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ABSTRACT
The adenosine triphosphate (ATP)–protein interactions have been of great interest since the recent experimental finding of ATP’s role as a
hydrotrope. The interaction between ATP and disordered proteins is fundamental to the dissolution of protein aggregates and the regulation
of liquid–liquid phase separation by ATP. Molecular dynamics simulation is a powerful tool for analyzing these interactions in molecular
detail but often suffers from inaccuracies in describing disordered proteins and ATPs in high concentrations. Recently, several water models
have been proposed to improve the description of the protein-disordered states, yet how these models work with ATP has not been explored.
To this end, here, we study how water models affect ATP and alter the ATP–ATP and ATP–protein interactions for the intrinsically disordered
protein, α-Synuclein. Three water models, TIP4P-D, OPC, and TIP3P, are compared, while the protein force field is fixed to ff99SBildn. The
results show that ATP over-aggregates into a single cluster in TIP3P water, but monomers and smaller clusters are found in TIP4P-D and OPC
waters. ATP–protein interaction is also over-stabilized in TIP3P, whereas repeated binding/unbinding of ATP to α-Synuclein is observed in
OPC and TIP4P-D waters, which is in line with the recent nuclear magnetic resonance experiment. The adenine ring-mediated interaction
is found to play a major role in ATP–ATP and ATP–protein contacts. Interestingly, changing Mg2+ into Na+ strengthened the electrostatic
interaction and promoted ATP oligomerization and ATP–α-Synuclein binding. Overall, this study shows that changing the water model can
be an effective approach to improve the properties of ATP in high concentration.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0158046

I. INTRODUCTION

Adenosine triphosphate (ATP) serves as an energy currency
in living cells. ATP consists of an adenine base, ribose sugar,
and triphosphate groups and often exists as a complex with metal
cations such as Mg2+. While ATP at ∼100 μM is sufficient for most
ATP-utilizing enzymes, the physiological concentration of ATP
(1–10 mM) is much higher by 10–100 fold,1–4 implying that ATP
may have other physiological functions as well. Recently, Patel et al.
have shown that a high concentration of ATP (∼10 mM) can dis-
solve protein aggregates and inhibit protein aggregation.5 Many
experiments have further shown that ATP interacts with a variety
of proteins in a nonspecific manner.6–12 Thus, ATP can stabilize
protein native state, improve protein solubility, and regulate

liquid–liquid phase separation (LLPS) by acting as an effective cosol-
vent, and act as a hydrotrope.13,14 Interestingly, the proteins studied
in these works are not ATP-utilizing proteins, i.e., do not have any
ATP binding site. Nevertheless, both adenine base and triphosphate
groups of ATP were indicated to contribute to the ATP–protein
interactions but the molecular basis remains unclear. Furthermore,
while Mg2+ ion is often accompanied with ATP to balance the nega-
tively charged triphosphate moiety, it was found that ATP can bind
to proteins even without Mg2+.15,16

Molecular dynamics (MD) simulations have been performed to
reveal the ATP–protein as well as ATP–ATP interactions in molec-
ular detail.16–24 For instance, the studies of ATP binding to proteins
in the native state16,17 have indicated that ATP molecules bind to
the loop regions where the conformation is flexible. Arginine (Arg)
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was indicated to bind ATP molecules most frequently,17 possibly
due to the positive charge of Arg that attracts ATP’s strongly neg-
ative charge. Furthermore, ATP molecules themselves were found
to aggregate strongly, form clusters around the protein, and thereby
bind to proteins both directly and indirectly. MD simulations to
understand the dissolution of protein aggregates have also been
performed,23,24 which indicated that the adenine moiety of ATP is
important to interact with the disordered protein aggregates. The
mechanism of ATP to inhibit the fibrillation of intrinsically disor-
dered proteins has also been studied using short peptides and model
molecules,19–22 which also suggested that the adenine part of ATP is
interacting with the proteins more frequently than the hydrophilic
triphosphate moiety.

On the other hand, the studies of ATP–ATP interactions
using MD simulations have indicated that ATP molecules tend to
over-aggregate compared to the experimentally measured binding
constant.18–20 To circumvent this discrepancy, charge scaling of the
atoms in ATP by a factor of 0.6–0.7 has been suggested.19,20 While
this scaling improves the ATP–ATP interaction and brings the bind-
ing constant similar to that in the experiment, this also deteriorates
the ATP–protein potential and changes the molecular mechanism of
ATP binding to proteins.

