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Abstract

ATP has been shown to regulate the phase separation behavior of intrinsically disordered proteins (IDPs),
but a detailed mechanism remains to be fully established. Using the RG/RGG-rich motif from the HNRNPG
protein as our model system, we show that the condensation of the IDP follows a biphasic relationship
with the concentration of ATP. At a relatively low ATP concentration, ATP dynamically interacts with the
protein and neutralizes surface charges, which promotes intermolecular interactions and favors phase
separation. At the same time, ATP binding makes the protein more compact while enhancing local
dynamics. As the ATP concentration increases, further compaction of the IDP hinders intermolecular
interactions, and consequently prevents the protein from phase separation. We have thus identified IDP
conformational compaction a mechanism for the ATP regulation of phase separation.

Introduction

Intrinsically disordered proteins (IDPs) and intrinsically disordered regions (IDRs) make up ~ 40% of human
proteome. Unlike folded protein, IDPs are generally characterized with low-complexity sequences and have
large proportion of charged residues, which prevents them from adopting compact conformations’. Unable
to collapse and fold properly on its own, the IDPs are highly dynamic and conformationally heterogeneous,
but can be stabilized when binding to folded proteins?. In the past ten years, it has been shown that IDPs
are also important participants of macromolecular condensates through the processes of liquid-liquid
phase separation (LLPS) % 3. Notable IDPs include those containing RG/RGG, Q/N, or polyQ motifs® 78,
which can readily afford multivalent intermolecular interactions.

A number of physicochemical factors, including temperature®, salt'?, and macromolecular crowding'’, are
known to modulate LLPS. Recently, it has been shown that ATP can reverse protein phase transition and

forestalls the formation of protein fibrils and aggregates'? 3, therefore enhancing protein solubility and

functioning as a biological hydrotrope'*. However, the role of ATP in regulating protein phase separation is
likely more nuanced. At a relatively low concentration, the addition of ATP can promote the phase

separation of the RG/RGG-rich IDPs derived from FUS and CAPRIN1 proteins'® 16, ATP can interact with

protein residues through a range of interactions'®17:18.19 ‘and a recent NMR study measuring near-surface
electrostatic potential showed that ATP binding neutralizes the positive charges of CAPRINT and allows

attractive the intermolecular interactions to take place’®. It has also been shown that, at a relatively high
concentration, the addition of ATP can reverse the electrostatic potential of CAPRINT, introduce new

electrostatic repulsions, and cause the dissipation of the protein droplets'®. However, the binding of ATP
towards the protein is very weak'8, let alone a charge-neutralized protein. In addition, from promoting to
dissipating LLPS, the ATP concentration only varies by several fold, e.g., from 2 mM to 8 mM'2. Thus, it is
possible that additional factors may contribute to the solubilization of the phase-separated protein.

Heterogeneous nuclear ribonucleoprotein G (HNRNPG), also known as RBMX, is associated with nascent
mMRNA transcription, involved in alternative splicing of preemRNAs, and implicated in UV-damage

response?’. Importantly, HNRNPG is located in nuclear speckles?' 22, a membraneless organelle formed
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through phase separation?3. An RG/RGG-rich motif is found near the C-terminus of HNRNPG, and is
predicted to phase separate (Fig. 1a). In the current study, we show that, through an integrative use of
solution NMR, small angle X-ray scattering (SAXS), and molecular dynamics (MD) simulations, ATP
binding modulates the conformation of the RGG domain derived from HNRNPG. Importantly, we show that
an extended-to-compact conformational transition hinders intermolecular interactions and disfavors
protein phase separation.

Results

ATP modulates the phase-separating behavior of an RGG-
rich IDP

We found that the RGG domain (residues 334-391) derived from HNRNPG protein does not phase
separate on its own. The addition of 5 mM ATP lowered the threshold concentration and resulted in protein
phase separation of the protein at a concentration above 250 uM. Based on GFP fluorescence, we
estimated that the protein was enriched by about 130-fold in the droplets. However, increasing the
concentration ATP eventually dissolved the proteins droplets (Fig. 1b). Thus, the modulatory effect of ATP
on protein phase separation is not monotonic.

