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Moiety-specific mechanism of ATP’s hydrotropic
action on a-synuclein
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Adenosine triphosphate (ATP), the universal energy currency of life, also acts as a biological hydrotrope

that maintains protein solubility. However, the molecular mechanism underlying its hydrotropic action,

particularly how its distinct chemical moieties contribute to modulating protein conformation and

preventing aggregation, remains unclear. Here, we combined NMR spectroscopy and molecular

dynamics (MD) simulations to dissect the moiety-specific interactions between ATP and a-synuclein, an

intrinsically disordered protein implicated in Parkinson’s disease. NMR titration experiments monitoring

ATP signals revealed that the adenine ring of ATP formed weak multisite interactions with a-synuclein,

whereas the triphosphate group formed fewer but stronger contacts. MD simulations showed that the

triphosphate-mediated contacts occurred primarily at N-terminal lysine residues and disrupted long-

range intramolecular contacts, resulting in conformational expansion of a-synuclein. Energetic analysis

indicated that this expansion incurred a conformational energy cost that was balanced by more

favorable solvation. Based on these findings, we propose a ‘‘hierarchical binding hydrotrope

mechanism’’, in which the predominant contribution of each ATP moiety shifts with ATP concentration

because the two moieties differ in microscopic affinity and the number of accessible interaction sites.

Triphosphate-mediated binding, limited by the number of available binding sites, increases preferentially

at lower ATP concentrations, whereas adenine-mediated binding increases progressively at higher

concentrations. This mechanism provides a molecular basis for the concentration-dependent

hydrotropic effects of ATP and clarifies how this metabolite modulates the conformational properties of

aggregation-prone proteins under physiological conditions.

Introduction

The intracellular environment is highly crowded with macro-
molecules occupying 20–40% of the volume.1 This molecular
crowding promotes protein self-association, driving aberrant
aggregation such as amyloid fibrillation, and liquid–liquid
phase separation (LLPS), which poses a risk of maturing into
pathological aggregates. To modulate these conformational
states, cells use molecular chaperones that prevent misfolding
and aggregation.2 Notably, Patel et al. demonstrated that ade-
nosine triphosphate (ATP), widely known as the universal
energy currency, also functions as a hydrotrope,3 a class of
small amphiphilic molecules that enhance the solubility of
hydrophobic substances.4 They showed that at physiological
concentrations (2–8 mM), ATP suppressed the amyloid fibrilla-
tion of Ab1–42 and Mot3, and dissolved liquid droplets of FUS,
TAF15, hnRNPA3, and PGL3 in a concentration-dependent
manner. The ATP concentrations required for these hydrotropic
effects lie in the millimolar range, which is substantially
higher than the micromolar concentrations needed for most
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ATP-dependent enzymatic reactions.3 This distinction suggests
that cells maintain high ATP concentrations not only for bioener-
getics but also to preserve protein solubility, highlighting that ATP
acts as a key factor that prevents aberrant protein aggregation.

Subsequent studies have further demonstrated that ATP acts
as a hydrotrope within living cells. In Xenopus oocyte nuclei,
ATP destabilized nucleolar assemblies via ATP-dependent enzy-
matic reactions and dispersed phase-separated nucleoli via
hydrotropic effects.5 Proteome-wide solubility profiling demon-
strated that supplementing human cell lysates with 42 mM
ATP solubilized a large fraction of otherwise insoluble proteins,
while ATP depletion in cells reduced proteome solubility.6

Complementing these cellular observations, detailed in vitro
analyses have revealed that ATP often modulates protein con-
densation in a biphasic manner. For FUS, ATP promoted
droplet formation at submillimolar concentrations but dis-
persed droplets at millimolar concentrations by disrupting
interprotein contacts.7,8 Similarly, for CAPRIN1 and NBDY,
ATP promoted LLPS at low concentrations, while higher con-
centrations inhibited it.9,10 In contrast to these biphasic effects,
ATP exhibited distinct behaviors for other proteins. For TDP-43,
ATP bound to the N-terminal domain, stabilizing functional
oligomers and preventing fibrillation.11,12 For Ab peptides (Ab1–42,
Ab1–40, and Ab16–22), ATP hindered fibrillation by inducing amor-
phous aggregation or via transient, nonspecific binding.13–15

Collectively, these findings indicate that hydrotropic ATP inter-
acts weakly and nonspecifically with proteins, and that its
effects are concentration-dependent.

Given this concentration dependence, a-synuclein (a 140-
amino-acid intrinsically disordered protein) is a compelling
target for exploring the molecular basis of the hydrotropic
effects of ATP in a physiologically relevant context. Its patholo-
gical aggregation, a hallmark of Parkinson’s disease, is closely
linked to the susceptibility of dopaminergic neurons to ATP
depletion. These neurons, located in the substantia nigra, are
particularly vulnerable because their large axonal arbors and
autonomous pacemaking impose exceptionally high ATP
demands.16 Age-related mitochondrial decline reduces their
ability to maintain high ATP concentrations, resulting in ATP
insufficiency. This insufficiency is implicated in the assembly
of a-synuclein into toxic oligomers and amyloid fibrils within
Lewy bodies.17–19 Consistent with this vulnerability, ATP deple-
tion in mammalian neurons increased axoplasmic viscosity and
promoted phase separation and aggregation of a-synuclein,
whereas restoring millimolar ATP levels dissolved these
condensates.20 In the same system, ATP also modulated the
condensation of TDP-43. Together, these findings indicate that
the intracellular ATP concentration is a critical determinant of
the aggregation propensity of a-synuclein.

Elucidating the mechanism of these effects requires a
detailed investigation into how ATP interacts with a-synuclein
at the atomic level. Our previous NMR study revealed that ATP
interacts weakly and nonspecifically with a-synuclein and slows
hydrogen exchange between amide protons and water, and that
ATP itself undergoes slight self-aggregation at concentrations
of 410 mM.21 However, the molecular mechanism by which

these interactions modulate a-synuclein aggregation remains
elusive because previous studies on the hydrotropic effects of
ATP, including ours, focused primarily on the target proteins,
whereas detailed analyses of ATP itself are lacking. In particu-
lar, the relative importance of each moiety of ATP, and how
these moiety-specific interactions alter the physicochemical
properties of proteins underlying aggregation suppression,
are unresolved. Therefore, dissecting the specific contributions
of each ATP moiety is essential for elucidating the molecular
basis of its hydrotropic effect.