Understanding how ATP molecules interact with the proteins
in the disordered state is essential to reveal the mechanism of
aggregate dissolution and LLPS. Yet, it has been realized that con-
ventional protein force fields are not sufficient in describing the

protein unfolded states.25–29 In particular, the simulated radius of
gyration of the unfolded protein is often too small compared to
the experimentally measured value.25,26 This issue has partially been
attributed to the widely used water model, TIP3P, which is known
to be inaccurate in describing the solubilized molecules as well as
reproducing water properties. Recently, Piana et al.30 and Shabane
et al.31 have developed the TIP4P-D and OPC water models, respec-
tively, to improve the properties of the unfolded proteins. These
results imply that the over-aggregation of ATP molecules may also
be improved by altering the water model rather than modifying the
ATP force field.

To this end, here, we study how water models affect the ATP
aggregation propensity and ATP–protein interactions for the pro-
tein in the disordered state. We study α-Synuclein (α-Syn), which is
a typical intrinsically disordered protein. The interaction between
α-Syn and ATP has been studied experimentally in molecular
detail.15 The effect of Mg2+ ion on ATP aggregation and ATP bind-
ing to protein has also been discussed. Here, we focus on revealing
how the water model alters the properties of ATP, rather than per-
forming a comprehensive study of different combinations of protein,
water, and ATP force fields. Thus, we compare three water mod-
els, i.e., TIP4P-D, OPC, and TIP3P, while the protein and ATP
force fields are fixed to keep the ATP–protein potential unchanged.
By performing multiple ∼ μs MD simulations for each system to
account, we discuss how the ATP cluster sizes change dynami-
cally over time, what contributes to stabilizing the ATP–ATP and

FIG. 1. Time evolution of the ATP cluster sizes in the presence (left) and absence (right) of Mg2+ ions in different water models from the representative trajectories. Top,
center, and bottom rows denote the results for TIP4P-D, OPC, and TIP3P waters, respectively. The clusters are colored based on the smallest residue ID of the ATP in
each cluster to follow the dynamic changes of the cluster component. The change in color indicates that the components of the cluster changed, i.e., either the ATP with the
smallest residue ID left or another ATP with smaller residue ID entered the cluster.

J. Chem. Phys. 159, 035102 (2023); doi: 10.1063/5.0158046 159, 035102-2

Published under an exclusive license by AIP Publishing

 17 July 2023 11:01:00

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

ATP–protein interactions, and how these properties depend on the
water models.

II. COMPUTATIONAL DETAILS
To study the ATP–ATP interactions in different water mod-

els, 18 ATP molecules were randomly placed in a box of 126 × 126
× 126 Å3 using PACKMOL.32 This sets the concentration of ATP
molecule to ∼15 mM. The box was subsequently filled with water
molecules. 18 Mg2+ were then added, and after neutralizing the sys-
tem with Na+ ions, 180 Na+ and Cl− ions were added to set the
ion concentration to 150 mM. To examine the effect of magnesium
ions, the systems without Mg2+ ions were also prepared. A separate
setup adding 36 additional Na+ ions instead of 18 Mg2+ ions was
also prepared.

Since sampling the structure of intrinsically disordered pro-
tein thoroughly requires extensive MD simulations on the order of
>10 μs even without ATP molecules,30 here we rather focus our
study on the ATP distribution about a few representative structures
of α-Syn. The structures of α-Syn were extracted from the ∼11 μs
trajectory by Piana et al.,30 which used Anton. Since His50 was pro-
tonated in their simulations, we followed the same protonation state.
We used the trajectory generated from Amber 12 and TIP4P-D force
fields that showed a large radius of gyration. We extracted three rep-
resentative unfolded structures from the trajectory (Fig. S1) and used
them as the initial structures. Each α-Syn structure, together with 18
ATP molecules, was randomly placed in a box of 126 × 126 × 126 Å3

using PACKMOL,32 and either 18 Mg2+ or 36 Na+ ions were added.
Note that this box size is much larger than that used for α-Syn by
Piana et al.30 (where they used a ∼100 × 100 × 100 Å3 box), but was
adopted here to keep the number of ATP molecules the same as
above. Each system was then neutralized using Na+ ions, and sub-
sequently filled with water. Na+ and Cl− ions were further added
to set the NaCl concentration to 150 mM. Amber ff99SBildn force
field was used for the protein,33 and ATP was treated with the force
field by Meagher et al.34 Systems with three different water mod-
els, i.e., TIP4P-D,30 OPC,31 and TIP3P, were prepared separately,
and the monovalent and divalent ions were described by the force
fields developed by Joung and Cheatham35 and Li et al.,36 respec-
tively, which have been tuned for each water model in Amber 20.37

Long-range electrostatic interactions were calculated using the par-
ticle mesh Ewald method, and short-range non-bonded interactions
were cut off at 10.0 Å.

