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Nanocluster intermediates orchestrate
the phase transition of ATP condensates
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Phase separation is fundamental to cellular organization, yet early events driving this process remain
poorly characterized. ATP is highly concentrated in platelet dense granules, where it coexists with
divalent cations. Here, we reconstitute ATP phase separation and use nuclear magnetic resonance
(NMR) to discover a 1:2 stoichiometric complex between Mg?* and ATP. Using a modified NMR pulse
sequence of diffusion-ordered spectroscopy (DOSY), we accurately evaluate the size of Mg*'-ATP
nanoclusters, and identify them as pre-transitional intermediates that grow in hydrodynamic radius at
increasing Mg?" concentration. Excess Mg?" beyond the specific ratio promotes hydration and charge
neutralization of the nanoclusters, resulting in the formation of a system-spanning network. The
process is characteristic of phase separation coupled to percolation, a mechanism further validated by
complementary techniques. Our work reveals how stoichiometric imbalance between interacting
components regulates phase transition kinetics and dictates the physical properties of the resulting

condensate.

Liquid-liquid phase separation (LLPS) is a fundamental mechanism
underlying the formation of membraneless organelles (MLOs)'~. These
dynamic compartments enable cells to spatially organize biomolecules for
functions like molecular partitioning* and concentration buffering’. MLOs
may also coexist within membraned organelles®’, where active transport
elevates solute concentrations, thereby promoting phase separation. This
interplay is exemplified by secretory granules in chromaffin cells, where
condensates form within the vesicles but disperse rapidly upon membrane
fusion'*"".

The thermodynamic driving force for phase separation is a decrease
in the Gibbs free energy (AG <0), which enables spontaneous con-
densation when the solute concentration exceeds a critical threshold
(Csar)- However, thermodynamics alone does not capture the kinetic
pathways or energy barriers involved in the process, and macroscopic
phase transitions may obscure microscopic events not directly obser-
vable by conventional microscopy. In processes such as crystallization,
nucleation constitutes a well-defined, rate-limiting step that precedes
energetically favorable growth and the incorporation of additional
molecules'”. Whether liquid-liquid phase separation (LLPS) proceeds
through discrete intermediate states remains an open question,
largely due to the experimental challenges in capturing such transient
species, while the exact mechanism also depends on the system under
study".

In binary or multiple-component systems that undergo phase
separation, stoichiometry is a key determinant of condensate formation and
stability. This has been well-characterized in systems comprising RNA-
binding proteins (RBPs) and their associated RNA, which engage in both
specific and non-specific interactions. Typically, an optimal window for
condensation emerges near charge neutrality, where positive charges on
proteins are balanced by negative charges on RNA'*". An excess of either
component can lead to reentrant phase behavior, characterized by the
dissolution of the condensed phase“)’”. On the other hand, condensates can
mature through a process of phase separation coupled to percolation, in
which the formation of solute-dense droplets precedes and templates the
development of a percolated network within them, leading to a system-
spanning gel”’. This process can result in hysteresis or kinetic arrest, tran-
sitioning the molecular assembly from fluid to a gel or solid-like state'*.

Studying the phase separation of small molecule systems provides a
simplified framework for elucidating the kinetic processes and assembly
pathways that may be obscured in macromolecular systems. Previous stu-
dies have shown that small molecules such as simple peptides and oligo-
nucleotides can spontaneously form liquid-like condensates, preceding the
emergence of more ordered structures like fibrils or crystals” ™. In this
study, we investigate the phase separation behavior of ATP in the presence
of divalent cations, specifically Mg** and Ca’". Physiologically, ATP con-
centrations exceeding 500 mM, along with high concentrations of ADP,
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5-hydroxytryptamine (5-HT), and divalent cations, are found in dense
granules (8-granules, ref. 27), the specialized secretory vesicles in platelets.
Within these vesicles, electron-dense ATP condensates occupy a sub-
volume, implying membraneless condensates’”. Interestingly, the ionic
composition of dense granules varies between species, e.g., high Ca** in
humans vs. high Mg*" in rodents and pigs™, and by pathological states, e.g.,
elevated Mg"" levels in atopic dermatitis patients”.

Our findings demonstrate that the material properties of ATP con-
densates are governed by the identity of the coordinating divalent cation. In
the presence of Mg”', we uncover a hierarchical assembly pathway in which
stable nanoclusters—comprising thousands of ATP molecules—act as
metastable intermediates en route to a macroscopic, viscoelastic condensed
phase. The identification of these nanoclusters as key assembly inter-
mediates demonstrates that small molecules such as ATP can also undergo
phase separation coupled to percolation (PSCP).

Results

Mg?' induces the formation of percolated, gel-like ATP
condensates

We reconstituted the phase separation system of Mg’"-ATP in vitro,
forming a translucent phase with gel-like, viscoelastic properties (Supple-
mentary Fig. 1), consistent with previous reports”**. Demixing occurred
at ATP concentrations exceeding 0.6 M and Mg"" concentrations above
0.9M (Supplementary Fig. 2a). Notably, the phase boundary remained
nearly unchanged when the pH was shifted from 5.4—mimicking the acidic
environment in dense granules—to 7.0 (Supplementary Fig. 2b). Given that
the triphosphate moiety of ATP carries more negative charge at pH 7.0, the
results suggest that Mg’ promotes ATP phase separation through a
mechanism that is not simply electrostatic neutralization.

