing the antiparallel B-sheets. For this, we placed six
1-mers side by side to form an antiparallel B-sheet with dis-
tances of 0.5 nm between the respective centers of geometry of
the constituent monomers and of 0.7 nm between the N- and
C-termini of the neighboring monomers as done for the 2-mer.
The box dimension in the lateral direction was set to 2.88 nm so
that the last monomer is placed next to the periodic image of
the first one, which essentially results in an infinitely long (-
sheet. An energy minimization with the steepest descent method
with a maximum force threshold of 239 kcal mol ' nm !
(1000 kJ mol " nm ™) was carried out, followed by a simulation
in vacuum for 250 ps. The four monomers in the middle were
then extracted from the last configuration to form the antipar-
allel B-sheet of the aggregates. We stacked two, three, or four of
these sheets on top of each other with a 1 nm spacing between
the centers of geometry of the B-sheets. The sheets were stacked
in parallel configuration, i.e., the C-termini of one sheet faced
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the C-termini of the other sheet with center-of-mass distances of
roughly 1 nm between the a-carbons and likewise for the N-
termini. The resulting structures were used as the starting
configurations of the solutes.

The solute structure was sampled through the simulation in
pure water with the solute left flexible, and when the energetics
were analyzed, frozen structures of the solute were used. The
simulations were carried out in the canonical (NVT) ensemble.
For the pure-water solvent, the number of water molecules is
30000. For the ATP-water mixture, 60 ATP anions and 240 Na*
counterions were used which corresponds to 100 mM of ATP.
For the 3 M urea solution, we substituted 1770 water molecules
with urea molecules as this number was also used in previous
works.***?> The sum of all solvent molecules equals 30000
for all studied systems. In order to determine the sizes of
the simulation boxes, we additionally performed simulations
without the solute in the isothermal-isobaric (NPT) ensemble
for 1 ns. For these simulations, the pressure was set to 1 bar by
coupling the system isotropically to the Parrinello-Rahman
barostat at a coupling time of 1 ps and an isothermal compres-
sibility of 4.5 x 107> bar™'.>® All other setup parameters were
identical to those in NVT. The resulting box lengths in all three
dimensions were 9.65 nm, 9.71 nm, and 9.93 nm for the pure-
water system, ATP solution, and urea solution, respectively. For
the NVT simulations of the system with solute, we used the
same box size as the one without solute.

To sample the structure of the flexible solute, MD simula-
tions were conducted in the pure-water solvent. First, the solute
structure was energy-minimized in vacuum with the steepest
descent method until the maximum force is smaller than
239 keal mol ™ nm " (1000 kJ mol ™" nm ™). Then, 30 000 water
molecules were inserted into the system. To equilibrate the
water configuration, the solute was kept frozen and only
the water molecules were energy-minimized, followed by a
1 ns simulation. After these equilibration steps, the flexible
solute was simulated with water for 150 ns. To avoid possible
loss of the B-sheet structure, we used flat-bottom potentials of
the form

1 2

zk(r —d) O(r—d) (A1)
with a force constant k of 239 kcal mol ' nm™? (1000 I mol * nm >
and a threshold distance d of 0.7 nm. r is the distance between
the a-carbon atoms and @ refers to the Heaviside step function.
This potential was employed only between the a-carbons of the
terminal amino acid residues of adjacent peptides within the
antiparallel B-sheets, i.e., between the lysine and the glutamate
residues. No restraints were employed between the residues of
parallel B-sheets.

The number of contacts was determined with the ‘“‘gmx
mindist” tool of GROMACS.*® The solute was considered to
be in contact with an ATP anion when the atom-atom distance
for any pairs of atoms from the solute and ATP is less than
0.6 nm. The solvent-accessible surface areas (SASAs) were
further obtained with the “gmx sasa” tool of GROMACS.**>°
For each n-mer, we computed the SASAs of the backbone and
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Fig. 8 Solvent-accessible surface areas (SASAs) per monomer of the
n-mers. The SASA per monomer of the 1-mer (monomer), 2-mer (dimer),
8-mer, 12-mer, and 16-mer are shown. The average value of the SASA per
monomer is 13.28, 9.80, 5.87, 4.91, and 4.79 nm?, respectively, with a
standard deviation of 0.57, 0.61, 0.16, 0.15, and 0.11 nm?.

the sidechain for each of the 50 fixed configurations and used
their average values. The number of hydrogen bonds were
calculated using the “gmx hbond” tool of GROMACS.*®
A hydrogen bond is present between a donor and an acceptor
when the donor-acceptor distance is equal or smaller than
0.35 nm and the hydrogen-donor-acceptor angle is equal or
smaller than 30°.