Each system was initially energy minimized for 3000 steps while
restraining the heavy atoms and heated up to 300 K in 100 ps. Subse-
quently, constant-NPT (300 K, 1 atm) simulation was run for 500 ps
while restraining the heavy atoms of α-Syn and ATP molecules with
a weak force constant of 1 kcal mol−1 Å−2. The restraint on the
heavy atoms was then removed, and another 10 ns constant-NPT
simulation was conducted to finalize equilibration. The production
simulations were then performed under the constant-NPT (300 K,
1 atm) condition for 1.2 μs. The temperature was maintained using
a Langevin thermostat with a collision frequency of 1.0 ps−1, and
the pressure was controlled using the Berendsen barostat. Note that
while the volume of the system changes when the constant-NPT
condition is turned on, the final concentrations of ATP and Mg2+

changed only by ∼3%. The simulations were performed using the

GPU version of the PMEMD module in the Amber 20 program
package.37,38

III. RESULTS AND DISCUSSION
A. ATP–ATP interactions and ATP clustering
propensity

First, we compare how different water models affect the dynam-
ics and oligomerization trend of ATP molecules. ATP molecules are
counted to be in contact when the shortest inter-atomic distance
between two ATP molecules is within 4 Å; the ATP molecules in
contact are then assigned to the same cluster. Figure 1 shows how the
sizes of ATP clusters change during the representative trajectories.
The results for the other trajectories with and without Mg2+ ions are
given in Figs. S2 and S3, respectively. The figures show that, in the
presence of Mg2+, the cluster sizes increase almost monotonically
in TIP3P water and eventually converge to a single cluster within
500 ns. In contrast, the clusters in TIP4P-D and OPC waters change
dynamically, and the sizes are diverse. Similar trend is seen when
Mg2+ ions are absent, though the ATP clusters tend to be formed
more rapidly and stably.

To compare the cluster sizes in more detail, the ATP cluster
size distributions are summarized in Fig. 2. Since the cluster sizes
changed drastically in the beginning of each trajectory, hereafter, the
trajectory segment from 0.2 to 1.2 μs is used when taking the time
averages. This result shows that ATPs in TIP3P water mostly form
a single 18-mer. In TIP4P-D and OPC waters, monomers appear to
be the major species when Mg2+ is present, but dimers and small
oligomers become more favorable when Mg2+ is absent. The ATPs
in TIP4P-D water tend to oligomerize more frequently than those in
OPC water. Here, we note that the monomeric form is experimen-
tally expected to be dominant in the current ATP concentration;14,15

FIG. 2. Cluster size distributions averaged over the trajectories of ATP molecules
in water. Top, center, and bottom figures are the results in TIP4P-D, OPC, and
TIP3P waters, respectively. Blue and red bars denote the results with and without
Mg2+ ions. The trajectory data from 0.2 to 1.2 μs of each trajectory are used for
the time averages, and the three trajectories with different initial configurations are
combined. The error bars are the standard deviations.
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FIG. 3. Joint distributions of the adenine–adenine and triphosphate–triphosphate distances for all ATP pairs. Top, center, and bottom panels are the results for TIP4P-D,
OPC, and TIP3P waters, respectively, and left and right columns describe the result with and without Mg2+ ions. Note that color ranges differ between the figures.

FIG. 4. Representative snapshots of (a) ATP and Mg2+, (b) ATP without Mg2+, and (c) α-Syn, ATP, and Mg2+ in TIP3P water. Pink and transparent balls are Mg2+ and Na+

ions, respectively. ATP and α-Syn are described in licorice and cartoon representations, respectively. Note that the patterns of the ATP–ATP interactions in different solvents
are similar but the sizes of the clusters differ.
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for instance, under the experimental condition of 10 mM ATP,
10 mM magnesium chloride, and 150 mM sodium chloride, similar
to the current simulations, 84% of ATP–Mg complex is estimated to
exist in the monomeric form.15,39–41 Figure 2 shows that 7%, 12%,
and 0% of the ATPs exist as monomers in TIP4P-D, OPC, and
TIP3P waters, respectively. Thus, TIP3P water drastically overes-
timates the oligomerization trend. The TIP4P-D and OPC waters,
on the other hand, are still biased toward oligomers, but the devi-
ation from the experiment is greatly improved compared to the
TIP3P case.