To dissect the molecular forces governing condensation, we replaced
ATP with ADP, another abundant molecule in platelet dense granules. This
substitution shifted the phase boundary, lowering the required nucleotide
concentration (Supplementary Fig. 2c). However, phase separation still
required an excess of Mg’" beyond this 1:1 ratio, with redissolution
occurring at Mg®" concentrations exceeding a 1.5:1 stoichiometry. Con-
gruently, the addition of 5-HT (Supplementary Fig. 1c) lowered the Mg*"
concentration required for ATP phase separation (Supplementary Fig. 2d).
On the other hand, lowering the temperature expanded the boundaries of
the dense phase (Supplementary Fig. 2e, f), characteristic of an upper critical
solution temperature (UCST) behavior. Thus, the phase separation process
should be enthalpically driven, with energetic contributions from Mg**-
ATP coordination, electrostatic neutralization, as well as m-stacking of
adenine bases.

a

Fig. 1 | Physicochemical characterization of the Mg>*~ATP hydrogel. a Scanning
electron microscopy (SEM) image showing the percolated filamentous network of
the hydrogel. Inset: Magnified view of the filaments, with the meshes pseudo-colored

Scanning electron microscopy (SEM) revealed that the Mg**~ATP
condensates form a percolated, fractal-like network of interconnected fila-
ments, with the finest filaments measuring 10-20 nm in diameter (Fig. 1a).
Such architecture likely accounts for the observed viscoelastic properties—
with the storage modulus G’ greater than the loss modulus G” and the upper
limit of the linear regime (y;.yvg) of 0.237% in the typical range for hydrogels
(Fig. 1b), Mg“-ATP condensate is thus characteristic of a weak, non-
covalently cross-linked network.

In contrast to the gel-like behavior observed with Mg**, substitu-
tion with Ca’* led to the formation of a white, solid precipitate (Sup-
plementary Fig. 1). This precipitation occurred under less stringent
stoichiometric conditions and proceeded even when Ca’* was present in
sub-stoichiometric amounts relative to ATP (Supplementary Fig. 3a).
SEM revealed that the Ca**-ATP assemblies consist of monodisperse
and uniform nanoparticles with an average diameter of 190 + 12 nm
(Supplementary Fig. 3b). Thus, the divalent cation not only dictates
phase separating conditions and macroscopic appearance, but also the
nanoscale architecture. For monovalent ions (Na" or K') could induce
ATP condensation, even at concentrations as high as 2.4M, no
phase separation was observed (Supplementary Fig. 4), further
demonstrating that charge screening is not the sole determinant of ATP
condensation.

NMR spectroscopy reveals the formation of well-defined Mg?'-
ATP assembly

To elucidate how divalent cations drive ATP phase separation, we per-
formed NMR titrations on an ATP sample with increasing amount of Mg*".
The resulting *'P chemical shift exhibited significant downfield perturba-
tions for both y- and p-phosphorous nuclei (Fig. 2a, b and Supplementary
Table 1), implying direct coordination of Mg”" to and consequently mag-
netically de-shielding of the terminal phosphate groups. Global fitting of the
chemical shift perturbations (CSPs) for both y- and p-phosphorous nuclei
yielded a stoichiometry of one Mg*" ion per two ATP molecules (N =0.5)
and a dissociation constant (Kp) of (7.06 + 1.49) x 107> M*® (Fig. 2c). The
values were consistent with the individual fits for each nucleus (Supple-
mentary Fig. 5), confirming that both phosphate groups participate in the
same Mg** coordination event.

The a-phosphorus resonance experienced much smaller CSPs and
exhibited a non-monotonic response upon Mg™ titration (Fig. 2a). It
initially shifted downfield like y- and p-phosphorus, but upfield as Mg**
concentrations exceeded 0.4 M. This biphasic behavior suggests a second-
ary, weaker interaction that affects its chemical environment at higher Mg**
concentrations.
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to indicate depth. b Viscoelastic properties of the hydrogel. The storage modulus (G')
exceeds the loss modulus (G”), and the upper limit of the linear viscoelastic region
(LVER) is indicated.
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Fig. 2 | NMR titration of Mg’" into ATP reveals stoichiometric binding.

a,b 1D *'P NMR spectra showing chemical shift perturbations (CSPs) for the y- and
a-phosphorus nuclei a, and the p-phosphorus nucleus (b), colored from blue to red,
at increasing Mg*" concentration. The peaks of y- and B-phosphorus, but not a-
phosphorus, shift monotonically downfield. Line broadening and multiplet degen-
eration are also observed at increasing Mg®* concentration. ¢ Global fitting of the

CSPs for the y- and B-phosphorus nuclei as a function of Mg™* concentration
yields a binding stoichiometry of N = 0.5 and a dissociation constant

Kp =(7.06 +1.49) x 107> M"". d, e Snapshots from MD simulations of

Mg’ "~ATP complexes. Panel (d) illustrates metal coordination and (e) illustrates
adenosine stacking. For clarity, protons and water molecules are omitted.

No reliable fitting could be achieved for the 'H resonances of ATP base
and sugar (Supplementary Fig. 6), supporting the model in which Mg**
preferentially coordinates with ATP phosphate groups (Fig. 2d, €). Notably,
the addition of Mg”" caused significant line broadening in both *'P and 'H
spectra. In particular, the well-resolved *'P J-coupling multiplets observed in
the absence of Mg”" collapsed into single broad peaks upon Mg’" titration
(Fig. 2a, b). The broadening of ATP resonances indicated enhanced trans-
verse relaxation upon the formation of large assemblies with slow tumbling
on the NMR timescale.

