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ATP as a biological hydrotrope

Avinash Patel,’* Liliana Malinovska,'* Shambaditya Saha,' Jie Wang,' Simon Alberti,"

Yamuna Krishnan,?t Anthony A. Hyman't

Hydrotropes are small molecules that solubilize hydrophobic molecules in aqueous
solutions. Typically, hydrotropes are amphiphilic molecules and differ from classical
surfactants in that they have low cooperativity of aggregation and work at molar
concentrations. Here, we show that adenosine triphosphate (ATP) has properties of

a biological hydrotrope. It can both prevent the formation of and dissolve previously
formed protein aggregates. This chemical property is manifested at physiological
concentrations between 5 and 10 millimolar. Therefore, in addition to being an

energy source for biological reactions, for which micromolar concentrations are
sufficient, we propose that millimolar concentrations of ATP may act to keep proteins
soluble. This may in part explain why ATP is maintained in such high concentrations

in cells.

any biological compartments form by

liquid-liquid phase separation, and the

viscosity of these compartments is known

to be dependent on adenosine triphosphate

(ATP) (1-3). To investigate this phenom-
enon further, we tested the effect of ATP on the
formation of liquid compartments formed by
purified fused in sarcoma (FUS). In healthy cells,
FUS forms liquid compartments that are in-
volved in transcription, DNA repair, and RNA
biogenesis (4-7). We reconstituted FUS compart-
ments in vitro at physiological concentration (7)
using low salt (70 mM) buffer conditions (8) and
tested the effect of ATP around its physiological
concentration range of 2 to 8 mM (9), complexed
with Mg?* ions (ATP-Mg) (10). (For the chemical
structures of all compounds used in this paper,
see figs. S1IA and S2A.) Indeed, 8 mM ATP-Mg
prevented liquid-liquid phase separation and dis-
solved previously formed drops (Fig. 1, A and B).
We observed similar effects of ATP with other
proteins that form liquid compartments (11) (Fig. 1,
A and B). A fluorescent tracer molecule confirmed
that ATP was enriched in the liquid drops (Fig.
1C). Importantly, APPNP was as efficient as ATP
in preventing the formation of liquid drops (Fig. 1,
D and F). Thus, at millimolar concentrations, ATP
dissolved drops independently of its role as an
energy source.

Changing the ionic strength of a solution can
strongly influence electrostatic interactions by
changing the Debye screening length. This might
drive a phase separation known as the salt effect
(12, 13) (see the supplementary materials for de-
tails on salt effect). However, increasing the amount
of salt (KCI) to physiologically relevant concen-
trations (150 mM) showed a negligible effect on

Max Planck Institute of Molecular Cell Biology and Genetics,
01307 Dresden, Germany. 2Department of Chemistry and
Grossman Institute for Neuroscience, Quantitative Biology,
and Human Behavior, University of Chicago, Chicago, IL
60637, USA.

*These authors contributed equally to this work. tCorresponding
author. Email: yamuna@uchicago.edu (Y.K.); hyman@mpi-cbg.de
(AAH.)

Patel et al., Science 356, 753-756 (2017) 19 May 2017

phase separation of FUS (Fig. 1, D and E, and fig.
S1, B to D). This observation was consistent with
salts of different valences, and only solutions
with an ionic strength above physiologically rel-
evant concentration were able to perturb phase
separation (Fig. 1E and fig. S1, B and C).

We investigated whether other physiologically
relevant, structurally related nucleotides could affect
FUS phase separation. Guanosine triphosphate
(GTP) dissolved drops with a concentration sim-
ilar to that of ATP (fig. SIE). Both adenosine di-
phosphate (ADP) and adenosine monophosphate
(AMP) dissolved drops, but at higher concentra-
tions than ATP (fig. SIF). Because the intracellular
concentrations of ADP, AMP, and GTP are ~200,
~200 to 800, and ~400 uM (9, 14), respectively,
they would have negligible effects in vivo on the
solubilization of liquid compartments. TP-Mg
had a negligible effect on FUS drop dissolution
(Fig. 1, D to F, and fig. S1, B and C), indicating
that the charge density in the ionic ATP side chain
alone is insufficient for the dissolution of FUS
drops. Taken together, our data show that the
tripolyphosphate moiety combined with the aden-
osine confers a chemical property to ATP that is
manifested at millimolar concentrations.