In this study, we investigated the moiety-specific interac-
tions between ATP and a-synuclein by combining NMR titra-
tion, diffusion NMR, and MD simulations. Our results revealed
that the hydrophobic adenine ring binds weakly to many sites
on a-synuclein, whereas the negatively charged triphosphate
group binds more strongly to fewer sites. Collectively, these
interactions induced conformational expansion of a-synuclein.
We propose that the interplay between these distinct binding
modes of the ATP moieties explains the concentration-
dependent nature of its effects and provides new insights into
its role as a biological hydrotrope.

Materials and methods
Sample preparation

The recombinant plasmid encoding full-length a-synuclein fused
to an N-terminal GST-SUMO tag, constructed in the pET-23a
vector, was transformed into Escherichia coli BL21(DE3). To
express GST-SUMO-tagged a-synuclein, the transformed colonies
were pre-cultured at 37 1C overnight in 200 mL of LB medium
supplemented with 50 mg L�1 ampicillin. The pre-culture was
transferred to 1.8 L of the same LB medium and incubated with
shaking until the OD600 reached approximately 0.6. Protein
expression was induced with 1 mM IPTG, followed by overnight
incubation at 20 1C. The cells were harvested by centrifugation,
washed with 150 mM NaCl, and centrifuged again. The pellet was
resuspended in 10 volumes of buffer per gram of wet cell pellet
(50 mM Tris–HCl (pH 7.0), 1 mM EDTA, 1 mM DTT, 1 mM PMSF,
and one cOmplete protease inhibitor cocktail tablet (Roche)). The
suspension was sonicated and centrifuged at 4 1C. The resulting
supernatant was filtered through a 0.45 mm syringe filter and
loaded onto a 20-mL Glutathione Sepharose 4B column (Cytiva).
After washing the column with lysis buffer (50 mM Tris–HCl
(pH 7.0), 1 mM EDTA, and 1 mM DTT), the protein was eluted
with elution buffer (50 mM Tris–HCl (pH 7.0), 100 mM NaCl,
1 mM EDTA, 1 mM DTT, and 10 mM reduced glutathione), and
the pH was adjusted to 7.0 because the addition of reduced
glutathione lowered the pH. The eluate was dialyzed overnight
against 50 mM Tris–HCl (pH 7.0), 20 mM NaCl, 1 mM EDTA, and
1 mM DTT in the presence of 2 mg GST-SENP2DN to cleave
the GST-SUMO tag. The tag-cleaved protein was then loaded onto
a 5-mL HiTrap Q HP column (Cytiva) using an ÄKTA go system
(Cytiva) and eluted with a linear gradient of 150–350 mM NaCl.
The eluate was passed through a 20-mL Glutathione Sepharose 4B
column, and the flow-through fraction containing a-synuclein was
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collected. The purity of a-synuclein was confirmed by SDS-PAGE
and mass spectrometry. The a-synuclein solution was then buffer-
exchanged into ultrapure water, concentrated, and lyophilized.

Before NMR experiments, the lyophilized a-synuclein was
dissolved in H2O, and the pH was carefully adjusted to 7.0 with
0.1 M NaOH. The solution was lyophilized again and dissolved
in an equal volume of D2O. This solvent exchange was per-
formed to suppress the intense water resonance in 1H NMR
spectra, which would otherwise reduce sensitivity and obscure
signals from a-synuclein and ATP. The concentration of
a-synuclein was determined using a DS-11 microvolume spec-
trophotometer (DeNovix) based on its molar extinction coeffi-
cient (e280 = 5960 M�1 cm�1). NMR samples of ATP were
prepared in a similar manner by dissolving Na2-ATP, carefully
adjusting the pH to 7.0, lyophilizing the solution, and dissol-
ving it in 99.8% D2O. The ATP concentration was determined
using its molar extinction coefficient (e259 = 15.4 M�1 cm�1).

NMR titration experiments

Samples were individually prepared by dissolving ATP at a final
concentration of 100 mM and a-synuclein at 0, 50, 100, 200, 400, or
800 mM in 99.8% D2O containing 150 mM NaCl. Both 1H NMR
and 31P NMR experiments were performed on an AVANCE NEO
500 MHz spectrometer equipped with a BBO CryoProbe (Bruker).
1H 1D NMR spectra were acquired using excitation sculpting,
while 31P 1D NMR spectra were acquired using the inverse-gated
1H-decoupling sequence, with 256 and 8192 scans, respectively.
1H and 31P NMR spectra were referenced to DSS in 99.8% D2O and
85% phosphoric acid (H3PO4) in 5% D2O, respectively.

Diffusion NMR experiments

a-Synuclein was prepared at a final concentration of 94.4 mM,
and ATP was used at concentrations ranging from 0 to 12.3 mM.
In addition, ATP-only samples were analyzed, and the concen-
tration range was extended to include 16.4 and 24.5 mM to assess
self-association at higher concentrations. Diffusion NMR experi-
ments were performed on an Avance III 500 MHz spectrometer
equipped with a Diff 30 probehead (Bruker) using a pulsed-field
gradient stimulated-echo sequence, with 16 scans.22 Calibration
of the gradient strength was achieved by measuring the known
diffusion coefficient of H2O. The gradient strength was varied
from 80 to 400 G cm�1 for a-synuclein and from 8.5 to 170 G cm�1

for ATP because the larger size of a-synuclein results in slower
translational diffusion, which required stronger gradients to
achieve comparable signal attenuation. Standard measurements
used 16 increments of gradient strength, but 32 increments were
used for ATP self-association to determine deviations from a
monodisperse decay because the changes in signal intensity
relative to the non-aggregated state were small and stronger
gradients reduced the overall signal intensity.