Fig. 8 shows the SASA per monomer of the flexible solute
during the simulation in pure water with a sampling interval of
100 ps. It can be observed that the SASAs of the 1- and 2-mers
vary significantly over time. This behaviour is expected as these
two structures are relatively flexible, allowing several conforma-
tional changes during the simulation. In contrast, the SASAs of
the 8-, 12-, and 16-mers fluctuate stably around an average
value due to the (relative) rigidity of the aggregates. Further, the
SASA per monomer decreases with increasing aggregation
degree n, as additional monomers are burried inside the
aggregate, making them less exposed to the solvent. This effect
is stronger when transitioning from the 8- to the 12-mer
compared to going from the 12- to the 16-mer, as the contribu-
tion of the constituents on the surface becomes less relevant.

We computed the solvation free energies for all the solute
structures in the pure-water solvent, the ATP-water mixed
solvent, and the urea-water mixed solvent using the method
of energy representation.”” In this method, an approximate
functional is used to determine the free energy from a set of
energy distribution functions which are obtained from a simu-
lation of the solution system of interest and from a simulation
of a reference system. In the solution system of interest, the
position and orientation of the solute was kept fixed. The
distribution function was computed for the pair-interaction
energy between the solute and the solvent. The solute was
the ABi6-2, peptide, its 2-mer, 8-mer, 12-mer, or 16-mer. For
the reference system, a simulation was performed without the
solute and a test-particle insertion of the solute into the solvent
system was implemented. The density of states for the solute-
solvent pair potential and the solvent-solvent pair correlation
were calculated against the solute molecule which was virtually
present in the system and did not influence the solvent
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configuration. The approximate functional used to obtain the
solvation free energy is given in ref. 27. The self-energy term as
given in ref. 27 was not incorporated into the value of the solvation
free energy in this work as it is negligible (~0.1 kcal mol %).

The procedures for simulating the solution systems of
interest are as follows. In the case of the pure-water solvent,
the solute-water configuration from the simulation with the
flexible solute in water was used without modification as the
starting configuration for the simulation of the solution sys-
tem. For the ATP-water and urea-water mixtures as the (mixed)
solvents, the solute structure extracted from the solute-water
configuration was first solvated by the mixed solvent and was
then energy-minimized only for the solvent molecules with the
steepest descent method until the maximum force was smaller
than 239 kcal mol ' nm™" (1000 k] mol ' nm ). The run
lengths of equilibration and production and the sampling
intervals for the solution systems of interest are listed in
Table 1. When the solvent was of water, ATP, and Na*, 5 simula-
tions were performed with different solvent configurations per
frozen solute structure. We therefore conducted a total of 250
simulations per solute in the ATP-water mixed solvent.

To carry out the simulations of the reference system for the
pure-water solvent, an equilibration run of 1 ns and a produc-
tion run of 5 ns were conducted with a sampling interval of
1 ps. To simulate the ATP-water mixture, the reference solvent
was equilibrated for 50 ns and a production run was done for
50 ns with a sampling interval of 0.5 ps. For the urea-water
mixture, the equilibration time was 5 ns, the production run
time was 20 ns, and the sampling interval was 1 ps. The internal
coordinates of the solute were identical between the solution
system and the corresponding reference system where the
solute was inserted as a test particle. The test-particle insertion
of the solute was performed 200 times per reference-solvent
configuration frame at random positions. The orientation of
the solute at the insertion in the reference system was set
identical to the one in the solution system to exclude possible
variation of the self energy due to the orientation of the solute
which would otherwise occur as a finite-size effect.