To assess the specificity of this assembly process, we performed parallel
titrations with Ca®* into ATP. While Ca** induced *'P CSPs of comparable
magnitude to those observed with Mg™, the perturbations lacked inflection
points (Supplementary Fig. 7), indicating weaker and presumably non-
cooperative binding. Furthermore, Ca’* did not induce significant line
broadening, implying that ATP remaining in solution is predominantly
monomeric or small oligomers.

Together, NMR titration data reveal that Mg”" and ATP co-assemble
into stoichiometrically defined clusters of a very large molecular weight, a
behavior not reproduced by Ca*", highlighting a cation-specific mechanism
of ATP condensation.

Excess Mg?" induces hydration of ATP nanoclusters

To further characterize the molecular properties of Mg**-ATP nanoclusters,
we performed NMR DOSY measurement for ATP with increasing Mg**
concentrations. Initially, elevation of Mg”" led to a progressive decrease in

the translational diffusion coefficient (D) of ATP, corroborating the for-
mation of large clusters. However, when Mg>* concentration exceeded
0.5 M, the signal decay curves as a function of pulse field gradient strength
significantly deviated from mono-exponential behavior (Supplemen-
tary Fig. 8a).

A bi-exponential fit of the DOSY curves revealed two distinct species: a
fast-diffusing component (Dg,g = 3.2 % 107" m’s™") and a slow-diffusing
component (Dyy)- The Dy, decreased progressively with increasing Mg**
concentration, reaching approximately 1/20 of Dy, at the highest Mg**
concentration (Supplementary Table 2), indicating the formation of larger
ATP nanoclusters at higher Mg*" concentration. In contrast, Dy, remained
largely constant for different ATP proton signals over a range of Mg™*
concentrations (Supplementary Table 2), whereas the fractional contribu-
tion of the fast-diffusing component increased with Mg*" concentration
(Supplementary Fig. 8b). Intriguingly, Dy, was significantly lower than the
diffusion coefficient of free ATP in dilute solution (~3.7 x 10" mes ",
refs. 33,34), ruling out free ATP as the fast-diffusing component.

We hypothesized that the anomalous D¢, component originated from
water molecules interacting with ATP nanoclusters through chemical
exchange or NOE. This was supported by multiple lines of evidence. First,
the fractional contribution of the Dy, component to DOSY signal decay
increased at longer diffusion delays implemented in the NMR pulse
sequence (Supplementary Fig. 9a), a characteristic feature of magnetization
transfers rather than true molecular diffusion. Second, as the diffusion delay
increases, ribose protons (H2/, H3/, H4/, H5') exhibited earlier onset of
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Fig. 3 | DOSY measurements of translational diffusion coefficients. a Using the
modified DOSY pulse sequence, H8 NMR signals for the Mg*"~ATP system are
plotted on a logarithmic scale as a function of the square of the Z-gradient strength.
Across a range of Mg"" concentrations up to 0.8 M, the data are well described by
single-exponential decays. b Translational diffusion coefficients measured at
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significant Dy, contribution compared to H8, H2, and H1’ (Supplementary
Fig. 9b), indicating an additional relaxation mechanism—possibly mediated
by adjacent hydroxyl groups through solvent exchange. Third, water-NOE
experiments by selective inverting solvent resonance confirmed interactions
between water and ATP protons in the clusters, and the NOE buildup
became faster and more pronounced at higher Mg™* concentrations (Sup-
plementary Fig. 9¢). Together, our data support a structural model in which
Mg*", when present in excess of 2:1 stoichiometry with ATP, promotes the
hydration of ATP nanoclusters.

The Dy, value was approximately 1/2 of the value measured for bulk
water measured for the same ATP sample (~7 x 107" m’ss ™", Supplemen-
tary Table 2), implying that the fast-diffusing species corresponds to water
molecules loosely associated with ATP nanoclusters rather than freely dif-
fusing bulk solvent. To eliminate the interference from hydrated species, we
modified DOSY pulse sequence by incorporating a water-selective excita-
tion pulse followed by a purge gradient to dephase water magnetization
prior to the stimulated echo (STE) block. Additionally, continuous-wave
irradiation was applied between the encoding and decoding STE blocks to
suppress magnetization transfer from water to solute signals (Supplemen-
tary Fig. 10a, b). This revised sequence afforded a clean mono-exponential
NMR signal decay across all Mg™" concentrations, when plotted against
gradient strength or diffusion delay (Supplementary Fig. 10c and Fig. 3a).
Moreover, the diffusion coefficients obtained with the modified pulse
sequence are consistent with the Dy, values from the bi-exponential fits
using the standard DOSY pulse sequence. Yet, given the systematic and
larger residuals associated with those bi-exponential fits (Supplementary
Fig. 11), the modified pulse sequence effectively eliminates contributions
from water interference, regardless of the underlying mechanism, and excels
in providing more accurate translational diffusion rates of ATP nanoclus-
ters (Fig. 3b).

We also assessed the diffusion behavior of 5-HT and elucidated its
interactions within the condensates. While the addition of 5-HT lowers the
concentration threshold for Mg”—ATP phase separation, its diffusion,
monitored by the non-labile 5-HT H2 resonance (Supplementary Fig. 1c),
was consistently faster than that of ATP (Fig. 3b and Supplementary
Fig. 12a). This means that 5-HT retains partial mobility when sequestered in
Mg*"-ATP condensates.