The diffusion coefficient (D) was calculated using the Stejs-
kal–Tanner equation:

ln
I

I0

� �
¼ �BD (1)

B ¼ g2g2d2 D� d
3

� �

where I is the signal intensity with the applied gradient and
I0 is the reference intensity without the gradient, g is the
gyromagnetic ratio (267.513 � 106 rad�1 T�1), g is the gradient
strength, d is the gradient pulse duration (1 ms), and D is the
diffusion time (50 ms). Data points with signal intensities at or
near the noise level were excluded from the fitting. For high-
concentration ATP samples, data points showing statistically
significant deviations from linearity in Stejskal–Tanner plots
were excluded from the fits to eqn (2).

For ATP self-association, which may involve multiple spe-
cies, the analysis was simplified by assuming two species, and
the data were fitted to a two-component model:

ln
I

I10 þ I20

� �
¼ �BD1 þ ln p1 þ p2e

�B D2�D1ð Þ� �
(2)

p1 ¼
I10

I10 þ I20
; p2 ¼

I20
I10 þ I20

where the subscripts 1 and 2 denote the two molecular species.
The hydrodynamic radius (Rh) was calculated from D using

the Stokes–Einstein equation:

Rh ¼
kBT

6pZD
(3)

where kB is the Boltzmann constant (1.38 � 10�23 m2 kg s�2 K�1),
T is the temperature (295.65 K), and Z is the viscosity of D2O
(1.24 � 10�3 Pa s). Data were processed using TopSpin (Bruker)
and an in-house MATLAB (MathWorks) script. The standard
deviation of Rh was estimated by propagating the temperature
uncertainty (�0.10 K) and the fitting error in D.

Computational methods

All force field parameters and equilibration steps prior to MD
simulations follow our work described previously.23 In short,
the Amber20 program was employed with Amber ff99SB-ILDN
force field for protein and Meagher’s force field for ATP.24–27

The TIP4P-D water model was used to enhance the conforma-
tional sampling28 and to prevent the artificial ATP aggregation
observed with the standard TIP3P model.23 In MD simulations
of a-synuclein, REUS was employed to generate initial struc-
tures consistent with the Rh range estimated by diffusion NMR.
To this end, a snapshot of a-synuclein, randomly extracted
from the previous work,23 was solvated in a water box of B13 �
13 � 13 nm3, either with or without 18 ATP molecules
(i.e., B16 mM ATP). This high concentration was selected to
ensure sufficient statistical sampling of weak, transient inter-
actions within the limited simulation timescale, a strategy
validated in our previous study.23 The systems were neutralized
by adding sodium ions. Each system was then equilibrated as
described previously.23 To generate the structures with REUS, a
short umbrella sampling of 10 ns per restraint was performed.
The restraint was applied on Rg, calculated from the Ca atoms
of a-synuclein in the MD trajectories to represent the backbone
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structure using the following equation:

Rg ¼

PN
i¼1

mi ri � rCOMð Þ2

PN
i¼1

mi

(4)

where N is the number of Ca atoms, ri is the coordinate of the i-
th Ca atom, rCOM is the center of mass of a-synuclein, and mi is
the mass of the i-th Ca atom. The restraint was changed from
1.8 to 6.0 nm with an increment of 0.2 nm and with a force
constant of 50 kcal mol�1 nm�1. The final snapshots were then
used to perform REUS by setting 22 windows along the Rg

coordinate (ranging from 1.8 to 6.0 nm at 0.2 nm intervals),
with 10 replicas assigned to each window, with a force constant
of 10 kcal mol�1 nm�1 and exchange attempts every 1 ps. REUS
was performed for 500 and 850 ns per replica in the absence
and presence of ATP, respectively; the first 350 ns from the
simulation in the presence of ATP was discarded from the
trajectory. The last 500 ns was used for analyses, and the
trajectory was recorded every 1 ns. In total, the REUS simula-
tions accumulated a sampling time of 110 ms (22 windows � 10
replicas � 0.5 ms), providing sufficient statistical reliability to
evaluate the structural ensembles.

To identify each interaction site, contact probabilities for
intramolecular a-synuclein and a-synuclein–ATP interactions
were calculated from MD trajectories using pairwise heavy-
atom distances. In each frame, a contact was defined when
the minimum heavy-atom distance between two amino acid
residues, or between an amino-acid residue and an ATP mole-
cule, was r7.0 Å. For a residue pair i–j or a pair of the i-th
residue and the j-th ATP molecule, the contact probability was
computed as:

Pij ¼
nij

1000
(5)

where nij is the number of frames in which the pair is in
contact. Contact probabilities between a-synuclein residues
and between a-synuclein and each ATP molecule were visua-
lized as heat maps using a continuous color gradient from
white (low probability) to red (high probability), plotted in
Gnuplot 6.0.3. The number of ATP molecules bound to a-
synuclein was counted according to the contact definition
described above.

To explore the energetics of the ATP-induced conforma-
tional change of a-synuclein, we employed the 3D-RISM29–31

theory for solvation free energy evaluation using the RISMiCal
program package.32,33 The AmberTools was used for the
structural and intermolecular interaction energies.28 The
a-synuclein and ATP structures used for the energy calculations
were extracted every 1 ns from the corresponding trajectories
of the REUS simulations. The same force field parameters of
a-synuclein and ATP as in the REUS simulations were employed.
The solvent was assumed to be an aqueous 0.1 M NaCl solution,
and the TIP3P model was used for water.34 The temperature of
the solvent was set to be the same as that used in the REUS
simulations, and its density was set to 0.9728 g cm�3.

Results and discussion
Quantification of ATP-moiety-specific binding to a-synuclein by
NMR titration

Although intracellular ATP exists primarily as Mg-ATP, we used
Na2-ATP for all experiments to preclude complex ternary inter-
actions mediated by Mg2+, which binds to the acidic C-terminal
region of a-synuclein.21 Because Na2-ATP retains the hydro-
tropic function of ATP,35–37 this approach enabled us to isolate
the specific contributions of the adenine and triphosphate
moieties.