We doped the ATP with its fluorescent analog 2,4,6-trinitrophenol (TNP), and found the dye is co-localized
with the Cy3-labeled RGG domain in the droplets (Fig. 1c). This has also been shown previously for the full
length of FUS protein'2. Thus, ATP co-phase separates with the protein, and likely directly interacts with the
protein to exerts its modulatory effect. The liquid droplets are highly fluidic with the fluorescence of the
labeled proteins in the droplets rapidly recovers to nearly 100% after photobleaching (Fig. 1d).

ATP makes the IDP more conformationally compact

To investigate the effect of ATP on the ensemble conformation of the RGG-rich IDP, we collected small
angle X-ray scattering (SAXS) data. The experimental protein concentration was kept at ~ 200 uM, below
the critical concentration of phase separation. The SAXS data indicated that the protein conformation
becomes more compact with the addition of ATP as the radius of gyration (R,) decreases from ~ 20 Ato ~
17 A and end-to-end distance D,,,, decreases from ~ 70 A to ~ 60 A (Fig. 2a). Kratky plot for the SAXS data
further showed that the protein changed from an extended conformation to a partially folded conformation
with the addition of ATP (Fig. 2b). The translational diffusion coefficient obtained from NMR DOSY
measurements confirmed a large increase of the diffusion rate with the addition of ATP. The viscosity may
only change slightly with the addition of ATP, and therefore, the hydrodynamic radius of the protein
decreases by more than 30% (Fig. 2¢). The collapse of the protein conformation was further supported by
all-atom MD simulations, which shows a narrower distribution of the R, values in the presence of ATP (Fig.
2d).

We then performed NMR measurements for the HNRNPG-RGG. Resonance assignment for protein
backbone was obtained using the standard triple resonance NMR spectroscopy (Supplementary Fig. 1).
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The addition of 5- or 10-mM ATP to the protein causes little chemical shift perturbations (CSPs) of the
backbone amide protons (Fig. 3a). Nevertheless, the intensities for many peaks increase in the presence of
ATP (Fig. 3b, and Supplementary Fig. 2). Interestingly, most of these peaks are from Ser and Gly residues
that have small or no side chains.

To understand which factors contribute to the increased NMR peak intensities, we measured solvent-
exchange rates of amide protons using CLEANEX-PM pulse sequence 4. The exchange rates were found
10 and 20 s~ ! for the protein alone, but decreased by about two-fold with the addition of ATP. For several
residues, the solvent exchange rates are already slowed with the addition of 5 mM ATR while no further
reduction was observed with the addition of 10 mM ATP (Fig. 3c, and Supplementary Fig. 3, Supplementary
Fig. 4). As the pH of the protein solution is well maintained, the decrease of the exchange rates can only be
resulted from the reduction of solvent accessibility, which can be attributed to the direct protection from
ATP binding and/or conformational collapse of the protein.

HNRNPG-RGG remains highly dynamic upon ATP
association

ATP interacts with the RGG domain of HNRNPG protein electrostatically. Indeed, our all-atom MD
simulations showed that the phosphate groups of ATP molecules are preferentially associated with Arg
residues (Fig. 4a, b). Moreover, the nucleobase of ATP transiently interacts with the backbone and
sidechain atoms of neighboring Ser and Gly residues through hydrogen bonds (Fig. 4b). Thus, both local
protection by the ATP molecules and global compaction of the protein would account for the decrease of
solvent-exchange rates for these residues.

MD simulation also showed that the number of the protein-associated ATP molecules, i.e., within 6 A
vicinity of the protein, fluctuates. Nevertheless, in a simulated system containing five ATP molecules, the
proportion of all five ATP molecules simultaneously associated with the protein is only 10% (Fig. 4c). This
means that the interaction between ATP and the RGG domain is weak and dynamic, which explains why a
20-fold excess of the ATP (Fig. 1a) is required in order to effectively neutralize protein charges and promote
protein phase separation. As such, despite of ATP coating, the compaction of the IDP plays a dominant
role and accounts for the decreased hydrodynamic radius (Fig. 2c).