On the other hand, Ca*"-ATP systems showed little deviation from
mono-exponential decays, regardless of the pulse sequence, diffusion delay
in the pulse sequence, or cation concentration (Supplementary Fig. 12b),

implying the absence of hydration or minimal interference from associated
water molecules. Nevertheless, diffusion coefficient as a function of Ca**
concentration closely matches that of Mg*" concentration (Fig. 3b).

Using these measured values, we could estimate the size of the Mg”"-
ATP nanoclusters. Considering the ~40-fold reduction in D relative to bulk
water in the same sample (Supplementary Table 2) and assuming hydro-
dynamic similarity, each cluster should have molecular weight over 1 MDa
and contain over 2000 ATP molecules.

Coalescence of Mg®>™-ATP nanoscale condensates leads to
macroscopic phase separation

To elucidate what occurs as excess Mg’" results in the hydration of ATP
nanoclusters, we performed *'P dark-state exchange saturation transfer’’
(DEST) experiments. Using *'P rather than "H NMR allowed us to minimize
complicating effects from NOE and chemical exchange and to obtain a clear
picture of the invisible, high-molecular-weight species that led up to mac-
roscopic phase separation.

In pure ATP solutions (0.7 M, pH 5.4, 298 K), no dark state was
detected (Supplementary Fig. 13a). The addition of 0.35 M Mg’ resulted in
mild broadening of the DEST profiles collected at two RF fields (Supple-
mentary Fig. 13b), but a minor species could not be confidently modeled.
Only when we increased Mg™* concentration to 0.7 M, we could observe
much broadened DEST profiles and fit the dark state (Fig. 4a). Individual
fittings of the a- and p-phosphorus DEST profiles indicated the presence ofa
dark state with comparable parameters, a feature not observed for the y-
phosphorus (Supplementary Table 3). This suggests that the a- and p-
phosphorus atoms directly participate in a common chemical exchange
process associated with clustering and aggregation, but not the y-
phosphorus. This finding contrasts with the pattern observed in
concentration-dependent chemical shift perturbations (Fig. 2). Global fit-
ting of a- and B-phosphorus yielded a minor state population of <4%, with a
transverse relaxation rate (R, ) ~ 15 times of that of the major state (R, )
and an exchange rate (k) of ~80s™".

In parallel, we performed DEST experiments on the Ca**~ATP system
and detected dark-state exchange at 0.35 M Ca’" concentration, near the
threshold concentration for macroscopic phase separation. The dark state
was populated at ~1%, with R, ~ 50 times of R, 5 and a k., of ~180s™"
(Fig. 4b and Supplementary Table 4). Notably, the DEST profiles for
Ca’"~ATP are much sharper than those of Mg>"-ATP at the same con-
centration. This can be attributed to the smaller population of the dark state
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Fig. 4 | Dark-state exchange saturation transfer for ATP in the presence of
divalent cations. From left to right, DEST profiles of *'P for the a-, B-, and y-
phosphorus nuclei of 0.7 M ATP, acquired at radiofrequency (RF) field strengths of
150 Hz (red) and 300 Hz (cyan), in the presence of (a) 0.7 M Mg”* and (b) 0.35 M
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Ca’". Global fitting of the a- and B-phosphorus profiles (black lines) yields exchange
rate of 82.4 + 22.4 s~' and dark-state population of 3.7 + 1.0% for Mg**, and
187 £22 ™" and 0.87 +0.09% for Ca®*.

in the Ca’"-ATP system, as well as the faster exchange with the dark state.
Notably, the R, values of the NMR-visible state of Ca*"-ATP are ~1/10 of
those in the Mg™*-ATP system, indicating that Ca**~ATP form only small
clusters before coalescing into large particles.

Together, the DEST analyses indicate that the dark state corresponds to
large, slow-tumbling assemblies. As increasing Mg>* further neutralizes the
negative charges of ATP, its clusters can percolate and form a viscoelastic
network. Based on the DOSY data, we estimate the molecular weight of
Mg*"-ATP nanoclusters to exceed 1 MDa. This corresponds to a size of
10 nm in diameter, and is consistent with the filament thickness observed
by SEM.

Independent validation of the phase separation coupled to per-
colation process

We employed complementary techniques to characterize the ATP
nanoclusters and monitor the subsequent phase transition. Dynamic light
scattering (DLS) measurements on ATP solutions revealed a Mg**-
dependent increase in nanocluster size (Fig. 5a, b). Notably, at each Mg™*
concentration below the macroscopic phase separation threshold, the sys-
tem remained homogeneous indefinitely. At 0.50 M MgCl,, the hydro-
dynamic diameter was approximately 14 nm, consistent with the size
estimated using NMR. The cluster size increased rapidly at higher Mg™*
concentration, reaching ~140 nm at 0.80 M MgCl,. Although the absolute
sizes measured by DLS were larger than those estimated by DOSY—likely
reflecting the higher sensitivity of DLS to larger aggregates—the consistent
growth trend confirms the Mg’ -dependent stabilization and expansion of
ATP clusters.