Previous protein-observed NMR titrations estimated the
dissociation constants of ATP for a-synuclein to be 4–10 mM,36

whereas complementary ligand-observed experiments had not
been reported. We therefore quantitatively evaluated the binding
by monitoring chemical shift perturbations of 100 mM ATP upon
titration with 0–800 mM a-synuclein. The NMR spectra resolved
ATP signals for the adenine (H2, H8), ribose (H10), and tripho-
sphate (Pa, Pb) moieties with sufficient sensitivity and resolution
(Fig. 1a, b; Fig. S1a, b). Other ATP signals were excluded due
to spectral overlap with a-synuclein or attenuation by water
suppression (Fig. S1c). The Pg signal broadened significantly with
increasing a-synuclein concentration (Fig. S1d). Even at an ATP
concentration of 10 mM, the Pg signal exhibited slight line
broadening (Fig. S1e). This broadening arises in part from
chemical exchange between ATP4� and HATP3� species with a
pKa of 6.46,38 which is close to the sample pH of 7. Furthermore,
additional broadening upon a-synuclein titration was likely
caused by chemical exchange between free and bound ATP, which
occurred in the intermediate exchange regime on the chemical
shift timescale. The Pb signal also broadened upon titration,
indicating that it was likewise in the intermediate exchange
regime. In contrast, the Pa and 1H signals showed only slight
broadening (Fig. 1a and b), consistent with the fast exchange
regime, which reflects weaker binding compared to the inter-
mediate exchange regime. Therefore, these observations suggest
that Pb interacts more strongly with a-synuclein than the Pa,
ribose, and adenine moieties.

Apparent dissociation constants K�D
� �

for ATP binding to a-
synuclein were estimated by fitting the individual 1H and 31P
chemical shift changes (Fig. 1c) to eqn (1) using the GLOVE
program:39

Dd ¼ dmax

L½ �Tþ P½ �TþK�D �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L½ �Tþ P½ �TþK�D
� �2�4 L½ �T P½ �T

q
2 L½ �T

(6)

where Dd denotes the observed chemical shift difference, [P]T is
the total a-synuclein concentration, [L]T is the total ATP concen-
tration, and dmax is the maximum chemical shift change at
saturation.

The observed chemical shifts represent population averages
arising from multiple binding sites, and individual binding
events were not resolved. Therefore, a 1 : 1 stoichiometry was
assumed to simplify the calculation of K�D. The estimated K�D
values were 2 mM for H2, 132 mM for H8, 147 mM for H10,
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598 mM for Pa, and 2624 mM for Pb (Fig. 1c). These values
yielded a mean K�D of 701 � 1099 mM, reflecting the hetero-
geneous and weak nature of the ATP–a-synuclein interactions.
Notably, the K�D for ribose H10 was comparable to that for
adenine H8. Given their spatial proximity, this similarity sug-
gests that ribose H10 and adenine H8 interact with a-synuclein
in a similarly weak manner, possibly through the same
or neighboring binding sites. Although H2 exhibited small
chemical shift changes, which generally imply weak interac-
tions, the estimate K�D was 2 mM, suggesting unexpectedly
strong binding. In contrast, Pb exhibited the largest chemical
shift change but yielded the largest K�D of 2624 mM, suggesting
weak binding. Importantly, the magnitudes of the chemical
shift changes correlated with the exchange regimes: H2 showed
only a small chemical shift change in fast exchange, whereas
Pb exhibited a large chemical shift change in intermediate
exchange. Notably, although 31P signals inherently exhibit
wider dispersion than 1H signals, the observed 31P chemical
shift changes were 430-fold larger in ppm and 410-fold larger
in Hz, comparable to those observed in specific ATP/ADP–
enzyme binding (B1–2 ppm). The substantial magnitude of
the 31P chemical shift changes implies that the phosphate
groups interact more strongly with a-synuclein than the

adenine ring. However, the K�D values suggest the opposite
trend, implying stronger binding for adenine H2 than for Pb.
This discrepancy arises because dmax (the magnitude of the
chemical shift change) reflects the intrinsic binding affinity
(microscopic KD) but serves only as a scaling factor in eqn (1).
In contrast, the apparent KD K�D

� �
derived from this equation

reflects how readily each ATP moiety approaches saturation at
low a-synuclein concentrations due to multiple binding sites.

According to the model proposed by Koshland, Némethy,
and Filmer,40 the apparent KD approximates the microscopic KD

divided by the number of binding sites, n K�D � KD=n
� �

. This
relationship explains the distinct moiety-specific affinities: the
adenine ring yields a smaller K�D due to its interactions with a
large number of hydrophobic sites, whereas the triphosphate
group exhibits a larger K�D, suggesting stronger interactions
restricted to fewer sites. This model also rationalizes the
discrepancy between the ATP-observed K�D (micromolar) and
the protein-observed KD (millimolar). Since we previously
reported that ATP interacts with nearly all 140 residues of a-
synuclein,21 scaling the protein-observed KD (4–10 mM) by this
factor yields values (28–71 mM) comparable to the adenine K�D.
The deviation of the phosphate K�D from this range further
reinforces the conclusion that the triphosphate group recog-
nizes a smaller subset of binding sites. This analytical approach
is corroborated by a recent study on a-synuclein binders, which
similarly demonstrated that high macroscopic affinity arises
from the accumulation of weak interactions across the entire
sequence.41 As detailed in the MD simulation sections below,
this interpretation is consistent with atomic-level contact pat-
terns that resolve the apparent discrepancy in the K�D values
through the Koshland model.

ATP oligomerization and ATP-induced conformational changes
in a-synuclein characterized by diffusion NMR

Although the titration experiments quantified ATP–a-synuclein
interactions, they yielded no structural information. Given the
intrinsic disorder of a-synuclein, subtle conformational
changes induced by weak ATP binding are difficult to detect
by conventional structural methods. Therefore, to probe con-
formational changes, we determined diffusion coefficients (D)
and calculated the hydrodynamic radius (Rh) via the Stokes–
Einstein equation (eqn (3)).

