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Phase Separation of Toxic Dipeptide Repeat
Proteins Related to C9orf72 ALS/FTD
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ABSTRACT The expansion mutation in the C9orf72 gene is the most common known genetic cause for amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTD). This mutation can produce five dipeptide repeat proteins (DPRs), of which
three are known to be toxic: poly-PR, poly-GR, and poly-GA. The toxicity of poly-GA is attributed to its aggregation in the cyto-
plasm, whereas for poly-PR and poly-GR, several toxicity pathways have been proposed. The toxicity of the DPRs has been
shown to depend on their length, but the underlying molecular mechanism of this length dependence is not well understood.
To address the possible role of phase separation in DPR toxicity, a one-bead-per-amino-acid (1BPA) coarse-grained molecular
dynamics model is used to study the single-molecule and phase-separation properties of the DPRs. We find a strong depen-
dence of the phase-separation behavior on both DPR length and concentration, with longer DPRs having a higher propensity
to phase separate and form condensed phases with higher concentrations. The critical lengths required for phase separation
(25 for poly-PR and 50 for poly-GA) are comparable to the toxicity threshold limit of 30 repeats found for the expansion mutation
in patient cells, suggesting that phase separation could play an important role in DPR toxicity.
SIGNIFICANCE C9orf72 ALS/FTD is caused by a repeat expansion mutation that typically has a length larger than 30
repeats. This expansion produces dipeptide repeat proteins (DPRs) that can induce length-dependent toxicity through
several hypothesized pathways. However, no consensus has been reached on the prevailing toxicity pathway, and the
underlying molecular mechanisms of the length dependence remain elusive. Here, we use a coarse-grained molecular
dynamics model to explore the phase-separation behavior of the DPRs. We find the phase separation of the DPRs ensues
only above a critical DPR length that is comparable to the toxicity threshold limit of 30 repeats found in patients, suggesting
that phase separation of DPRs might play an important role in C9orf72 ALS/FTD.
INTRODUCTION

Hexanucleotide repeat expansion G4C2 in the C9orf72 gene
is the most common genetic mutation in familial cases of
amyotrophic lateral sclerosis (ALS) and frontotemporal de-
mentia (FTD) (1,2). Healthy individuals typically have less
than around 20 repeats of this expansion, whereas in most
patient cells, the size of the expansions is estimated to be be-
tween several hundred and several thousand repeat units
(1–3). There is no consensus on the critical expansion size
for the onset of the disease, and different cutoffs between
30 and 80 repeats have been reported for the toxicity
threshold (1,2,4,5).

The pathology initiated by the repeat expansion has been
proposed to affect a wide range of cellular processes (6).
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The three main mechanisms of toxicity are loss of function
of C9orf72 proteins (1,7) and toxic gain of function from the
repeat expansion itself (8,9) or from dipeptide repeat pro-
teins (DPRs) translated from sense and antisense transcripts
of the repeat expansion (10–12). It has been shown that
DPRs are capable of inducing toxicity without the repeat
expansion in different cell types (12–17).

Repeat-associated non-AUG (RAN) translation of the
sense and antisense transcripts of the repeat expansion from
all reading frames can produce five types of DPRs: poly-
PR, poly-GR, poly-GA, poly-GP, and poly-PA (10,11).
Poly-PR, poly-GR, and poly-GA can induce length-depen-
dent and dosage-dependent toxicity (12,14,16,18–21), of
which especially the R-DPRs, i.e., poly-PR and poly-GR,
are highly toxic. Poly-PR is known to be the most toxic
DPR (12–15,20,22). Several studies indicate no significant
toxicity for poly-GP and poly-PA (12,20,23). In our study,
we use the term toxic DPRs to refer to poly-PR, poly-GR,
and poly-GA.
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Poly-GA is the most abundant and the most aggregation-
prone DPR (10,22). Poly-GA has only a few interactors in
the cell (22). It has been suggested that poly-GA toxicity is
due to the formation of cytoplasmic aggregates and direct
sequestration of proteins (24–28). Poly-GA aggregates are
shown to impair the nuclear import of TDP-43 (29) and
enhance DNA damage (27). Poly-PR and poly-GR have
many target proteins inside the cell (22,30) and are likely to
be involved in several pathology pathways (reviewed in (6)).
Significant attention has been drawn to nucleocytoplasmic
transport defects, changes in the dynamics of membrane-less
organelles through impaired liquid-liquid phase separation
(LLPS), and nucleolar dysfunction (13,14,16,17,22,31,32).
Recently, the toxicity of poly-PR has been related to changes
in LLPS of heterochromatin protein 1a (HP1a) (17) and nu-
cleophasmin (NPM1) (16) through their direct interaction
with poly-PR inside the cell nucleus.