We next sought to visualize the transition from nanoclusters to a
macroscopic condensed phase. Using a temperature-jump approach based
on the system’s upper critical solution temperature (UCST) behavior
(Supplementary Fig. 2), we monitored coacervation in real time with the use
of structured illumination microscopy (SIM). The sample—composed of
0.7M ATP and 0.9M Mg** and capable of phase separation at room
temperature—was briefly heated to dissolve condensates and then cooled on
the microscope stage. Upon cooling, sub-micron droplets rapidly formed
throughout the field of view (Fig. 5c-f). These droplets subsequently fused,

and macroscopic turbidity developed within seconds. Although SIM cannot
resolve molecular connectivity, the non-homogeneous internal structure of
the droplets suggests the formation of a networked structure.

To probe the material properties of the mature condensates, we per-
formed fluorescence recovery after photobleaching (FRAP), with the doping
of a fluorescent ATP analog (Supplementary Fig. 14). The measured bulk
diffusion coefficient (D = (3.63 +0.24) x 107* m%es™") is comparable to
values reported for protein condensates™, but lower than those character-
istic of gel-like RNA-protein’” or RNA-only condensates” ™. Given the
small size of ATP, this severely restricted mobility—even after accounting
for increased viscosity—strongly supports the formation of a percolated
network in a gel-like condensed phase.

On the other hand, Ca*" forms stronger, water-excluded complexes
with ATP*** and the resulting assemblies are markedly different (Supple-
mentary Fig. 3b). Moreover, incomplete charge neutralization would lead to
electrostatic repulsion and self-limiting assembly, as manifested by uni-
formly sized nanoparticles under SEM.

Discussion

Our findings demonstrate that ATP phase separation in the presence of
Mg is not a simple, direct process but proceeds through transient inter-
mediate states, in which Mg’ and ATP first form stoichiometrically well-
defined nanoclusters. In contrast, stronger but less specific binding of Ca**
to ATP bypasses the intermediate state and directly form macroscopic
precipitation. Thus, the differences in assembly pathway and physical
property of the condensed phase hinge on a delicate balance in interaction
strength between the components.

The Mg™*-ATP nanoclusters represent pre-transitional intermediates,
analogous to metastable liquid clusters previously observed in protein
solutions™. The stability of the nanoclusters imposes an energetic barrier
that must be overcome prior to coalescence into a macroscopic phase: The
formation of 1:2 Mg*"-ATP complexes satisfies local binding requirements,
but hinders progression toward a globally stable, phase-separated state
(Fig. 6). This behavior expands the repertoire of physicochemical properties
and biological roles associated with ATP*™. In contrast, Ca*" forms
stronger, less hydrated complexes with ATP*>*, and proceeds via a more
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at each concentration without macroscopic phase separation, though increased size
dispersion was observed at 0.80 M Mg**. c—f Real-time observation of phase
separation via temperature-jump SIM. Time-lapse bright-field images show rapid
condensate formationat 2.6 s,2.8 s,4.8 s,and 10 s after cooling to room temperature.
The mature droplets exhibit internal structural heterogeneity, consistent with net-
work formation, though percolated connectivity is beyond SIM resolution.

direct, thermodynamically favorable pathway that lacks a well-defined
stoichiometric intermediate. Incomplete charge neutralization results in
electrostatic repulsion, leading to self-limiting assembly and the formation
of uniformly sized nanoparticles, as observed by SEM. This behavior is
characteristic of a short-range attraction and long-range repulsion (SALR)
interaction as documented™.

A key finding in the present study is that the addition of Mg** beyond
the 1:2 stoichiometric ratio drives the transition to a macroscopic phase.
Excess Mg”" neutralizes the negative charges on the ATP nanoclusters,
reducing electrostatic repulsion and enabling percolation into a continuous,

system-spanning network. This extra “coating” of ATP clusters likely
reflects Mg™*'s preference for coordinating with water over phosphate
groups”. At the atomic level, DEST analysis revealed that the a- and f-
phosphorus nuclei undergo a common exchange process into a larger,
NMR-invisible state, a transition that likely involves additional adenosine
stacking and reorientation of the glycosidic bond. Importantly, the esti-
mated diameter of the ATP nanoclusters (~10 nm) matches the filament
thickness observed in the macroscopic hydrogel, suggesting these
nanoclusters serve as the fundamental building blocks of the emergent
network. This hierarchical assembly pathway exemplifies phase separation
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Fig. 6 | Schematic illustration of the multi-step
assembly pathway for Mg>*-~ATP condensates. A
The diagram depicts the progression of assembly
with increasing Mg*" concentration and effective
charge neutralization. As the saturation concentra-
tion (Cg,) is lower than the percolation threshold
(Cperc)> the system undergoes phase separation
coupled to percolation (PSCP), wherein the hydra-
ted Mg**~ATP nanoclusters act as precursor
assembly intermediates prior to macroscopic phase
separation. This hierarchical pathway determines
the resulting condensate’s morphology and viscoe-
lastic properties.
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coupled to percolation (PSCP), a mechanism recently proposed for mac-
romolecular systems'*'. In PSCP, the saturation concentration (Cy) is
lower than the percolation threshold (Cpe;c). Here, C, corresponds to the
condition for forming the metastable ATP nanoclusters, while Cper. is
defined by the excess Mg™* required to trigger network formation.