Since we previously reported that ATP oligomerizes above 10
mM,21 we first examined free ATP by diffusion NMR at con-
centrations ranging from 1.2 to 24.5 mM (Fig. S3) to assess
whether oligomeric species exist at physiological concentra-
tions (2–8 mM) and influence the interaction with a-synuclein.
The adenine H2 signal at 8.5 ppm was analyzed because it was
well-resolved and the most intense among the observed ATP
signals (Fig. 2a; Fig. S2). At ATP concentrations up to 8.6 mM,
the Stejskal–Tanner plots were linear (Fig. S3), indicating that
ATP is monomeric. As 8.6 mM is close to the physiological
range (2–8 mM), these data suggest that ATP oligomers have
limited physiological relevance. At concentrations Z12.3 mM, a
second diffusion component corresponding to oligomers

Fig. 1 Site-specific apparent dissociation constants K�D
� �

for ATP binding
to a-synuclein. (a) 1H and (b) 31P NMR spectra of 100 mM ATP in the
presence of 0 (black), 50 (blue), 100 (green), 200 (yellow), 400 (orange),
and 800 mM (red) a-synuclein. (c) Chemical shift changes of ATP signals
plotted as a function of a-synuclein concentration. The dots and lines
represent the experimental data and best-fit curves, respectively. The
estimated K�D values are indicated in each plot. The analyzed proton and

phosphate positions are highlighted in red on the chemical structure of
ATP (bottom-right).
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became distinguishable (Fig. 2b, left; Fig. S3). The average
Rh of the monomeric species across all concentrations was
0.48 � 0.02 nm (Fig. 2c), which is close to the reported value
(0.6 � 0.1 nm).21 Conversely, the oligomeric component exhib-
ited larger Rh values (0.6–1.2 nm), which became better defined
with increasing concentration (Table S1). Taken together, these
results indicate that ATP oligomers are observed only at high
concentrations exceeding the physiological range.

We next measured the diffusion of ATP in the presence of
94.4 mM a-synuclein, with ATP concentrations ranging up to
12.3 mM (Fig. 2b, middle; Fig. S4). Given the minimal oligo-
merization of free ATP in this range, we applied only a single-
component model to the linear region of the Stejskal–Tanner
plots. The diffusion coefficients of ATP and the corresponding
Rh values remained largely unchanged relative to those of free
ATP (Fig. 2c). This result is expected under conditions of excess

ATP, where the observed diffusion coefficient represents a
weighted average dominated by free ATP.

In contrast, analysis of the methyl signal of free a-synuclein
at 0.8 ppm yielded a diffusion coefficient of (7.89 � 0.03) �
10�11 m2 s�1 and an Rh of 2.21 � 0.01 nm (Fig. 2c; Fig. S5). This
value represents an apparent Rh because the Stokes–Einstein
equation assumes a rigid sphere, whereas a-synuclein is intrin-
sically disordered. Nevertheless, this value is directly compar-
able to previously reported values based on the same
assumption, including 2.55 � 0.62 nm determined by dynamic
light scattering42 and 2.66 � 0.05 nm by diffusion NMR.43

Theoretically, protein Rh values can be estimated using the
following scaling relationships for globular and denatured
states:

Rh,globular = (4.75 � 1.11)N0.29�0.02 (7)

Rh,denatured = (2.21 � 1.07)N0.57�0.02 (8)

where N denotes the number of residues.44 These equations
yield Rh values of 1.99 � 0.98 nm (globular) and 3.69 � 1.16 nm
(denatured) for a-synuclein. The measured Rh of 2.21 nm is
closer to the value predicted for a globular state, suggesting
that free a-synuclein adopts a relatively compact conformation.

As the ATP concentration increased from 0 to 12.3 mM,
the diffusion coefficient of a-synuclein decreased and the
apparent Rh increased, asymptotically reaching (6.34 � 0.03) �
10�11 m2 s�1 and 2.75 nm, respectively (Fig. S5; Fig. 2c). The
increase in apparent Rh from 2.21 to 2.75 nm corresponds to a
volume increase of approximately 42 nm3. Assuming that this
increase arises solely from ATP binding, and given that the ATP
Rh is 0.48 nm (volume 0.46 nm3), the volume expansion is
equivalent to 91 bound ATP molecules. Based on a KD of
4–10 mM, the fractional occupancy at 12.3 mM ATP is esti-
mated to be 0.55–0.75. Thus, the number of potential binding
sites required to accommodate 91 bound ATP molecules ranges
from 121 (KD = 4 mM) to 165 (KD = 10 mM). These results imply
that ATP needs to interact with nearly the entire protein
sequence, which aligns with the heterogeneous binding beha-
vior indicated by the wide range of moiety-specific K�D values
(2–2624 mM). However, attributing the entire volume increase to
binding would require an unrealistic local ATP concentration of
3.6 M, far exceeding the bulk concentration of 12.3 mM. This
discrepancy suggests that the observed Rh increase results not
only from ATP binding but also from conformational expansion
of a-synuclein.

Specifically, the ATP triphosphate group likely screens the
electrostatic interactions between the N- and C-termini that nor-
mally maintain a-synuclein’s compact ensemble.45 This inter-
pretation is consistent with previous paramagnetic relaxation
enhancement (PRE) NMR studies demonstrating that ATP disrupts
long-range N–C interactions, favoring extended conformations.36

ATP-induced conformational changes of a-synuclein explored
by MD simulations

While the titration experiments revealed moiety-specific bind-
ing modes and the diffusion NMR suggested an ATP-induced

Fig. 2 Translational diffusion analysis of ATP and a-synuclein. (a) 1H NMR
spectrum of a mixture of 94.4 mM a-synuclein and 12.3 mM ATP. Signals at
0.8 ppm (a-synuclein) and 8.5 ppm (ATP) were used to determine the
diffusion coefficients. (b) Stejskal–Tanner plots of normalized signal inten-
sity (log scale) versus B values. Data are presented for 12.3 mM free ATP
(left), and for ATP (middle) and a-synuclein (right) in the mixture containing
94.4 mM a-synuclein and 12.3 mM ATP. The dots, black solid lines, black
dashed line, and magenta line represent the experimental values, single-
component fits, extrapolations of the single-component fit, and two-
component fit, respectively. Data points with signal intensities at or near
the noise level were excluded from the fitting. Insets in the middle and
left panels share the same horizontal and vertical scales as those in
the right panel. (c) Hydrodynamic radii of a-synuclein in the mixture (blue
filled circles) and ATP in the mixture (red filled triangles), which largely
overlap with those of free ATP (red open triangles), plotted against ATP
concentrations ranging from 0 to 12.3 mM. A saturation curve and
a straight line are shown as guides to the eye for a-synuclein and ATP
data, respectively.
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conformational expansion, atomic details of the structural
rearrangements and precise binding interfaces remained unclear.
To complement the NMR results, we employed all-atom MD
simulations using the Amber ff99SB-ILDN force field for protein,
Meagher’s force field for ATP, and TIP4P-D water model.23

To thoroughly explore the conformational space of the intrinsi-
cally disordered a-synuclein, we performed replica exchange
umbrella sampling (REUS) using the radius of gyration (Rg) of
a-synuclein as the collective variable. The resulting free energy
profiles revealed a shift in the global minimum from Rg = 2.49 to
2.71 nm upon ATP binding (Fig. S6). These values are comparable
to the Rh range (2.21–2.75 nm) determined by diffusion NMR,
indicating that the simulations captured structural ensembles
consistent with the experimental data.