The hydrophilic tripolyphosphate moiety and
a relatively hydrophobic adenosine ring provide
ATP with an amphiphilic property. Several amphi-
philic small molecules, such as sodium xylene
sulfonate (NaXS) or sodium toluene sulfonate
(NaTO), function as hydrotropes and are commonly
used in industrial processes to solubilize hydro-
phobic compounds (15-18). First described by
Neuberg in 1916, hydrotropes are a class of am-
phiphilic, organic small molecules that increase
the solubility of sparingly soluble organic mol-
ecules in water by several orders of magnitude
(16, 17). Hydrotrope action seems to involve a
preferential nonstoichiometric accumulation of
hydrotrope molecules around the solute. In ad-
dition, their aggregation is dependent on the
presence of solute molecules, and they do not
adopt any well-defined superstructure on their
own, unlike surfactants (19-21). Given the sim-
ilarities between classical hydrotropes and ATP

(Fig. 2A), we sought to explore whether ATP might
act like a hydrotrope in a classical hydrotrope
assay, in which the solubility of a hydrophobic
compound such as fluorescein diacetate (FDA)
in water is quantified as a function of hydrotrope
concentration (15). For a hydrotrope such as NaXs,
as its concentration increases, FDA solubility
in water increases and the latter is quantified
by ultraviolet absorption at 480 nm of the aqueous
medium (Fig. 2B, upper panel). NaXS required
concentrations greater than ~1 M to effectively
solubilize FDA (Fig. 2B). However, ATP achieved
the same effect at concentrations as low as 100 mM
(Fig. 2B, lower panel). Water-soluble assemblies
comprising amphiphiles (e.g., hydrotropes and
surfactants) (fig. S2A) structured around a hydro-
phobic molecule consist of relatively nonpolar
interior microenvironment. An organic dye, ANS
(8-anilino-1-naphthalenesulfonic acid) is commonly
used to probe the polarity near the head group
(hydrophilic) or interfacial region of such am-
phiphilic assemblies. The fluorescence emission
maximum of ANS is blue-shifted in a hydrophobic
microenvironment (Fig. 2C, upper panel). Thus,
the concentration at which the blue shift of ANS
is maximal is a widely used indicator of the ef-
fectiveness of a hydrotrope (15, 22). Classical hy-
drotropes such as NaXS and NaTO induce a blue
shift in the emission spectrum of ANS (75). ATP
altered the emission spectrum of ANS to the
same degree as NaXS and NaTO, albeit at much
lower concentrations (Fig. 2C, lower panel). This
shows that ATP is much more efficient than clas-
sical hydrotropes for creating a solubilizing mi-
croenvironment for hydrophobic molecules that
are unlike micelles (fig. S2B and supplemen-
tary text). Furthermore, we found that similar
to ATP, NaXS can dissolve FUS liquid drops
(Fig. 2, D and E). The solubilization of proteins
in cells has also been attributed to osmolytes
inside a cell (23, 24). However typical osmolytes
could not recapitulate the effect of ATP on FUS
droplet solubilization (fig. S2, A and C, and sup-
plementary text).

We next investigated whether high concentra-
tions of ATP could also prevent protein aggrega-
tion. Using a centrifugation assay, we showed
that millimolar concentrations of ATP kept FUS
soluble and that higher concentrations of ATP
prevent FUS aggregation (Fig. 3, A and B, and
fig. S3, A to C). Notably, millimolar concentra-
tions of ATP could also dissolve preformed FUS
fibers, albeit at higher concentrations than were
required to prevent aggregation (Fig. 3, C and D,
and fig. S3, D to F). We also showed, using in-
corporation of thioflavin T, that ATP prevents the
aggregation of two proteins that tend to cause
amyloids: (i) synthetic Af}42 peptides, which ag-
gregate to form Amyloid beta, associated with
Alzheimer’s disease (25); and (ii) the prion domain
of the yeast protein Mot3 (Mot3-PrD), which is
thought to form functional aggregates in yeast
cells (26) (Fig. 3, E and F).