Depending on the type of DPR and the toxicity mecha-
nism, the DPR pathology can start in the cytoplasm, nuclear
pore complex (NPC), or nucleus. Despite the recent progress,
a clear understanding is lacking on how the DPRs cause
neurotoxicity in C9orf72 ALS/FTD. Because of the method-
ological difficulty of synthesizing repetitive sequences, it is
highly challenging to study the length-dependent properties
of DPRs that might provide insight into the DPRs’ length-
dependent toxicity. As a result, almost all previous in vitro
cell-free studies were limited to DPRs with less than 30 re-
peats (21,22,33,34) (only one recent study used 60 repeats
of poly-PR (16)), which might not mimic the exact role of
long DPRs in patients (35). Moreover, the concentration in-
side the condensed phases, which is important for further
maturation of the phase-separated condensates (36), is not
easily determined in experiments. These problems can be
overcome by using experimentally calibrated coarse-grained
molecular dynamics (MD) models that can capture the
sequence specificity and are suitable for simulating high-den-
sity phases of proteins (37–39). In this study, we use our one-
bead-per-amino-acid (1BPA) coarse-grained MD model
(37,40,41) to investigate the single-molecule and phase-sep-
aration behavior of toxic DPRs in an attempt to identify
possible mechanistic roles of DPR phase separation in
causing toxicity.
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FIGURE 1 Comparison between the single-molecule properties of poly-

PR, poly-GR, and poly-GA. (a) A schematic representation of the DPRs

(left) and simulation snapshots (right); see also Video S2. (b) Hydrody-

namic radius Rh of the DPRs plotted against their chain length N (circles

fitted with dashed lines). The solid light-blue line is a prediction for the

Rh of poly-PR based on a closed-form expression (46). Experimental Rh-

value for the LC domain of hnRNPA2 is shown by a green circle. (c) Radius
METHODS

Coarse-grained force field

We use our implicit-solvent coarse-grained 1BPA model (37,42), which 1)

differentiates between the bonded potentials of glycine, proline, and other

residues and 2) is fine-tuned to capture the properties of polyproline, poly-

glycine, and FG-Nup segments with the highest arginine content. More de-

tails are provided in the Supporting Materials and Methods.
of gyration Rg of the DPRs plotted against their chain length N (circles fitted

with dashed lines). Rg of an EV chain is provided for comparison. In (b) and

(c), the shaded regions indicate half of the standard deviation. (d) Two-

dimensional probability distribution of the asphericity and Rg for PR20,

GR20, and GA20. To see this figure in color, go online.
Simulations

Langevin dynamics simulations are performed at 300 K and physiological

salt concentration of 150 mM using GROMACS. Droplet simulations are
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performed in a cubic box of size 80 nm. Slab simulations are conducted

based on the procedure described in (38). Phase-separation simulations

are performed for �3 ms, which is sufficient to obtain converged density

profiles. The density profiles are calculated using discrete cells of thickness

1 nm and time averaged for at least 1 ms at equilibrium. The critical repeat

lengths required for phase separation are obtained with an error of less than

five repeats. More details are provided in the Supporting Materials and

Methods.
RESULTS AND DISCUSSION

Single-molecule properties of toxic DPRs

The dynamics of intrinsically disordered proteins (IDPs) is
crucial for their function, including, for example, recogni-
tion and binding to target molecules (43–45). The dimen-
sion of IDPs can have a large effect on their functional
properties. At a fixed temperature and solvent condition,
the dimension of an IDP is determined by its amino acid
sequence (43,46). The repetitive sequences of toxic DPRs
contain only two types of amino acids (see Fig. 1 a and
Video S2). Therefore, the overall properties of the DPRs
strongly depend on the physiochemical properties of
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glycine, alanine, proline, and arginine and possibly the
patterning of these residues. Alanine is hydrophobic, argi-
nine is positively charged, and proline contributes to the ri-
gidity and glycine to the flexibility of the protein backbone
(47–49).