To characterize the ensembles corresponding to these
energy minima, we extracted two independent 500-ns trajec-
tories from the replicas with umbrella restraints at Rg = 2.2 and
2.6 nm in the absence of ATP, and two with restraints at Rg = 2.6
and 3.0 nm in the presence of ATP (Fig. S6a). Since the two
trajectories in each set displayed consistent Rg fluctuation
patterns within each condition (Fig. 3a), they were combined
for subsequent analyses. Analysis of the Rg distributions
showed that ATP binding increased the ensemble-averaged Rg

from 2.40 to 2.79 nm (Fig. 3b), indicating ATP-induced con-
formational expansion. Furthermore, ATP binding led to a
notably broader Rg distribution compared to that in the
absence of ATP, suggesting that a-synuclein exhibits enhanced
conformational flexibility in the presence of ATP. Because
a-synuclein does not adopt a single rigid structure, the Rg

distributions under both conditions naturally show substantial
overlap. However, the significant shift of the PMF minimum,
the consistent increase in the ensemble-averaged Rg, and the
systematic changes in the intramolecular contact maps indicate
a clear transition of the entire ensemble rather than a minor
fluctuation.

To identify the amino acid residues underlying the confor-
mational expansion, we computed residue–residue contact
maps for all structures sampled at 1-ns intervals (Fig. 3c).
In the absence of ATP, the contact map revealed diverse
intramolecular interactions, including short-range contacts
within the N-terminal region (e.g., E13–Y39, Y39–E61),
medium-range contacts between the non-amyloid-b component
(NAC) and C-terminal regions (Q79–L113), and long-range
contacts between the N- and C-terminal regions (K10–Y125)
(Fig. 3c, left). The presence of such long-range interactions is
consistent with previous studies reporting that a-synuclein
adopts conformations associated with transient long-range
intramolecular contacts.46 In the presence of ATP, these con-
tacts were markedly weakened, with contact map scores
decreasing for E13–Y39 (5 - 0), Y39–E61 (17 - 2), Q79–L113
(10 - 0), and K10–Y125 (8 - 0). Concurrently, new contacts
emerged around the NAC region, including N65–T75 (2 - 22),
Y39–T75 (0 - 9), and Y39–L113 (0 - 14) (Fig. 3c, right).

To determine the specific contributions of ATP moieties to
these changes, we calculated contact maps of ATP–a-synuclein
interactions for the entire ATP molecule as well as separately

for the adenine and triphosphate moieties (Fig. 3d). These
maps visualize the probabilities and spatial distribution of
contacts (distinct from the intrinsic binding affinity). The
analysis showed that ATP molecules predominantly interact
with the lysine-rich N-terminal region and partially with
the NAC region, while making minimal contacts with the
C-terminal region (Fig. 3d, top). The contact map of the
adenine ring alone closely resembled that of the entire ATP
molecule (Fig. 3d, middle). In contrast, contacts involving the
triphosphate group were fewer and relatively confined to the
N-terminal region (Fig. 3d, bottom). These findings indicate
that the adenine ring largely determines the overall interaction

Fig. 3 Conformational changes of a-synuclein induced by ATP binding in
MD simulations. (a) Time evolution of the radius of gyration (Rg) from two
independent 500-ns trajectories in the absence (black) and presence (red)
of ATP. (b) Rg distributions in the absence (black) and presence (red) of
ATP. (c) Intramolecular contact maps of a-synuclein in the absence (left)
and presence (right) of ATP. Axes represent the residue numbers of
a-synuclein. Contact probabilities are color-coded from white (lowest)
to red (highest). (d) Contact maps between 18 ATP molecules and
a-synuclein residues for the entire ATP molecule (top), adenine ring
(middle), and triphosphate group (bottom). The vertical and horizontal
axes represent the ATP molecule indices and a-synuclein residue
numbers, respectively.
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pattern, whereas the triphosphate groups, some of which do
not directly bind, recruit water molecules, thereby increasing
the hydrophilicity of the region. This observation supports
the interpretation from the titration experiments, which sug-
gested that the adenine ring interacts with multiple sites on
a-synuclein, while the triphosphate group binds to fewer sites.

The predominance of ATP contacts with the N-terminal
region suggests that electrostatic and/or cation–p interactions
between ATP and lysine residues in this region interfere with
long-range intramolecular contacts between the positively
charged N-terminal and negatively charged C-terminal regions.
This disruption likely drives the observed conformational
expansion of a-synuclein. Simultaneously, exposure of the
NAC region to water may promote new short-range contacts,
including interactions with the hydrophobic adenine ring of
ATP, possibly as a compensatory mechanism to shield the
hydrophobic NAC region from water.