To investigate the role of ATP in a more phys-
iological mixture of biological molecules at
physiological concentrations, we studied pro-
tein aggregation in chicken egg white. At high
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Fig. 1. ATP inhibits the phase separation of unstructured proteins.
(A) Fluorescent images of phase-separated protein drops treated with
ATP-Mg at different concentrations. FUS-GFP was used at 5 uM,
TAF15-Snap-Alexa Fluor 546 was used at 1 uM, hnRNPA3-GFP was used
at 25 uM, and PGL-3-GFP was used at 2.5 uM. Phase-separated drops
formed in low-salt buffer (70 mM). Increasing concentration of ATP-Mg
inhibited phase separation. Scale bar, 10 um. (B) Quantification of
phase separation. FUS-GFP, TAF15-Snap-Alexa Fluor 546, hnRNPA3-
GFP, and PGL-3-GFP were used at 7 uM, 1 uM, 25 uM, and 2.5 uM,
respectively. Phase separation is determined as the ratio of protein
inside drops (/;,) to protein outside drops (/out). Total fluorescence
intensity of protein is taken as a measure for protein amount.
Decreasing lin/lout ratios reflect inhibition of phase separation. Lines
represent fitted dose-response curves [log(concentration) versus lin/lout
ratio]. MC[ATP-Mg] is the minimal concentration of ATP-Mg needed to
inhibit phase separation. Error bars, mean + SD (N = 36). The
physiological concentration range of ATP-Mg is highlighted in gray.

(C) ATP enrichment inside the phase-separated FUS droplet phase.
2,4,6-trinitrophenol-ATP (ATP-TNP) (1 uM) was used as fluorescent

tracer for ATP in a solution of phase-separated FUS protein. Line scan
of fluorescent intensity of ATP-TNP (plotted across the magenta

line) indicates fourfold enrichment inside the droplet phase compared
with the surrounding solution. (D) Fluorescent images of phase-
separated FUS-GFP protein drops treated with ATP-Mg, APPNP-Mg,
salt (KCI), and magnesium tripolyphosphate (Mg-TP). FUS-GFP was
used at 5 uM. The range of concentrations of all added reagents

was adjusted to match the range of ionic strength of ATP-Mg (see

the supplementary materials for details). Phase separation is

inhibited by 8 mM of ATP-Mg and APPNP-Mg. Scale, bar 10 um.

(E) Quantification of phase separation [conditions as in (D)] with
FUS-GFP used at 7 uM. MC is the minimal concentration needed to
inhibit phase separation. Error bars, mean £ SD (N = 36).

(F) Quantification of minimum ionic strength needed to disrupt phase
separation of FUS-GFP in the presence of different reagents. FUS-GFP
was used at 7 uM. lonic strength was calculated using the shown
equation, where c is concentration, z is the charge of the ion, and

n is the number of ions in a solution (see the supplementary materials
for details).

temperatures, egg proteins lose their native con-
formation, thus exposing hidden hydrophobic
patches within the proteins, which drive the
aggregation of egg-white proteins. ATP inhibited
the aggregation of boiled egg white in a dose-
dependent manner (Fig. 4, A to C; fig. S4, A and
B; and movie S1). Thus, ATP appears to prevent
aggregation of egg white by stabilizing the native
globular state (fig. S4C).

Taken together, our experiments suggest that
ATP has two different chemical properties. At
micromolar concentrations, it acts as an energy
source to drive chemical reactions, whereas at mil-
limolar concentrations it acts to solubilize proteins.

The action of ATP at millimolar concentra-
tions to solubilize proteins is reminiscent of the
known activity of a hydrotrope. Since their descrip-
tion by Neuberg (I16), hydrotropes have been
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widely employed in industry to achieve highly
concentrated aqueous formulations of hydro-
phobic compounds. They modify viscosity and
cloud point, minimize phase separation at am-
bient temperatures, and reduce foaming. They
reduce long-range ordering of amphiphilic or
hydrophobic molecules by forming a stacked,
highly dynamic layer around the solute molecules
to produce a continuous isotropic solution (75).
The data showing that the hydrophobic adenosine
ring of ATP strongly enhances the effect of the
charged tripolyphosphate moiety on protein sta-
bility are consistent with the hypothesis that ATP
also acts as a hydrotrope, where the aromatic
group could form dynamic clusters around hy-
drophobic solute molecules (17, 19, 21). However,
the precise molecular mechanism underlying the
action of ATP to stabilize biological molecules

remains to be elucidated (23, 27-30). Recently,
rigorous statistical thermodynamic theories in-
dicate that it is the preferential nonstoichiomet-
ric binding/clustering of hydrotrope molecules
around a solute that could explain molecular
mechanisms behind hydrotrope action (19-21).
ATP might be a suitable biological hydrotrope
because of interactions of both its charged and
hydrophobic moieties with the amino acids of
proteins.