To analyze the molecular origin of ATP–ATP interactions in
more detail, the joint distribution as a function of adenine–adenine
and triphosphate–triphosphate distances between ATP molecules is
plotted in Fig. 3. Here, the distance is defined as the shortest inter-
atomic distance between the two groups. The inter-triphosphate
distance in the presence of Mg2+ shows a single peak at ∼3 Å
with a broad tail, implying that multiple conformations exist. This
tail on the long-distance side becomes less obvious when Mg2+ is
absent. The adenine-adenine distance, on the other hand, shows
a sharp peak at ∼3 Å, and additional peaks at 6, 9, and 12 Å.
These secondary peaks are most obvious in the TIP3P water in the
presence of Mg2+. This periodic character is indicative of the multi-
ple π–π stacking layers, which can be confirmed in the snapshots
[Fig. 4(a)]. The snapshots of the clusters in the absence of Mg2+,
on the other hand, show that a highly charged “core” consisting of
many Na+ ions and triphosphate groups is formed; this leads to the
lack of long triphosphate–triphosphate distance and π–π stacking
layers.

To see the stability of ATP–ATP contacts, we next analyze the
lifetime of the ATP–ATP contact (CATP(t)), defined by the lifetime
correlation function,

FIG. 5. Lifetime correlation functions of the ATP–ATP contacts with different
waters. Blue, red, and yellow lines describe the results for TIP4P-D, OPC, and
TIP3P waters, respectively, and solid and dashed lines denote the results with and
without Mg2+ ions.

CATP(t) =
1

ATP
∑
i

ATP
∑
j>i
⟨θ(r0 − ri j(τ))⟩

×
ATP

∑
i

ATP

∑
j>i
⟨θ(r0 − ri j(τ))θ(r0 − ri j(τ + t))⟩, (1)

where t is the lag time, i and j denote the ATP molecules, and ⟨⋅ ⋅ ⋅ ⟩
is the time average. θ(r0 − r(t)) is the binary function that becomes
1 when r(t) ≤ r0 and 0 otherwise, and r0 is set to 4 Å. Thus, CATP(t)
describes the lifetime of a contact once it is formed. The result,
shown in Fig. 5, shows that the contacts are long-lived in the order
of TIP3P > OPC > TIP4P-D. The large value of CATP(t) for TIP3P
even at 200 ns indicates that many contacts are kept preserved. This
is consistent with the observation in Fig. 1 and Figs. S2 and S3 that
the cluster size in TIP3P water increases almost monotonically. We
also see that the contacts are strengthened and become long-lived
when Mg2+ ions are absent, which is also consistent with the results
discussed above.

B. ATP–α-Syn interactions
Next, we analyze how ATP molecules interact with α-Syn. The

time evolution of the shortest inter-atomic distances between the
residues in α-Syn and the nearest ATP molecule for the repre-
sentative trajectories is shown in Fig. 6. The results for the other
trajectories with and without Mg2+ ions are provided in Figs. S4
and S5, respectively. Figure 6 shows that ATP molecules approach
and leave α-Syn frequently in TIP4P-D water, whereas ATPs often
stay nearby and contacts seem last for a few 100 ns in OPC water.
The distances become even shorter in TIP3P water, i.e., almost all
the residues are in close contact with ATP for most of the time.
The absence of Mg2+ ions does not change these trends, though
the chances of finding ATP molecules near α-Syn seems to increase
slightly.