We use our 1BPA MD model (details are provided in
Methods) to study the dimensions of the three toxic DPRs.
In Fig. 1, b and c, we show the hydrodynamic radius, Rh,
and the radius of gyration, Rg, of poly-PR, poly-GR, and
poly-GA. The results are shown for a range of chain lengths
N between 40 and 400, with N being two times the number
of repeats, n.

For the same chain length, the dimension of poly-PR is
larger than poly-GR, which is larger than poly-GA. The elec-
trostatic repulsion between the uniformly distributed arginine
residues results in more expanded conformations for the
R-DPRs compared with the hydrophobic poly-GA. This
observation is consistent with previous studies on the effect
of charged residues and their patterning on the dimension
of IDPs (50–52). The observed difference between poly-PR
and poly-GR, however, cannot be explained by the
nonbonded interactions alone. Proline is more hydrophobic
than glycine (37,53), and thus poly-PR is expected to have
a more compact structure than poly-GR. Therefore, the larger
Rh- and Rg-values for poly-PR can only be attributed to the
different contribution of proline and glycine to the backbone
stiffness. To prove this, we repeated the simulations for poly-
GR and poly-PR by interchanging the hydrophobicity values
of P and G while keeping the bonded potentials the same.
The results in Fig. S2 convincingly show that the difference
between poly-GR and poly-PR in Fig. 1, b and c is almost
entirely due to the difference in backbone stiffness. Indeed,
proline is much stiffer than glycine because of the cyclic
structure of its side chain (47–49), which is incorporated in
the 1BPA force field (42). Our results are consistent with
the observed correlation between proline content and
extended conformation of IDPs (46,48).

In Fig. 1 b, we compare our simulation results for Rh of
poly-PR with the Marsh and Forman-Kay fit to the experi-
mental Rh-values of 36 IDPs (46). The suggested expression
takes into account the proline content and the absolute net
charge of the chain. The difference between our simulation
results and the prediction by Marsh and Forman-Kay
expression is less than 16%. The observed difference for
longer chains could be due to the fact that the patterning
of amino acids has not been considered as an input variable
in the suggested expression (46). To show the importance of
sequence patterning, for instance, the Rh of three variants of
proline-arginine chains with the same amino acid composi-
tion but different patterning of proline and arginine residues
are depicted in Fig. S3. These results show that the chain fa-
vors a conformation with the highest Rh when the proline
and arginine residues are well mixed, as in poly-PR. Poly-
GA forms the most compact conformation because of the
uniform distribution of hydrophobic alanine residues and
the low stiffness of the glycine residues. We also compare
the simulated Rh of poly-GA with the experimental Rh of
the disordered low-complexity (LC) domain of hnRNPA2
(54); see Fig. 1 b. The hnRNPA2 LC domain contains hy-
drophobic residues (mainly phenylalanine and tyrosine)
distributed along the sequence. It has been suggested that
the high glycine content (47%) of hnRNPA2 LC domain
contributes to its compactness (54). With the same chain
length, the hydrodynamic size of poly-GA is very similar
to that of the hnRNPA2 LC domain.

Relating the Rg of the DPRs to the chain length N via Rgf
Nn (55) leads to scaling exponents of n ¼ 0.70 5 0.02 for
poly-PR, 0.67 5 0.02 for poly-GR, and 0.48 5 0.02 for
poly-GA. Similar scaling exponents of around 0.70 have
been obtained for extended variants of prothymosin a