This assembly process shares conceptual parallels with the
maturation of RNA-protein condensates, which often culminate in
irreversible ~ gelation via multivalent crosslinking”.  Similarly,
polyphosphate-scaffolded phase transitions can lead to mature states
with hysteresis'**. In contrast, the Mg**~ATP condensate can be readily
redissolved upon dilution, owing to the weak, interactions among the
nanoclusters. Additionally, the porous hydrogel network is capable of
sequestering water and small molecules such as serotonin (5-HT), which
retain partial mobility (Fig. 3b). Thus, the Mg**~ATP phase transition
not only illustrates a novel assembly mechanism but also provides a
plausible model for the function of platelet dense granules in con-
centrating and releasing bioactive molecules in a rapid, controlled
manner™".

While the Mg**~ATP system is a simplified model, the metastable
nanocluster intermediates uncovered here have broad implications. These
nanoclusters are not merely transient species but act as critical regulatory
checkpoints that can either promote or arrest the phase separation process.
By governing assembly kinetics and dictating the final condensate mor-
phology, these intermediate states play a decisive role in determining the
functional outcome of the phase transition.

Methods

Preparation of ATP condensed phase

For the assessment by SEM and rheological measurements, a 1 M stock
solution of adenine nucleotide (ATP or ADP, Macklin) was mixed with the
appropriate volume of 4 M MCI, (M = Mg or Ca) and ddH,0O at 298 K,
adjusted to pH 5.4 (or pH 7), to achieve final concentrations of 0.7 M
nucleotide and 1.2 M divalent cation. After vortexing, whitish suspension
formed, which settled at 298 K for 24 hours.

To determine phase separation boundaries, stock solutions of adenine
nucleotide were diluted to the desired concentrations with ddH,O. Then,
44 M MCl, (M=Mg, Ca) was added to a final volume of 500 pL. The mix-
tures were vortexed thoroughly and incubated at 298 K for at least 24 h to
allow phase separation to take place and reach equilibrium. Additionally,
5-hydroxytryptamine hydrochloride (Macklin) was added from a 0.143 M
stock solution to the desired final concentration.

SEM characterization
The morphology of ATP condensates was examined using a Merlin
Compact scanning electron microscope (Carl Zeiss, Germany) operated at

an accelerating voltage of 2kV for Mg**-ATP system and 5kV for Ca’"-
ATP system. Images were acquired at magnifications ranging from 18,050
to 36,610x. For Mg”"-ATP samples, a drop of the condensed phase was
deposited onto a silicon nitride film; for Ca**-ATP samples, a drop of the
aqueous suspension was directly loaded onto a silicon nitride wafer.

Rheological characterization of the condensed phase of
Mg*"-ATP

Rheological measurements were performed using a rotational parallel-plate
rheometer (MCR301, Anton Paar, Austria) equipped with a cylindrical
PP08 spindle (8 mm diameter). Experiments were conducted at 25 °C.
Strain-sweep tests were performed in triplicate, with strain amplitudes
ranging from 0.01% to 100% at a constant oscillation frequency of 1 Hz. The
storage modulus (G’) and loss modulus (G”) were plotted using OriginPro.
The linear viscoelastic region (LVER) was identified as the point at which
both G’ and G” began to deviate from their plateau values, in accordance
with the manufacturer’s guidelines.

Dynamic Light Scattering (DLS) measurements

A stock solution of 1.00 M disodium ATP (pH 5.4) and a 4.00 M MgCl,
solution (pH 5.4) were prepared using ultrapure water (ddH,0). Both
stock solutions were filtered through a 0.45 pm aqueous-phase filter to
remove large particulate contaminants. For each sample, 700 uL of the
1.00M ATP solution was mixed with an appropriate volume of the
4.00 M MgCl, solution. The mixture was then diluted with ddH,O to a
final volume of 1000 pL, yielding final Mg*" concentrations of 0.00, 0.25,
0.50, 0.60, 0.70, 0.75, and 0.80 M, with the ATP concentration fixed
at 0.70 M.

A 1cm x 1 cm disposable plastic cuvette was filled with 700 uL of the
sample. DLS measurements were performed on a Malvern Zetasizer Nano
7890 instrument at 25 °C. The viscosity of pure water at 25 °C was used for
data analysis. The attenuator position and measurement duration were
automatically optimized by the software, with the measured attenuation
index consistently maintained at a relative value of 11 for all samples to
ensure comparable scattered light intensities. Each sample was measured in
triplicate. The mean hydrodynamic diameter of the predominant popula-
tion (Peak 1) is reported. Under the constant measurement geometry and
attenuation index applied, the derived scattering intensity is proportional to
the size of the nanoclusters.

Real-time observation of condensate formation via structured
illumination microscopy (SIM)

A Mg™*-ATP sample exhibiting phase separation at room temperature was
prepared by mixing 350 L of 1.00 M disodium ATP solution (pH 5.4) with
112.5 uL of 4.00 M MgCl, solution (pH 5.4) and 37.5 L of ultrapure water
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(ddHO). The resulting turbid mixture clarified upon warming, for instance,
by hand.

For imaging, a 10 uL aliquot of the suspension was placed on a glass-
bottom dish. The dish was positioned on the metal stage of a super-
resolution microscope (in the laboratory of Prof. Xi Peng, College of
Engineering, Peking University), which was integrated with an environ-
mental chamber. The sample was heated to 45 °C until the turbidity dis-
appeared completely. The sample was then immediately translated to the
observation position under a 60x oil-immersion objective without further
focusing. Phase separation was re-induced by allowing the sample to cool
naturally to room temperature. This temperature-jump (T-jump) process
was monitored in bright-field mode with images acquired every 200 ms for a
duration of 1 minute.