To understand the ATP–protein contacts in more detail, the
probability of finding the ATP–protein contact for each residue is
plotted in Fig. 7. The trajectory segments from 0.2 to 1.2 μs are used
in time averaging to omit the drastic change of ATP distributions
in the first 0.2 μs. The residue-ATP contact is counted when the
shortest inter-atomic distance between the residue and an ATP is
within 4 Å. The TIP4P-D result shows that a stable contact is only
occasionally found when Mg2+ is present (7.5%, defined as an aver-
age over all residues), and the chances are only slightly increased
when Mg2+ is absent (10.0%). In the OPC water, on the other hand,
ATP–protein contacts are formed more frequently, and the ratio
increases when Mg2+ is absent (20.3% and 20.7% for cases with and
without Mg2+, respectively). In contrast, strong contacts between
ATP and α-Syn are seen in the TIP3P water even when Mg2+ ions
are present (44.2%), and the probability is almost unchanged when
Mg 2+ is replaced with Na+ ions (43.0%). The increase in the inter-
actions in the absence of Mg2+ has also been observed in the nuclear
magnetic resonance (NMR) experiment.15 However, we note that
while the NMR experiment indicated that the effect of ATP is
most notable at about the N-terminal (residues 113–137) and His50
(residues 49–52) moieties, the current results do not find a clear pref-
erence to any regions. This may partly be due to the lack of sufficient
conformational sampling of α-Syn, which is beyond the scope of this
work.
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FIG. 6. Time evolution of the minimum distances between the residues in α-Syn and the ATP closest to each residue in the presence (left) and absence (right) of Mg2+. Top,
center, and bottom rows denote the results for TIP4P-D, OPC, and TIP3P waters, respectively.

FIG. 7. The probability of finding the residue–ATP contacts during the trajectories. Top, center, and bottom rows are the results in TIP4P-D, OPC, and TIP3P water, respectively,
and left and right columns are with and without Mg2+ ions. The bars in blue, red, and yellow are the results for the three trajectories from different initial structures, and the
black lines show the average over the three trajectories.
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FIG. 8. Box plots for the probability of residue–ATP contacts formed throughout the trajectories, classified by residue names. Bottom and top edges of each box indicate the
25% and 75% ranges, respectively, and the outliers are shown in black points. Top, center, and bottom rows are for TIP4P-D, OPC, and TIP3P water results, respectively.
Left and right columns are the results with and without Mg2+ ions. Dot plots show the raw data for each residue, and stars denote the average over the residues. The colors
of the dots denote the types of each residue. The positive, negative, polar, hydrophobic, and residual (other) residues are plotted in blue, red, yellow, purple, and green,
respectively. Note that His residue is protonated, and Arg, Trp, and Cys residues are not included in α-Syn.

FIG. 9. Lifetime correlation functions of the ATP–protein contacts for residue types. Top, center, and bottom rows denote the results in TIP4P-D, OPC, and TIP3P waters,
respectively, and left and right columns are for those with and without Mg2+. The positive, negative, polar, hydrophobic, and residual (other) residues are plotted in blue, red,
yellow, purple, and green, respectively.
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It has been suggested that Arg residues most frequently bind
ATP molecules and mediate ATP–protein interactions in the protein
native state.17 Yet, α-Syn does not contain Arg. Thus, we examine
which residue binds more frequently to ATPs. Figure 8 shows the
probability of residue–ATP contact formations for different residue
names. The result shows that the residues containing a hydrophobic
side chain in OPC water seem to bind ATP slightly more frequently
than others. Charged residues in OPC water also seem to show
a slightly higher probability than the others. Yet, overall no clear
preference to any residues is found.

To see the strength of residue-ATP contacts in further detail,
the lifetime of the contacts is analyzed with the lifetime correlation
function (Ctype(t)) similar to Eq. (1),

Ctype(t) =
1

residue
∑

i∈type

ATP
∑

j
⟨θ(r0 − ri j(τ))⟩

×
residue

∑
i∈type

ATP

∑
j
⟨θ(r0 − ri j(τ))θ(r0 − ri j(τ + t))⟩, (2)

where i and j denote the residues in α-Syn and ATP, respectively,
and the cutoff distance (r0) is set to 4 Å. To simplify the plot, the
residues are classified into five types, i.e., positive (protonated His
and Lys), negative (Asp and Glu), polar (Ser, Thr, Asn, and Gln),
hydrophobic (Ala, Val, Ile, Leu, Met, Phe, and Tyr), and others (Gly
and Pro). Ctype(t) is calculated as an average over the residues that
belong to the same type. The result, shown in Fig. 9, shows that all
contacts behave similarly in TIP4P-D water and decay within 0.1
μs when Mg2+ is present. Here, the absence of Mg2+ only slightly
increases the lifetimes. The contacts in OPC water show longer

lifetimes compared to those in TIP4P-D and do not decay to ∼0
at 0.2 μs. The contacts between ATP and positively charged and
polar residues tend to show slightly longer lifetimes. When Mg2+ is
absent, Ctype(t) for both positively and negatively charged residues
increase notably in the OPC result. This indicates that the contacts
involving charged residues are stabilized. Finally, in TIP3P water,
Ctype(t) changes quickly within 0.01 μs, but above 0.5 even at 0.2 μs.
Together with Fig. 8, this result indicates that the majority of
the ATP–protein contacts are maintained in TIP3P water once
they are formed. This trend is more apparent for the charged
residues and is further pronounced when Mg2+ is not involved in
the system.