(ProTa) (with a mean net charge per residue of�0.46) in wa-
ter (55). The scaling exponent of poly-GA is close to the
value n ¼ 0.5 expected for a random coil, i.e., a polymer in
a q solvent, and lies in the range 0.46 5 0.05 obtained for
the unfolded state of proteins in experiment (55). The scaling
exponent of poly-GA is also comparable to an average
scaling exponent of 0.53 obtained for a set of IDPs and
unfolded proteins using an improved generation of atomistic
force fields (56). The Rg f N0.6 of an excluded volume (EV)
chain is also plotted for comparison in Fig. 1 c (55). Poly-PR
and poly-GR have an Rg that is larger than an EV chain
because of the repulsion of like charges, whereas the flexible
and more hydrophobic poly-GA has a lower Rg. In Fig. 1 d,
we compare the asphericity, which measures the chain shape,
versus Rg plots for DPRs with a repeat length n ¼ 20. PR20

samples conformations with a larger Rg and asphericity
than GR20 and GA20, showing that poly-PR is more extended
and assumes shapes closer to a rod-like conformation.
Phase separation of poly-GA

Poly-GA forms cytoplasmic aggregates (5,18,22,25) that are
relatively stable in photobleaching experiments (22). Four-
ier transform infrared spectroscopy measurements show a
random coil structure for GA15 right after incubation (21).
After a certain incubation time, the GA15 molecules form
aggregates as indicated by a change in the average particle
size in the system (21). After a few hours, GA15 starts to
form fibrils containing cross-b-sheet structures with disor-
dered molecules of poly-GA still in solution (21,57).

Our results show that poly-GA undergoes a length-depen-
dent phase separation to form a condensed (high-density)
phase and a dilute (low-density) phase (Fig. 2). The
condensed phases of poly-GA are spherical and exchange
molecules with the surroundings (see snapshots in Figs. 2
a and S4; Video S1). Because hydrogen bonding is not
included in the modeling (see the description of our
coarse-grained model in the Supporting Materials and
Methods), we are not able to predict the final transition
into relatively stable aggregates or higher-order b-type
Biophysical Journal 119, 843–851, August 18, 2020 845
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FIGURE 2 Poly-GA length-dependent phase-separation and coexistence

phase diagram. (a) Coexistence phase diagram of poly-GA obtained from

slab simulations. Phase separation occurs above the critical repeat length

n ¼ 50 inside the coexistence region. rH and rL are the concentrations of

the condensed phase and dilute phase, respectively. Simulation snapshots

at the left show the results for GA100, GA70, and GA30 for a total concen-
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panel). To see this figure in color, go online.
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structures of poly-GA as observed in the experiments
(21,22,25). However, our results do suggest that long-range
hydrophobic interactions drive the formation of high-den-
sity phases of poly-GA, which brings the residues close
enough for short-range hydrogen bonds to form (58).
Further transition of liquid condensates to more solid-like
structures have been experimentally observed for FUS and
hnRNAPA1 (59–61). To find the critical repeat length
required for phase separation, we constructed the coexis-
tence phase diagram of poly-GA (Fig. 2 a) by determining
the concentrations of the condensed phase (rH) and dilute
phase (rL) using the slab method (Fig. 2 b; (38,62,63)). In
the phase diagram in Fig. 2 a, the vertical axis is the repeat
length n and the horizontal axis is the concentration r.
Outside the coexistence curve (i.e., for concentrations lower
than rL and higher than rH and lengths shorter than the crit-
ical repeat length), there is only a uniform phase, whereas
inside it, the poly-GA molecules phase separate (see the
snapshots at the left in Fig. 2 a). The black arrows in
Fig. 2 a show the concentrations of the two phases. The crit-
ical repeat length for phase separation of poly-GA is found
to be n¼ 50. Below this critical repeat length, no phase sep-
aration is observed at any concentration. This critical repeat
length is in good agreement with the critical range of 46 <
846 Biophysical Journal 119, 843–851, August 18, 2020
n< 61 found by Yamakawa et al. for the formation of aggre-
gates of poly-GA in Neuro2a cells (5).