The errors for the energy values were estimated through the
procedure in Appendix B of Masutani et al.*’ It should be noted
that the 95% confidence interval is provided by multiplying a
factor of 2 to eqn (B4) of Masutani et al.*’

Appendix B: Derivation of eqn (3)

The equilibrium between the monomeric and aggregate states
will be shifted upon addition of a cosolvent due to the changes
of the intermolecular interactions of the solutes and the
corresponding changes of the excess chemical potentials. To
examine how yu;* of aggregation state n as given by eqn (2) varies
when a cosolvent of concentration ¢ is added at constant
temperature, the following expression is useful:***'

a‘u’e,x a(ysolv(w"))

= Jawapu) =,

= : (A2)

This is an exact expression, and for its derivation, we have
supposed that for unpolarizable forcefields, the intra-solute
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energy Es(,) for a fixed structure , is independent of the
solvent environment. Eqn (A2) shows in particular that it is not
necessary to compute the configurational entropy term. This is a
useful result as the computation of the configurational entropy
still poses a challenge and is under active development.®’"*°
According to eqn (A2), it is sufficient to determine the change of
the solvation free energy over a set of fixed structures of the
solute and average them to obtain the change of the excess
chemical potential due to the cosolvent addition.

When we expand the excess chemical potential y;;° and the
solvation free energy 1*°“(y/,) as Taylor series around ¢ = 0
(pure-water solvent),

oue*
KO = i (0) + | e+ 0(e) (83)
Oc =0
solv
VZOIV(WHQ C) — Z/ZOIV(lp”; 0) + 8””846(1//”) ¢+ @(62)7 (A4)
c=0

eqn (3) follows through eqn (A2)-(A4). This justifies our
approach to use the set of solute structures obtained from the
simulation in the pure-water solvent to determine the
cosolvent-induced change of the excess chemical potential.

Appendix C: Dependence of the solvation free energy change
on the cosolvent concentration

To investigate the dependence of A(+*°™)/n on the cosolvent
concentration, we carried out additional simulations for the
1-mer and 16-mer with 50 and 75 mM ATP, which correspond to
30 and 45 ATP anions in the MD unit cell, respectively. For urea,
the concentrations of the additional simulations were 1 and
2 M, which contain 590 and 1180 urea molecules, respectively.
The box dimensions were determined according to the proce-
dure described in the third paragraph in Appendix A. For the
systems with the 1-mer and ATP as the cosolvent, all of the
50 configurations used to compute A(*°)/n at 100 mM were
also employed at 50 and 75 mM, and the simulations of the
solution systems of interest were performed 5 times per solute
configuration as done at 100 mM. For the 16-mer with 50 and
75 mM ATP and the 1- and 16-mers with 1 and 2 M urea, 5
configurations were taken from the MD of the flexible solute in
pure water at 60, 80, 100, 120, and 140 ns and the solvation free
energies were computed by running the simulations of the
solution systems once per solute configuration. The solvation
free energies were computed according to the scheme noted in
Appendix A. Fig. 9 displays the cosolvent-induced changes of
the averaged solvation free energy per monomer A(*°™)/n upon
addition of ATP (left) and urea (right). The lines are least-square
fits with the intercept kept fixed at 0. For the ATP cosolvent, the
values for the 16-mer lie on the fit, whereas deviations from the
fit can be observed for the 1-mer. When the value at 50 mM is
adopted, the suppression factor Sp increases by 40% to 50%
from the one obtained with the 100 mM data and provided in
Fig. 2d. still, the discussion in the main text is valid and the
conclusions are not altered. For the urea cosolvent, A(1*°")/n
changes linearly with the cosolvent concentration.
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Fig. 9 Dependency of A(**¥)/n on the cosolvent concentration. A(**V)/n
was determined for the 1-mer (blue) and 16-mer (pink) at ATP concentrations
of 50, 75, and 100 mM (left) and at 1, 2, and 3 M with urea (right). A(**¥)/n at
100 mM with ATP and at 3 M with urea are the same as in Fig. 2b. The error
bar is expressed at 95% confidence interval (twice the standard error) and is
not shown when the size of the data symbol is larger. The straight lines are
the least-square fits with zero intercepts over the three concentrations of the
cosolvents.
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