To understand the molecular origin of the ATP–protein con-
tacts, the joint probability distribution of the residue–triphosphate
and residue–adenine distances between α-Syn and ATP molecules
are plotted in Fig. 10. The distances denote the shortest inter-atomic
distances between the two groups. This figure shows that the ade-
nine moiety of ATP is frequently found within 4 Å of α-Syn. Notably,
while we do see a peak where the triphosphate group is within 4 Å
in the cases of OPC and TIP3P waters, this peak disappears in the
4P result. The TIP3P result further shows a peak where the contact
is formed only via the triphosphate group, i.e., the residue–adenine
and residue–triphosphate distances are peaked at ∼8 and ∼3 Å,
respectively. When Mg2+ is absent, the protein–triphosphate inter-
actions become stronger in all cases. In the OPC and TIP3P results,
the triphosphate-mediated contacts, i.e., protein–triphosphate and
protein–adenine distances are ≤4 Å and >4 Å, respectively, show
multiple peaks. This contact pattern is rarely seen in the TIP4P-
D result, indicating that the electrostatic interaction remains to be
minor in TIP4P-D water.

FIG. 10. The joint distributions of residue–triphosphate and residue–adenine distances. Top, center, and bottom rows are the results in the TIP4P-D, OPC, and TIP3P water,
respectively, and left and right columns show those with and without Mg2+ ions. Note that the color range differs between the figures.
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FIG. 11. Distributions of the expected sizes of ATP clusters in the presence of
α-Syn. Top, center, and bottom panels are the results for TIP4P-D, OPC, and
TIP3P waters, respectively. Blue and red plots denote the cases with and without
Mg2+ ions. The error bars are the standard deviation estimated from the three
trajectories.

Finally, we analyze the ATP clusters in the presence of α-Syn.
Figs. S6 and S7 show the time evolution of the cluster sizes with
and without Mg2+, respectively. Figure 11 summarizes the cluster
size distributions, and Fig. 12 shows the lifetime correlation func-
tion [CATP(t), Eq. (1)] for the ATP–ATP contacts. Figure 11 shows
that the size distributions of the ATP clusters are broader than in the
case without α-Syn (Fig. 2). This is even more pronounced in TIP3P
water, i.e., multiple clusters are found. Yet, it turns out that these

FIG. 12. Lifetime correlation functions of the ATP–ATP contacts in the presence of
α-Syn. Blue, red, and yellow colors show the TIP4P-D, OPC, and TIP3P results,
respectively, and solid and dashed lines are the results with and without Mg2+

ions.

ATP clusters are bound to α-Syn; thus, a large single cluster involv-
ing α-Syn is formed [Fig. 4(c)]. In contrast, the ATPs in TIP4P-D
water separate from α-Syn and exist as independent oligomers. The
OPC result shows a trend in between TIP4P-D and TIP3P. Finally,
Figs. 11 and 12 indicate that ATP–ATP contacts tend to become
stronger when Mg2+ is absent and the CATP(t) behave similarly to
those in the absence of α-Syn (Fig. 5). Thus, the character of the
ATP–ATP interactions is largely unaffected by α-Syn.

IV. SUMMARY
In this study, we performed MD simulations of ATP molecules

under different solvent environments to understand how the choice
of water model affects ATP oligomerization and ATP binding to
a disordered protein, α-Syn. Three water models, i.e., TIP4P-D,
OPC, and TIP3P, were compared, and the effect of Mg2+ was also
examined.