The high concentration of ATP in cells has long
been a puzzle, because ATP-dependent enzymes
require micromolar concentrations of ATP. Why,
then, would a cell invest so much energy into
maintaining its cytoplasmic ATP concentration
at ~5 mM? One explanation is that the free-energy
difference between ATP and ADP is required to
drive ATP-dependent reactions and that the
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separated FUS-GFP protein drops treated with ATP-Mg and NaxS. FUS-GFP
was used at 5 uM. Scale bar, 10 um. (E) Quantification of phase

separation [conditions as in (D)] with FUS-GFP used at 7 uM. The range of
concentrations of NaXS was adjusted to match the range of ionic

strength of ATP-Mg (see the supplementary materials for details). MC is

the minimal concentration needed to inhibit phase separation. Error bars,
mean = SD (N = 36).
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spiked into the assay as a loading control. (D) Quantification of the solubilization

10
Concentration [mM]

Patel et al., Science 356, 753-756 (2017) 19 May 2017

10 100 10
Concentration [mM] Concentration [mM]
of FUS aggregates [conditions as in (C)]. Lines represent fitted dose-response
curves [log(concentration) versus soluble fraction with respect to total input

of FUS-GFP]. Error bars, mean = SD (N = 3). (E and F) ATP-Mg prevents fiber
formation. Thioflavin T (ThT) was incorporated in amyloid fibers and

displays an enhanced fluorescence (Ex 440nm/Em 480nm). ATP-Mg or
nonhydrolysable APPCP-Mg prevented formation of amyloid fibers of AR42
peptide (E) and the prion domain of the yeast Mot3 protein (Mot3-PrD)

(F) in a concentration-dependent manner. Lines represent fitted dose-response
curves [log(concentration) versus aggregated protein assessed by ThT
emission]. Error bars, mean £ SD (N = 3). The range of concentrations

of all added reagents was adjusted to match the range of ionic strength of
ATP-Mg (see the supplementary materials for details).
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Fig. 4. ATP enhances protein stability. (A) Heat denaturation of crude egg white can be
inhibited by addition of ATP-Mg. Crude egg white was heated at 60°C in a water bath in the
presence of equimolar (10 mM) amounts of ATP-Mg, nonhydrolysable APPCP-Mg, and NaxXs.
NaCl (40 mM) was used to match the ionic strength of ATP-Mg. Over 30 min, the aggregation
of egg white is abolished in the presence of ATP-Mg and APPCP-Mg. (B) The stabilization of
heat-denatured egg white is concentration dependent. The kinetic traces of egg-white
aggregation [conditions as in (A)] in the presence of increasing concentrations of ATP-Mg

over 60 min. The amount of egg-white aggregation is assessed by changes of the pixel value
(integrated density). Four mM of ATP-Mg blocked aggregation by 50%, whereas 12 mM of
ATP-Mg completely abolished aggregation. The shaded area represents the range of the
standard error (n = 3). (C) The dose response for stabilization of heat-denatured egg white. The
amount of egg-white aggregation was assessed by turbidity measurement in a 96-well plate.
The aggregation of egg white decreases with increasing concentrations. Lines represent fitted
dose-response curves [log(concentration versus aggregated material assessed by turbidity
measurement]. Error bars, mean £ SD (N = 3). The range of concentrations of all added reagents
was adjusted to match the range of ionic strength of ATP-Mg (see the supplementary materials

for details).

50-fold higher ATP/ADP ratio is necessary to
fuel the myriad metabolic reactions taking place
simultaneously in a cell. However, cytoplasm can
have protein concentrations over 100 mg/mL
(81-33), and it is extremely difficult to maintain
such high protein concentrations in a test tube
without spontaneous aggregation. The hydro-
trope activity of ATP may help keep proteins sol-
uble in the cytoplasm (34) and provide another,
but not mutually exclusive, explanation for high
ATP concentrations in cells. Possibly also, as the
levels of ATP decline with age or mitochondrial
impairment, this could lead to increased aggre-
gation and consequently neurodegenerative de-
cline during aging. Our work in this paper has
focused on the role of ATP in keeping unstruc-
tured proteins soluble, because these are the
types of proteins that have a propensity to form
pathological aggregates (35). It will be interesting
to examine the role of high ATP concentrations in
stability and function of multimolecular protein
machines.

Patel et al., Science 356, 753-756 (2017) 19 May 2017

More generally, during evolution, the produc-
tion of complex macromolecules would have im-
mediately presented the problem of aggregation.
As one of the basic building blocks in RNA and
DNA, ATP may have been coopted early in evo-
lution to prevent such aggregation. It is ideal for
this purpose, due to the high activation energy re-
quired to hydrolyze the polyphosphate bonds in
an ATP-Mg-water complex. ATP could later have
been adopted to provide the basic energy source
for metabolism, which is the hydrolysis of ATP
to ADP.
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