Despite the global compaction of the IDP, ATP binding also causes changes to the ps-ns dynamics of the
protein at the same time. Increased local dynamics is consistent with transient ATP associations, and
would make the overall conformational change more energetically favorable. We measured the
longitudinal R; and transverse relaxation R, rates for the backbone amide nitrogen atoms of HNRNPG RGG
domain (Fig. 5). The R, rates decrease in the presence of 10 mM ATP, from 3.0+ 0.2s 't02.6+0.2s™'.On
the other hand, the R, rates increase by a larger relative amount, from 1.5+ 0.210 2.1+ 0.2 s™ 1 inthe
presence of 10 mM ATP. R, is a function of spectral density function J(w), while R, mainly depends on the
J(0) term of spectral density function. With only a global compaction of the protein, R, should exhibit a
larger relative change in comparison to R;. R; is more sensitive to fast dynamics at pstimescale than R,,
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whereas R, becomes almost as small as R, approaching the extreme narrowing regimen of 5N nuclear
relaxation. Thus, an enhanced local dynamic of the protein needs to be invoked to explain the larger
relative increase of R, rates in the presence of ATP, akin to what usually observed at protein N- or C-terminal
residues.

The RGG motif is different from other low-complexity IDPs
that phase separate

The addition of ATP lowers the threshold of the IDP from HNRNPG RGG to phase separate. For the liquid
droplets prepared with 300 uM protein and 10 mM ATP, we estimated the concentration of HNRNPG RGG in
condensed phase is 18.6 mM (~ 117 mg/mL), based on the relative peak intensities in "H NMR spectra.
This amounts to over a hundred-fold enrichment (Fig. 6), close to estimation based on GFP fluorescence.
However, the value is several-fold lower than the concentration expected for entangled random-coil
polymers in the condensed phase?®, and is also lower than the values reported for other proteins. For
example, the low-complexity domains from FUS, DDX4, hnRNPA2 and ELP3, were estimated at 477 mg/L,
380 mg/mL, 440 mg/mL, and 500 mg/mL, in their respective condensed phase® 26:27:28 Moreover, from
our estimation, water molecules still make up ~ 88% volume of the liquid droplets formed by HNRNPG-
RGG. As such, the IDP adopts compact conformations in the condensed phase, which prevents further
compaction and also accounts for the high mobility of the IDP (Fig. 1d).

To further our comparison, we prepared a protein construct from the N-terminal prion-like domain (PLD) of
FUS (Fig. 7a), and found that that addition of ATP caused little NMR chemical shift perturbations or signal
enhancement (Fig. 7b, 7c and Supplementary Fig. 5). Moreover, DOSY measurements showed that the
addition of ATP actually slows the translational diffusion of FUS-PLD (Fig. 7d). The FUS-PLD readily
phase-separates, and can eventually assembles into fibrillar structure. It has been reported that ATP
functions as a hydrotrope to dissipate the gel-like, solid, and fibrillar protein condensates in a monotonic
fashion?®. The FUS-PLD is rich in Gly and Ser residues, but has no charged residues. The results of MD
simulations indicate that ATP tends to form hydrogen bonds with the side chain of GIn, Ser and Thr on
FUS-PLD (Supplementary Fig. 6). Therefore, the interactions between ATP and FUS-PLD should be
inherently different from those for HNRNPG-RGG 1% 29.

Discussion

ATP and ATP-Mg?* has been shown as hydrotrope that helps to stabilize aggregation-prone proteins in the
diluted phase'?. However, how ATP regulates protein phase-separation behavior remains to be fully
understood. At an atomic level, the hydrophobic base of ATP can interact with protein residues through

hydrogen bonding, -1t stacking, and NH-t interactions30: 3132

, While the charged phosphate group can
interact with charged or polar residues through hydrogen bonding and salt bridges'® 23, We have shown
that the ATP promotes the phase separation of an RG/RGG-rich protein at a relatively low ATP

concentration, but dissolves the liquid droplets and homogenizes the protein solution at a relatively high
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ATP concentration. We have further shown that such biphasic modulatory effect of the ATP is resulted
from protein charge neutralization and conformational compaction.

The RGG-rich IDP is positively charged, and the protein tends to adopt extended and dynamic
conformations. Electrostatic repulsion also prevents intermolecular interactions (stage | in Fig. 8). The
transient association of the ATP molecules effectively neutralize the electrostatic potential, as recently
shown for another RGG-rich protein®. As a result, two or more copies of the IDP molecules can come close
to each other and interact when shieled by ATP molecules (stages Il and lll in Fig. 8). The situation is likely
different for the FUS and other prion-like domains, which contains more hydrophobic residues and fewer
charged residues. ATP likely uses its aromatic moiety to interacts with FUS, which explains the increased
hydrodynamic radius (Fig. 7d), and consequently, the additional negative charges from ATP coating
prevents FUS molecules interact with each other and phase separate.