The common TIP3P water model was confirmed to highly
overestimate the aggregation of ATPs regardless of Mg2+ ions. In
contrast, the aggregation behavior was greatly reduced in TIP4P-
D and OPC waters, and the monomeric state was found for 7%
and 12% of ATPs, respectively, in the presence of Mg2+ ions.
When Mg2+ ions were replaced with Na+ ions, the oligomeriza-
tion of ATP molecules was promoted. The ATP–ATP contacts
were formed via both π–π (adenine–adenine) and electrostatic
(triphosphate–triphosphate) interactions, where the latter was medi-
ated by positively charged ions. Interestingly, the electrostatic inter-
action was found to become stronger when Mg2+ was absent, despite
the fact that the positive charge on Na+ is smaller than that on Mg2+.
Inspections of the trajectory snapshots indicated that while one
divalent Mg2+ ion can stabilize the negatively charged triphosphate
group in ATP more effectively than a monovalent Na+, multiple Na+

ions gather around each triphosphate moiety and form a globular
cluster containing multiple Na+ ions and triphosphate groups when
Mg2+ ions are absent. The globular structure resulted in shorter
inter-triphosphate distances and larger ATP clusters.

The ATP distribution of α-Syn was also found to strongly
depend on the water models. In particular, the binding of ATP
molecules to α-Syn in TIP3P water was estimated to be very strong,
i.e., more than half of the ATP–protein contacts were maintained
for more than 0.2 μs. In contrast, the ATP–protein contacts were
formed only weakly in TIP4P-D water. In OPC water, more ATPs
were bound to α-Syn compared to the case in TIP4P-D water, and
the contact formation was promoted when Mg2+ was absent.

While a previous study suggested that Arg residue is important
for ATP–protein interactions in the protein native state, the intrinsi-
cally disordered protein α-Syn, which lacks Arg, did not show a clear
preference for any residues. This may be because, unlike the native
state where charged residues are often exposed to the surface, disor-
dered protein is quite flexible such that ATP molecules can approach
any residue with a similar chance; thus, hydrophobic residues can
interact with ATPs more frequently. The ATP–hydrophobic residue
interactions have also been found in previous studies on protein
aggregates,21,23,24 and whether this feature is common in disordered
proteins is left to be explored.

By analyzing the molecular origin of the ATP–protein contacts,
the protein–adenine was found to be the dominant interaction. The
contact mediated only via electrostatic interaction was also observed
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in TIP3P water in the presence of Mg2+. When Mg2+ ions were
absent, the protein–triphosphate contacts also became stable in OPC
water, and the charged residues were found to form contacts with
ATP more frequently and stably. These results indicate that the
absence of Mg2+ increases the ATP–protein interactions, which is
consistent with the previous NMR experiment.15

Here, we note that this work is intended to explore the effect of
water models rather than quantifying the ATP–protein interactions.
Nevertheless, the current results already show clear differences in the
strength of ATP–protein interactions between the three water mod-
els. The TIP3P and TIP4P-D waters indicate that the interactions
are nearly permanent and very weak, respectively, whereas the OPC
model shows modest interaction and repeated binding/unbinding
events. The NMR experiment15 has stated that the interactions are
“weak and nonspecific,” thus implying that TIP3P overestimates the
ATP–protein interaction. Yet, to compare the water models quan-
titatively, the conformational space of the protein itself has to be
explored in more detail. It has been shown that conformational
sampling of α-Syn requires more than 10 μs-long trajectories,30

and discussing the slow ATP binding/unbinding events will need
the trajectory to be even longer. Thus, it is expected that exten-
sive conformational sampling of disordered proteins employing
extended sampling methods is required to discuss the ATP–protein
interactions in more detail.

Finally, previous studies have noticed that ATP molecules tend
to over-aggregate in TIP3P water and have tuned the force field of
ATP by scaling the charges to control oligomerization.19,20 While
such an approach will also diminish the ATP–protein potential, here
we showed that by merely changing the water model, the ATP over-
aggregation trend can be reduced while keeping the ATP–protein
potential unchanged. On the other hand, ATP in high concentration
plays various roles by interacting with both native and disordered
proteins. We also note that these water models have been recognized
to destabilize the protein native states,30 and protein force fields to
describe both the native and disordered states in a balanced manner
have, thus, been developed.42,43 Since the ATP–protein interactions
in high ATP concentrations have not been explored for these state-
of-art force fields, a comprehensive study to reveal the ATP–protein
interactions is necessary to reveal the role of ATP as a hydrotrope.

SUPPLEMENTARY MATERIAL

See the supplementary material for cartoon representations of
the initial conformations of α-Synuclein, time evolution of the clus-
ter sizes for ATP without protein and Mg2+ ions, time evolution of
the minimum distances between the residues in α-Syn and ATP in
the absence of Mg2+, and time evolution of the cluster sizes found
in the trajectories in the presence of α-Syn with and without Mg2+

ions.
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