FRAP measurement
The fluorescent probe TNP-ATP (APEXBIO) was added to the ATP solu-
tion at a final concentration of approximately 0.2% relative to ATP. A freshly
prepared Mg *~ATP gel—obtained by gentle vortexing and low-speed
centrifugation to form a macroscopic condensed phase—was transferred
onto a coverslip, sealed, and imaged using a Leica Stellaris 5 confocal
microscope. Given the macroscopic, system-spanning nature of the con-
densed phase, conventional whole-droplet bleaching was not applicable.
Instead, a small circular region of interest (ROI) was selected within the gel
for partial bleaching; the use of a small ROI within a macroscopic gel
ensured that recovery reflected internal rearrangements rather than
exchange with a surrounding dilute phase. Prior to photobleaching, baseline
fluorescence intensity was recorded every 2.624 s for 10 frames. Photo-
bleaching was performed using 20 pulses of a 488 nm laser within a mini-
mized time window. Fluorescence recovery was subsequently monitored by
acquiring images every 2.583s. FRAP measurements were repeated in
multiple distinct regions of the Mg**~ATP gel to ensure reproducibility.
Post-bleach recovery curves were analyzed using the established
protocol™, consisting of a two-part approach. The first involved calcu-
lating diffusion time (7) by fitting the fluorescence intensity-time curve
using a model based on a Gaussian laser beam profile, as given in Eq. (1). In
this model, F,,, and F, represent the fluorescence intensities before and
immediately after photobleaching, and R denotes the mobile fraction. The
bleaching parameter K, which quantifies the extent of bleaching, is calcu-
lated from the relationship F, /F,, = (1 — ¢X)/K. The variable is defined

re
-1
as {@ + 1] , where £, is the onset of recovery. The lower incomplete

gamma function y(K, |,v) = [ ge*“uvfldu captures the kinetics of fluor-

escence recovery. The full expression is given below
F(t) = qub(t)R + (1 - R)FO (1)
quh(t) = Fpre %y(Kv |7 V)R

The second part involved determining the radius of the bleached region
using Gaussian fitting. Fluorescence intensity profiles were extracted from
post-bleach images using Image] by drawing line scans across horizontal,
vertical, and diagonal axes of the bleached region of interest (ROI). These
profiles were then fitted to a Gaussian model, as given in Eq. (2) using the
non-linear fitting module in OriginPro. The effective radius was calculated
asr, = 2r,,and the diffusion coefficient could be derived from the relation

e _ I
Dppap = I, T T
_(r=ro)?

I(r)=1,—Ae ™ (2)

NMR spectroscopy

Samples of nucleotide-MCl, (M = Mg or Ca) solutions were prepared at a
concentration of 0.70 M nucleotide and varying concentrations of M** ions,
with or without the addition of 0.10 M 5-hydroxytryptamine (5HT), as

described above. Each sample had a total volume of 500 pL and was adjusted
to pH 5.4. For all experiments except DOSY, 50 L of 0.10 M DSS in D,O
was added during sample preparation for field locking and chemical shift
calibration. For DOSY experiments, DSS in D,O was omitted to avoid
potential kinetic effects; instead, samples were transferred directly into
5 mm Norell NMR tubes and sealed with a coaxial insert (Norell, catalog #
NI5CCI-B) containing 0.10 M DSS in D,0.

AlINMR measurements were carried out at 298 K on a Bruker Avance
111 600 MHz spectrometer equipped with a 5 mm broadband observe (BBO)
probe. 'H NMR spectra were referenced to the methyl peak of DSS. For *'P
spectra, the reference was set to the residual hydrolyzed phosphate from
nucleotide. Spectra were processed using TopSpin 3.6.1, titration data were
analyzed in MestreNova 14.0.0 (https://mestrelab.com/software/mnova/
nmr), and chemical shift perturbations (CSPs) were fitted in OriginPro.
Equation (3) was used to describe the binding equilibrium between ATP and
divalent cation, ATP + nM*" <> ATP - M2*, with stoichiometry n, equi-
librium dissociation constant Kp, and maximum chemical shift perturba-
tion d, fitted parameters

C() = n[ATP]total + [M2+] total + KD

B e mmyvrm v 3)
6abs — (600 _ 50) . Co Co 4 [ATP]MmI[M ]mml + 60

28[ATP)

Here, [M**] wotar FATPior are the respective concentrations in the
reaction mixture, and d,, is the initial chemical shift value for free ATP.

Water NOE spectra were acquired using the Bruker pulse sequence
ephogsygpno™, which was modified by applying continuous-wave (CW)
irradiation on labile protons during the mixing time to suppress exchange-
relayed NOE signals™. For selective inversion of water, a 20 ms Gaussian-
shaped 180° pulse was used, with the power adjusted for optimal excitation.
The mixing time (d8 in Bruker notation) ranged from 5 to 1000 ms. Peak
areas of all ATP signals were integrated in MestreNova with the water signal
held positive, and plotted as a function of mixing time.

Diffusion-ordered spectroscopy (DOSY) was performed using either
the standard pulse sequence™ or our modified version (Supplementary
Fig. 10). Gradient strength calibration was carried out at 298 K using ddH,O
sealed with a coaxial DSS insert (63 G/cm). For each new DOSY sample, the
90° pulse was recalibrated. Pulsed field gradients were applied in 19 linearly
incremented steps from 5% to 95% of the maximum strength. The diffusion
delay A (d20 in Bruker notation) ranged from 50 to 800 ms, and the gradient
pulse length & (p30 in Bruker notation) was adjusted so that the final signal
intensity at maximum gradient was reduced to 3-7% of the intensity at
minimum gradient.