The addition of ATP also modulates the ensemble conformation of the IDP, making the protein more
compact, akin to a molten globule. The conformational compaction was evidenced from SAXS, NMR, and
MD analyses. Such compaction is resulted from the electrostatic interaction between ATP and the
RGG/RG-rich protein, which are unique for the positively charged IDPs. With phosphate moiety transiently
shielded, the hydrophobic moieties of the ATP also afford additional long-range contacts. The transient
association of ATP molecules and conformational compaction of protein accounts for the increased
protection of backbone amides from the solvent. With an increasing amount of ATP molecules (stage IV in
Fig. 8), the IDP would become so compact that precludes intermolecular interactions. As a result, the
protein become once again homogenized.

Materials and methods

Sample preparation.

The HNRNPG RGG domain (L334-Y391) was cloned to pET11a vector (GenBank:CAG33028.1). The N-
terminal of the RGG domain connects the GB1 protein through the cleavage site of tobacco etch virus
(TEV) protease. The fusion protein was expressed in BL21 Star (DE3) cells. The E. coli bacteria were
cultured in minimal M9 medium or LB medium to prepare isotope-enriched or unlabeled proteins. For
preparing the isotope-labeled protein, 1g/L U-'>N-labeled NH,Cl (Cambridge Isotope Laboratories) and/or 2

g/L U-'3C-labeled glucose (Sigma Aldrich) were added to the minimal M9 medium. The protein was
induced at OD¢q of 0.8 with IPTG at a final concentration of 0.25 mM for 16 h at 23°C. The protein was
purified with Sepharose SP (GE Healthcare), Sephacryl S100 (GE Healthcare), and Source-S columns (GE
Healthcare). The protein was buffer exchanged to TEV protease restriction buffer containing 50 mM Tris, 1
mM EDTA, and T mM DTT with pH 7.6. The GB1 protein was removed with TEV protease at 25°C for an
hour. The RGG domain was purified with the second round of Source-S column (GE Healthcare) and then
concentrated and buffer exchanged in Amicon Ultra (Millipore). The final sample was prepared in 20 mM
NaH,P0O, and 20 mM NaCl at pH 6.8.
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For the ATP-Mg solution preparation, ATP (ATP-Na,, BBI, cat No.987-65-5) was dissolved in water and add
NaOH to adjust pH to 6.8 at final concentration of 500 mM. MgCl, (Magnesium chloride hexahydrate,

Diamond, cat No.7792-28-6) was dissolved in water at final concentration of 500 mM. The two solutions
were mixed in the ratio of 1:1.

The FUS prion-like domain (PLD, M1-S165) was cloned to a pET11a vector (GenBank: CAG33028.1). The
protein connects the His tag and GB1 protein through the cleavage site of tobacco etch virus (TEV)
protease. The protein was induced at ODg( of 0.8 with IPTG at a final concentration of 0.25 mM for 16 h
at 23°C using BL21 Star (DE3). The protein was purified with HisTrap™ FF (GE Healthcare). The protein
was buffer exchanged to TEV protease restriction buffer containing 50 mM Tris, T mM EDTA, and 1 mM
DTT with pH 7.6. The His tag and GB1 protein was removed with TEV protease at 25°C for an hour. The
PLD was purified with of Source-Q column (GE Healthcare) and then concentrated and buffer exchanged in
Amicon Ultra (Millipore). The final sample was prepared in 50 mM MES and 250 mM NaCl at pH 5.5.

The GFP-tag HNRNPG RGG domain was cloned to a pET11a vector. The N-terminal of protein connects the
His tag through the flexible linker GSGSGS. The protein was expressed at ODgq of 0.8 with IPTG at a final
concentration of 0.25 mM for 16 h at 23°C using BL21 Star (DE3). The protein was purified with HisTrap™
FF (GE Healthcare) and change the buffer in 20 mM NaH,PO, and 20 mM NaCl at pH 6.8.

Fluorescent and paramagnetic labeling

Cyanine 3 maleimide (Cy3, AAT Bioquest, cat No. 142)-labeled sample was prepared for fluorescence
experiments. The Cy3 was connected to S386C on the RGG domain. The mutant protein was prepared and
purified according to the method described above. A total of 1.5 times Cy3 was added into the protein
under the buffer containing 50 mM HEPES and 150 mM NaCl at pH 7.4. The excess probe was then
removed by a desalting column (GE Healthcare). TNP-ATP triethylammonium salt (TNP-ATP
triethylammonium salt, APExBIO Technology, cat No. B7066) was dissolved in water and add NaOH to
adjust pH to 6.8 at final concentration of 500 mM, and then mixed with 500 mM MgCl, in the ratio of 1:1.