ATP-induced conformational and energetic changes in a-
synuclein

To visualize the structural consequences of the observed con-
tact rearrangements, we examined representative MD snap-
shots and confirmed that a-synuclein maintained compact
conformations in the absence of ATP, whereas it adopted
expanded and highly dynamic conformations in the presence
of ATP (Fig. 4a; Fig. S7). Reflecting this dynamic behavior, the
number of bound ATP molecules varied markedly throughout
the MD simulations (Fig. 4b), indicating repeated association
and dissociation. Quantitative analysis using a 7 Å cutoff
revealed that an average of 5.4 ATP molecules were localized
near a-synuclein (Fig. 4c). These ATP molecules formed oligo-
mers on the surface of a-synuclein (Fig. 4a; Fig. S7). While ATP
oligomerization was not observed in the NMR titration experi-
ments, the formation of these oligomers can be attributed to
the higher concentration (B16 mM) used to enhance the
sampling of weak interactions.23 Importantly, our experimental
diffusion NMR data (Fig. 2c) show that the hydrodynamic
radius of a-synuclein increases and saturates as the ATP
concentration rises, confirming that such high concentrations
do not reverse the structural expansion trend. Therefore, the
qualitative behaviors observed in our MD simulations match
the experimental data and are not high-concentration artifacts.
The ATP oligomers were internally stabilized by Na+-
coordinated triphosphate groups and p–p stacking between
adenine rings (Fig. S8a). The oligomers anchored primarily to
the N-terminal region, where residues including K6, K10, K43,
and H50 formed salt bridges or hydrogen bonds with the
triphosphate or ribose moieties (Fig. S8b). Although positively
charged lysine residues readily form salt bridges with the
negatively charged triphosphate groups of ATP, our MD simu-
lations revealed that sodium ions within the ATP oligomers
mediated the interaction with the N-terminal lysine residues by
partially neutralizing the triphosphate groups. This neutraliza-
tion facilitated cation–p interactions between the lysine side
chains and the adenine rings, consistent with a previous
report.47

To elucidate the energetic basis of the ATP-induced effects
on a-synuclein, we analyzed the conformational energy (DEmm),
solvation free energy (DGsolv), and total free energy (DGtotal) of a-
synuclein in the presence and absence of ATP. Both energetic
components exhibited considerable fluctuations throughout
the trajectories (Fig. 4d, top and middle), reflecting the highly
dynamic nature of a-synuclein under both conditions.
Upon ATP binding, the conformational energy increased from
1249� 252 kJ mol�1 to 1703� 258 kJ mol�1, while the solvation
free energy decreased from �4330 � 229 kJ mol�1 to �4762 �
242 kJ mol�1. Although the absolute values of these energies
depend on specific force field parameters and the 3D-RISM
model, our analysis focuses on the relative energy changes
associated with structural transitions. Because 3D-RISM is an
established method for evaluating relative solvation behavior,
the qualitative trends remain physically consistent regardless
of the absolute baselines. The changes of +454 kJ mol�1 in
conformational energy and �432 kJ mol�1 in solvation free
energy correspond to the energy scale of tens of hydrogen
bonds or more than ten salt bridges, indicating that ATP
weakens intramolecular interactions within a-synuclein. The
observed energy balance suggests that the penalty of disrupting
compact intramolecular contacts is largely compensated by
favorable protein–water interactions. However, further analysis
revealed that the total free energy increased from �3081 �
41 kJ mol�1 to �3059 � 41 kJ mol�1 upon ATP binding, leaving
an average net energetic penalty of +22 kJ mol�1 (Fig. 4d,
bottom). Although intrinsically disordered proteins are highly
fluctuating systems where statistical averaging is difficult,
these two independent energy components changed by similar
magnitudes in opposite directions, and their net difference
consistently converged to the scale of tens of kJ mol�1. This
energy scale is physically reasonable because it directly aligns
with the weak, millimolar-range binding observed in our NMR
experiments.

To identify the driving force that overcomes this energetic
penalty to induce the conformational expansion of a-synuclein,
we devised a thermodynamic scheme involving a hypothetical
intermediate state in which a-synuclein retains its ATP-bound
conformation in the absence of ATP (Fig. 4e). This scheme
separates the overall process into two steps: the conformational
transition (DG1 = +22 kJ mol�1), which corresponds to the
energetic penalty identified above, and the ATP binding event
(DG2). We then calculated DG2 as the sum of the intermolecular
interaction energy between a-synuclein and ATP and the
change in solvation free energy upon ATP binding. Since the
number of bound ATP molecules varied (Fig. 4b), the calculated
free energies were normalized by the number of bound
ATP molecules. This analysis yielded an interaction energy
of �427 kJ mol�1 and a solvation free energy change of
+390 kJ mol�1 per ATP molecule, resulting in a net binding
free energy (DG2) of �37 kJ mol�1. This binding free energy
outweighs the energetic penalty (+22 kJ mol�1), resulting in a
negative net free energy change (�15 kJ mol�1). Taken together,
these results demonstrate that ATP binding drives conforma-
tional expansion of a-synuclein through multiple ion- and
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p-mediated contacts, where the favorable binding free energy
overcomes the energetic penalty, leading to spontaneous expansion.

Hierarchical binding hydrotrope mechanism

In this study, we elucidated the molecular basis of ATP’s hydro-
tropic action on a-synuclein by dissecting the contributions of

its individual chemical moieties (Fig. 5). While previous NMR
studies relied on protein-observed signals to characterize ATP
binding,7,9,11,12,21,36 our ATP-observed NMR approach enabled
quantitative differentiation between the binding modes of the
adenine and triphosphate moieties. This NMR analysis, com-
bined with MD simulations, revealed that the adenine ring

Fig. 4 MD simulation analysis of ATP binding to a-synuclein. (a) Representative a-synuclein structures in the absence and presence of ATP, taken from
the final snapshots (t = 500 ns). a-Synuclein is depicted as a cyan cartoon, and ATP molecules are shown in licorice representation. (b) Time courses of
the number of bound ATP molecules from two independent 500-ns trajectories, displayed side by side. (c) Distribution of the number of ATP molecules
in proximity to a-synuclein, combined from both trajectories. (d) Changes in conformational energy (DEmm, top), solvation free energy (DGsolv, middle),
and total free energy (DGtotal, bottom) from the same trajectories, with the results from the two trajectories shown side by side. The black and red lines
indicate the absence and presence of ATP, respectively. (e) Schematic representation of the free energy analysis. The ATP-free and ATP-bound states of
a-synuclein are shown on the left and right, respectively. The center shows a hypothetical intermediate state in which a-synuclein retains its ATP-bound
conformation in the absence of ATP. DG1 corresponds to the free energy change associated with conformational transition and solvation, whereas DG2

represents the binding free energy change, comprising the intermolecular interaction energy and the solvation free energy change upon binding.
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engaged in weak multisite interactions, whereas the triphosphate
group formed stronger, more specific contacts anchored to
N-terminal lysine residues. These collective interactions dis-
rupted native long-range intramolecular contacts of a-synuclein,
leading to a conformational expansion whose thermodynamic
cost was compensated by favorable solvation free energy and ATP
binding free energy, thereby maintaining the protein in a soluble
state without net thermodynamic destabilization.