DOSY spectra were first processed in TopSpin; peak integration was
performed in Bruker Dynamics Center, with the output denoted as I in the
fitting routines. The data were exported to OriginPro and fitted using either
a mono-exponential or bi-exponential decay model, described by Eq. (4),
where n represents the number of components (n =1 for mono-exponen-
tial, 2 for bi-exponential) and i represents the pre-factor of the relative
contribution:

n
i=1

Dark-state exchange saturation transfer (DEST) spectra were acquired
with the dephasing block of 90°(x)-G1-90°(y)- G1-CW(x)-90°(x)-
acquisition, where the dephasing gradient (G1) had a duration of 1 ms and a
strength of 30% of the maximum z-gradient (18.9 G/cm). CW irradiation
was applied for 1 s at nutation frequencies of 150 or 300 Hz. The power of
the CW pulse was calculated from Eq. (5), where Tcyy is the duration of CW
and PLWcyy the corresponding power level:

Tew = 1/(4ve,)
M)Z (5)

PLW ¢y = PLWgy. - (72
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For *'P DEST, spectra were acquired over a frequency offset with the
range of +15,000 Hz in 100 Hz steps, and were normalized using reference
spectra acquired at £90,000 Hz. Spectra were processed and integrated in
MestreNova. DEST profiles were plotted in OriginPro as normalized
intensities (I/I,), where I, refers to intensity at highest offset (+90,000 Hz).
The exchange parameters, assuming a two-state exchange model, were fitted
using the software ChemEx (https://www.github.com/gbouvignies/
chemex, ref. 57).

Estimation of the size of ATP nanoclusters
Based on Stokes-Einstein equation, the translation diffusion coefficient (D)
is given by

_ kgT
"~ 6myR,

(6)

where 7 is the viscosity of the solution and the R, is the hydrodynamic radius
of the molecule or molecular assembly. From the bi-exponential fitting of
the DOSY data collected with the standard pulse sequence, we observed that
Dy is as small as 1/20 of Dg,g, which is in turn ~1/2 of the bulk water
(Supplementary Table 2). This means that the hydrodynamic radius of the
ATP nanocluster is about 40 times greater of water molecule. Since this
comparison is internal to the same sample, the effect of viscosity is effectively
normalized.

Assuming uniform shape and mass distribution, and using the mole-
cular weight of water (18 Da) as a reference, the molecular weight (M) of the
ATP nanocluster is estimated as

M = 18- 40° = 1,152,000 Da (1.15 MDa) 7)

Given the molecular weight of a Mg*"~ATP complex (0.5:1 in stoi-
chiometry) is approximately 519 Da (507 Da for ATP plus half ofa Mg** ion
at 12 Da), this corresponds to

1,152,000 ~ 2,219 )
519
molecules of Mg**-ATP in each nanocluster.
To estimate the volume of the nanocluster, we use the partial specific
volume of ATP (~1cm?®/g), denser than that of typical proteins™. The
conversion to nanometers is given by

(1 cm®/g) x (10! nm? /cm?)
- 6.023x 10 Da/g

V (nm?®) x M(Da) = 1.66 x 10~>(nm®/Da) x M(Da)

©)

Using M = 1,152,000 Da, the volume is calculated as ~1912 nm’.
Assuming a spherical shape, the radius (R) is calculated as

3V 1/3
R = (—) x 7.7 nm
4

This radius can be an underestimate, as the hydrated ATP nanocluster
comprises coated water molecules and may have a density lower than
lg/ cm®. The diameter of the nanocluster D = 2 x R is ~15 nm, comparable
to the thickness of the filaments observed in the percolated network of the
ATP hydrogel.

(10)

Molecular dynamics simulations

Force field parameters for ATP-containing systems were prepared using
tLeap from AMBER 22. The AMBER OL3 force field was applied to ATP,
with the exception of the polyphosphate region, for which modified para-
meters from ref. 59 were used. To account for electronic screening in the
highly negatively charged phosphate groups while preserving the polarity of
the adenosine moiety, partial charges on the polyphosphate were scaled by a

factor of 0.7%. Water molecules were modeled using the OPC model®,
which provides an accurate representation of ATP properties and
water—ATP interactions at high concentrations®'. Monovalent and divalent
ions were treated using the Li/Merz 12-6 Lennard-Jones non-bonded
parameter set™”.

Each system was first energy-minimized for 40,000 steps with posi-
tional restraints on heavy atoms, followed by an additional 40,000 steps
without restraints. The systems were then heated to 300 K for 200 ps.
Equilibration was performed under constant pressure and temperature
(NPT ensemble; 300 K, 1atm) for 1ns, allowing the simulation box to
shrink to ~50 x 50 x 50 A%, Long-range electrostatic interactions were
computed using the particle mesh Ewald (PME) method, while short-range
non-bonded interactions were truncated at a cutoff distance of 10.0 A.

Production runs were carried out under constant volume and tem-
perature (NVT ensemble) for 10 ns at 300 K. Temperature was maintained
using a Langevin thermostat with a collision frequency of 1.0 ps™, and
pressure was regulated during the NPT stage using the Berendsen barostat.
Snapshots were generated and visualized in PyMol3.

Data availability
All data supporting the findings of this study are included in the main text
and Supplementary Information.
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