Phase-separated NMR samples

The phase-separated was induced by 300 pM "°N-labeled RGG domain mixed with 10 MM ATP in a
centrifuge glass tube and centrifuged at 7000 rpm for 10 min in 7 °C. The phase separation will form tiny
droplets that coalesce into the large droplet. The large droplets were transferred to the NMR sample tubes
(NORELL®, NI5CCI-B). The above steps will be repeated several times until enough NMR samples are

obtained (40 ml 300 pM "°N-labeled RGG domain sample was consumed).

Differential interference contrast (DIC) microscopy

The formation of protein droplets was observed at 25°C with different RGG domain concentrations at 100,
200, 250, and 300 pM in 20 mM NaH,PO, buffer at pH 6.8 containing 20 mM NaCl in the absence and

presence of ATP-Mg complex at 0, 1, 5,10, 15, 20 and 30 mM. After the sample is mixed in advance, it will
be kept at room temperature for 30 minutes, and then the sample will be transferred to the self-made
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chamber. The chamber will then be observed under Nikon A1 confocal laser-scanning microscope under a
60x oil objective (Nikon, Tokyo, Japan).

Fluorescence Recovery After Photobleaching (FRAP).

FRAP experiments were performed using the Nikon A1 confocal laser-scanning microscope under a 60x oil
objective (Nikon, Tokyo, Japan). Samples were prepared using 300 uM RGG protein and 10 mM ATP-Mg
with 5% of RGG protein with GFP tag. The droplet is observed as above. A circular region of interest (ROI)
was drawn at the position of droplet and bleached with 100% laser power for 60 s at 488 nm. The mean
fluorescence intensity from the ROl was collected until recovery was complete.

Since the mean fluorescence intensity of droplet from ROI can be recorded. The dilute of RGG protein with
GFP tag was prepared at certain concentration (100 uM) under the same laser parameter setting, and the

mean fluorescence intensity was also recorded. The concentration of protein in condensed phase can be

calculated as the following equations:

Icond/5%

I dilute

Ccond — Cdilute X

# (1)

Ceong @nd Cy;jute COrresponding to the protein concentration in droplet and in dilute. | was the mean

fluorescence intensity, and proportion 5% indicate that only 5% of protein involved in phase separation was
fused of GFP.

NMR experiments

The protein sample for the NMR experiment was in the same buffer condition described above with a 10%
D,0 addition. All NMR experiments were performed at 298K on Bruker 600 MHz and 700 MHz

spectrometers equipped with cryogenic probes. The NMR data were further processed using TopSpin 3.5
(Bruker), NMRPipe 201634, and CCPNmr Analysis V2.4 3%, respectively. A series of NMR experiments were
acquired for backbone assignment, including "H-">N HSQC, HNCACB, HNCA, and HNCO.

NMR titration experiment. The initial "°N-labeled protein sample was prepared as 200 pM, and ATP and
MgCl, were dissolved in the same buffer described above (adjust pH using NaOH). The "H-">N HSQC
spectrums were recorded with the addition of ATP-Mg at 0, 5 mM, and 10 mM at the final concentration.
The amide CSP were calculated by the equation:

CSP =105 x ASH? + 0.1 x ASN*# (2)

A6H and AN are the perturbation with ATP added in proton and nitrogen dimensions in ppm unit,
respectively.

Water-exchange experiment. Water-selective experiments were performed to study exchange processes

using CLEANEX-PM?2%. The experiments were recorded using a standard pulse sequence in Topspin 3.5
(fhsqcexf3gpph). The mixing time T, was set at 0 ms, 10 ms, 15 ms, 20 ms, and 30 ms. The ATP was
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added to the protein sample at 0, 5 mM, and 10 mM at the final concentration. The peak volumes with
different mixing times and concentrations of ATP were processed, and exchange rates were fitted using the

same algorithm described before3®.