The difference in intrinsic binding affinity between the
triphosphate group and the adenine ring provides a mecha-
nistic explanation for the concentration-dependent and often
biphasic effects of ATP that have been observed in various
protein systems. We propose a model, termed the ‘‘hierarchical
binding hydrotrope mechanism,’’ in which the predominant
contribution of each ATP moiety shifts with ATP concentration
because the two moieties differ in microscopic affinity and the
number of accessible interaction sites. In this model, relatively
high-affinity interactions of the triphosphate group with catio-
nic residues dominate at lower ATP concentrations. In contrast,
adenine-mediated contacts are distributed over a larger ensemble
of weakly interacting regions and become prevalent at higher
concentrations due to the greater number of accessible sites.

The dominance of triphosphate-mediated interactions at
lower ATP concentrations accounts for the promotion of struc-
tural or oligomeric transitions by anchoring to specific arginine
and lysine residues. FUS LLPS was enhanced at low millimolar
ATP concentrations.7 A similar pattern was observed in the
prion-like domain of TDP-43, where NMR studies confirmed
that specific arginine residues serve as high-affinity binding
sites for ATP-induced LLPS.9,10 ATP also promoted CAPRIN1
LLPS through interactions with arginine-rich regions,9 as well
as LLPS in basic intrinsically disordered proteins via lysine and
arginine residues.48 Furthermore, ATP triggered LLPS followed
by amyloid fibril formation in insulin-derived chimeric pep-
tides via electrostatic interactions with lysine-rich regions.49

Conversely, at higher ATP concentrations, adenine-mediated
interactions become functionally dominant, typically resulting
in condensate dissolution or aggregation inhibition. This high-
concentration regime accounts for the dissolution of droplets
observed in FUS, TDP-43, and CAPRIN1,7,9,11,12 as well as
the inhibition of late-stage fibril formation in a-synuclein.36

Even non-aggregating proteins, such as lysozyme and IgG1,
underwent ATP-induced LLPS in this regime.50,51 The role of
the adenine ring was also supported by MD simulations show-
ing that ATP formed clusters on hydrophobic patches, such as
those on Ab and FUS.8,13 These adenine-mediated interactions

are consistent with reports of nonspecific contacts involving
glutamine, serine, and tyrosine residues in the prion-like
domain of FUS, and polar and hydrophobic regions in
Ab.8,13,14 Energy decomposition analysis of Ab peptides (e.g.,
Ab16–22 and Ab1–40) also showed that adenine-driven van der
Waals interactions dominated fibrillation suppression.

The hierarchical binding hydrotrope mechanism provides a
unified framework that reconciles active debates about ATP’s
mode of action. Previous proposals include the Hofmeister
effect model,52 which emphasizes the kosmotropic properties
of the triphosphate group; the cosolute model,47 which cate-
gorizes ATP interactions into specific ligand binding, kosmo-
tropic stabilization, and nonspecific binding; and the classical
hydrotrope model, which posits that ATP acts as an amphiphi-
lic molecule to solubilize hydrophobic patches. Our findings
refine the classical hydrotrope hypothesis by dissecting the
distinct roles of the ATP moieties. By characterizing the process
as a sequential engagement in which specific, high-affinity
electrostatic anchoring is progressively complemented by wide-
spread, nonspecific hydrophobic shielding, this model inte-
grates key aspects of previous theories into a single mechanism
that explains the biphasic hydrotropic action of ATP.

Although the biphasic switching of interaction modes is
characteristic of in vitro titration experiments, the physiological
ATP concentration range (2–8 mM) is sufficient to simultaneously
engage both triphosphate-mediated electrostatic interactions and
adenine-mediated hydrophobic contacts. Consequently, in healthy
cells, ATP functions as a dual-mode modulator of protein interac-
tions. The hierarchical nature of these interactions provides a
mechanistic explanation for the link between bioenergetic com-
promise and protein aggregation pathology. Under physiological
conditions, intracellular ATP concentrations are maintained at
levels that effectively saturate the triphosphate-mediated electro-
static sites while simultaneously occupying the numerous low-
affinity adenine-mediated hydrophobic sites. Our model suggests
that this ‘‘adenine shield’’ is essential for maintaining aggregation-
prone proteins in soluble states. However, in pathological states
associated with mitochondrial dysfunction, where ATP levels
decline substantially, the weak, nonspecific adenine-mediated
interactions are preferentially lost because of their lower affinity.
The resulting loss of hydrophobic shielding promotes transitions
toward aggregation-competent states. The proposed mechanism
relies on fundamental physicochemical properties, such as elec-
trostatic interactions with cationic residues and hydrophobic
interactions. Therefore, this mechanism is likely applicable to
not only a-synuclein but also other proteins implicated in neuro-
degenerative diseases. For instance, Tau and TDP-43, which
possess cationic regions together with aggregation-prone hydro-
phobic segments, may similarly rely on high intracellular ATP
concentrations to suppress aberrant transitions.

Conclusions

This study established the hierarchical binding hydrotrope
mechanism as a framework in which specific electrostatic

Fig. 5 Schematic illustration of the hydrotropic mechanism of ATP on
a-synuclein. a-Synuclein is shown in green, ATP as ellipses with negative
charges in blue. Intramolecular interactions within a-synuclein are indi-
cated by dashed lines.
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anchoring and diffuse hydrophobic shielding cooperatively
modulate protein aggregation states. This model reconciles
prior debates about ATP’s mode of action and clarifies the
mechanistic link between cellular energy status and proteosta-
sis. Given its fundamental physicochemical basis, the mecha-
nism is likely applicable to a broad range of proteins and
supports therapeutic strategies, including the design of dual-
mode small molecules that reinforce the adenine shield to
restore proteome integrity in neurodegenerative diseases.
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