Diffusion coefficient measurement. The pulsed field gradient NMR diffusion experiments on RGG and PLD
with or without ATP were performed as pseudo-2D experiments using the standard Bruker pulse sequence
with a gradient strength from 5-95%. The data were analyzed by integrating resonance corresponding to
the side chains in RGG and PLD. The diffusion coefficient was fitted as the following equation:

Io = Iyexp [—(27770G)2D (A —%) X 104} # (3)

Due to the more complex dynamic variations of FUS PLD, a single exponential function cannot accurately
fit the diffusion coefficient. Therefore, we employed a dual exponential function to fit the diffusion
coefficient as the following equation:

Ig = Ioexp |~ (2my0G)’ D1 (A —§) x 10°] + hexp |~ (27706’ D2 (A — %) x 10| # (4)

lp is the signal intensity at a gradient strength of zero, G is the gradient strength, D is the diffusion
coefficient, o is the gradient pulse duration, and A is the diffusion time.

NMR relaxation experiment. The '°N labeled protein was prepared as 200 pM and 10 mM ATP was added
further. Motions of the backbone of RGG were measured at 600 MHz using standard pulse sequences
(hsqct1etf3gpsi.2, hsqct2etf3gpsi). Delay for gradient recovery was set to 16.96, 169.6, 339.2, 508.8ms for
R2 experiments, and 20, 200, 400, 600 and 700 ms for R1 experiments, respectively.

SAXS experiment

All SAXS experiments of the RGG domain and ATP were collected at the BL19U2 beamline in National
Center for Protein Science Shanghai. We used a 1-second exposure time for each time at 25 °C, and 20
frames were recorded and averaged for further analysis. The scattering data for the corresponding buffer
and the substrate from the sample data were also recorded. The theoretical scattering curve was

calculated from the related PDB file using CRYSOL modules®”’ in the ATSAS 2.8 software package®®. The
paired distance distribution function (PDDF) was calculated from the scattering curve using the PRIMSQT
module in ATSAS 2.8

The overlap concentration calculation

The overlap concentration C* of the RGG domain from dilute to semi-dilute regimes was calculated by the
Eq. 3°:

C* = M/ [Na(ho/2)"| # (5)
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where M and hg are the protein molecular weight and the root-mean-square end-to-end distance of the
macromolecular coil, respectively. N, is Avogadro constant. hy was calculated by the equation:

ho> = 6R,%# (6)

Rg is the radius of gyration from the SAXS experiment (average about 18 A). The protein molecular weight
(M =6299.79) was used in the calculation. According to these equations, the overlap concentration C* of
the RGG domain from dilute to semi-dilute regimes is 972 mg/ml.

MD simulation and structure analysis

The RGG-rich C-RBD domain of HNRNPG and the N-terminal prion-like domain (PLD) of FUS were
constructed by PyMOL (The PyMOL Molecular Graphics System, Version 2.3 Schrédinger, LLC). The Ne
group in Arg was set to the protonated state, and the carboxyl deprotonated state was employed for each
Asp and Glu. The constructed peptide chain was relaxed in a vacuum for 100 ps, then solvated by water
molecules, and subjected to 100 ns relaxation simulation. The resulting conformation was used as the
initial structure for the following simulations.

The single protein was initially placed in a cubic box and solvated by water molecules; the box side length
was chosen according to the protein size, namely 10.0 and 12.0 nm for RGG domain and PLD, respectively.
Sodium and chloride ions were added to neutralize the systems and mimic physiological conditions (150
mM NacCl). The systems underwent a series of equilibrium procedures, including 50000-step energy
minimization, 10-ns NVT simulation, and 10-ns NPT simulation for temperature relaxation. 1000-ns
production runs were performed as control systems for the following analysis.

To study the interactions between ATP and the proteins, we added ATP and Mg?* molecules to the control
systems mentioned above. The number of the molecules corresponded to the concentration of 8 mM (5
and 8 for RGG domain and PLD, respectively). A similar equilibrium procedure was conducted for each
system, and a 1000-ns production run was performed and used for the following analyses.

All simulations were run using the package GROMACS 2018 t. Amber99sb-ildn“? force field was used to
describe the interactions of the proteins and ATPs. TIP4P-D water model was adopted. The boxes were set
with periodic boundary conditions. The equations of motion were numerically integrated using the Verlet
leapfrog algorithm with a time step of 2 fs. The Particle Mesh Ewald (PME) 4! method was used to handle
the long-range electrostatic interactions with cubic interpolation and a grid spacing of 0.16 nm. The short-
range interactions were calculated using a cutoff of 1.2 nm. The systems were coupled to temperature
baths at 300 K, with the V-rescaling thermostat and a relaxation time of 0.1 ps. The Parrinello-Rahman
pressure coupling was used at 1.0 bar, with a relaxation time of 2 ps. The protein structures were rendered
using PyMOL and the visual molecular dynamics (VMD) 1.9.3 program*2.

The criterion for the binding of ATP to the protein is the distance between the heavy atoms of ATP and the
heavy atoms of protein is less than 6 A.
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ATP modulates the phase separation of the RGG domain derived from HNRNPG.

a The construct of HNRNPG used in the current study, with the sequence of C-terminal RGG domain shown.
b The DIC micrographs showed that the IDP could form liquid droplets only when the ATP concentration is
in the range of 5-20 mM. ¢ ATP co-localizes with the IDP in the droplets. Here Cy3-labeled protein (red) and
ATP analog TNP-ATP (blue) were doped into the unlabeled protein at 2% and 5% proportions, respectively. d
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Fluorescence recovery after photobleaching (FRAP) shows that the IDP is highly mobile in the liquid
droplet. A GFP protein was fused to the N-terminus of the RGG domain.
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The addition of ATP collapses the ensemble conformation of HNRNPG-RGG.

a The paired distance distribution function (PDDF) in the absence (black) and presence of 5 mM ATP (red),
experimentally derived from small angle X-ray scattering data (inset). b The Kratky plot was calculated
from the scattering curve of the RGG domain in the absence (black) and presence of 5 mM ATP binding
(red). ¢ NMR DOSY measurement affords the translation diffusional coefficients. d The distribution of
calculated radius of gyration (Ry) of the protein, obtained from MD simulations.
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Solvent exchange of the IDP slows in the presence of ATP.
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a Overlay of "H-">N HSQC spectra of HNRNPG-RGG in the absence (black) and presence of 5 mM ATP (red)
or 10 mM ATP (blue). b The ratios of peak intensities were calculated for the backbone amide protons in
the presence and absence of ATP. ¢ The ratios of solvent exchange rates k,,, were measured by CLEANEX-

PM scheme, were calculated for the backbone amide protons in the presence and absence of ATP.
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Structural models for the ATP-associated HNRNPG-RGG

a Representative snapshots from MD simulation indicate that ATP phosphate group interacts with Arg
sidechain, while at the same time, ATP nucleobase forms hydrogen bonds with adjacent Gly and Ser
residues. b Statistics of the number of the hydrogen bonds formed between ATP and different protein
residues, with the phosphate and nucleobase groups tabulated separately. ¢ The probability of the number
of ATP molecules associated with the theoretical protein and ATP concentrations of 1.6 mM and 8 mM,
respectively. The probability was calculated as the number of RGG domain associated with the number of
ATP molecules divided by the total number of MD snapshots.
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NMR relaxation analysis of the HNRNPG-RGG without or with 10 mM ATP.

The residue-specific R; (a) and R, (b) rates were collected at 25 °C on a 600 MHz NMR instrument.
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Overlay of the 1D NMR spectra of RGG domain in 100 M dispersed and phase-separated states.

Based on the peak intensities, protein in the condensed phase is ~186 times more concentrated than in the
diluted state. The original spectra without scaling were shown on the left.
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NMR titration of ATP to FUS PLD. a The construction of FUS, with the prion-like domain (PLD) at its N-
terminus. b The chemical shift perturbations for the "H-">N of FUS PLD in the presence of 10 MM ATP. ¢
The relative peak intensities with the addition of 5 mM (red) and 10 mM ATP (blue), reference to those
without ATP. d NMR DOSY measurement affords the translation diffusional coefficients. The NMR
experiments were performed with the concentration of FUS PLD at 100 uM in the presence of 5 mM ATP.
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Figure 8

A scheme illustrating how ATP binding modulates the phase separation behavior of an RGG-rich IDP.

The RGG domain has a large density of positive charges that causes both intramolecular expansion and
inter-molecular repulsion (I). The addition of ATP neutralizes the positive charges, allowing intermolecular
interactions to take place, and also makes the protein more compact (Il). Multiple copies of proteins come
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together and de-mix when a critical concentration is reached (Ill). Nevertheless, excessive ATP further
compacts the protein and dissipates the liquid droplets (IV).
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