The values of rH and rL depend on the repeat length, with
longer poly-GA molecules forming condensed phases with
higher concentrations and dilute phases with lower concen-
trations (see Fig. 2 a). The same trend has been observed in
previous simulation studies for polymers and IDPs with
different lengths (38,62). Also, in experiments using syn-
thetic molecules, the saturation concentration, which is
equal to rL at equilibrium, was observed to decrease with
chain length (64). For 60 % n % 100, we find the concen-
tration range to be 6–33 mg/mL for the dilute phase and
500–670 mg/mL for the condensed phase. Using linear
interpolation in Fig. 2 a, the molar concentration of the
GA76 condensed phases is found to be �34 mM, compara-
ble to that of the 151-residue-long hnRNPA2 LC domain
(30–40 mM) obtained in experiment (54). This is expected
because the hnRNPA2 LC domain has a similar dimension
as GA76 (see Fig. 1 b). We also observed a lower exchange
rate with the surroundings for the condensed phases formed
by longer chains (see Table S2), suggesting that longer mol-
ecules form more stable condensed phases.

Cluster size distribution analysis of poly-GA at equilib-
rium shows a strong correlation between the poly-GA total
concentration and its ability to phase separate at small con-
centrations at the left of the phase diagram (Figs. 2 a and
S5). When phase separation occurs, a further increase of
the total concentration has no effect on the rH and rL but
only increases the size of the condensed phase (Fig. S6).
The cluster size distribution results of Fig. S5 also reveal
(see Fig. S7) that at a fixed concentration, the number of
free molecules Nfree is higher for shorter dipeptides and
that, as expected, a drop in Nfree can be taken as an indica-
tion of phase separation.
Phase separation of R-DPRs

R-DPRs have been observed to form liquid droplets in the
presence of RNA (33,34), phosphate ions (33,57), and
several RNA-binding proteins (16,22). Previous studies
have pointed at the important role of electrostatic and
cation-p interactions in the LLPS of R-DPRs with multiva-
lent proteins and RNA molecules for these cases
(16,22,33,34). The phase separation of PR30 with different
polyanions, known as complex coacervation, has recently
been investigated using both in vitro experiments and
coarse-grained dynamic Monte Carlo modeling (34).

Our simulations show no phase separation of poly-PR and
poly-GR as a consequence of the electrostatic repulsion be-
tween arginine residues; see Fig. S8 (top panels). The same
result has been obtained in in vitro experiments with PR20 in
the presence of monovalent ions (33). The addition of
anionic homopolymers (acidic molecules) of polyaspartate
(poly-D) to the simulation box induces the phase separation
of R-DPRs into liquid droplets (Fig. S8, top panels, and
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Video S3). R-DPRs bind to acidic molecules, and upon
binding, they become more compact (see Fig. 3 a). In
Fig. S9 a, we compare the potential of mean force associ-
ated with binding of the R-DPRs, with repeat lengths n ¼
30, to an acidic molecule of length N ¼ 60. Despite the
higher hydrophobicity of P compared to G, the binding of
poly-GR to the acidic molecule is stronger than poly-PR,
and poly-GR makes a greater number of contacts with the
acidic molecule than poly-PR; see Fig. S9 and Video S4.
This difference is attributed to the difference in the back-
bone stiffness, as reflected by the persistence lengths in
isolation, which we calculate to be 2.06 bond lengths for
poly-GR and 5.04 bond lengths for poly-PR. This is
confirmed by additional simulations in which we inter-
changed the hydrophobic values of P and G (see Fig. S9
a), showing that the backbone stiffness plays a dominant
role in accounting for the different binding strengths of
poly-PR and poly-GR.
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Long acidic tracts with length ranges of 12–41 amino
acids can be found in the disordered regions of two nucle-
olar proteins: nucleolin (NCL1–300) and NPM1120–240; see
the net charge per residue (NCPR) histograms in Fig. S10
(top panels). NCL mislocalization and disruption has been
observed in ALS patient cells (65). NSR1, the yeast homo-
log of NCL, has also been observed to be a strong modifier
of PR50 toxicity. The toxicity was shown to be suppressed by
deletion and enhanced by upregulation of NSR1 (14). A
recent study also suggested that poly-PR-induced NPM1
mislocalization generates toxicity (16). Our simulations
show binding of the R-DPRs to both NCL1–300 and
NPM1120–240 through interaction with the acidic tracts
(Fig. S10, bottom panels). These results are consistent
with the experimentally observed binding of full-length
NPM1 and NCL to the R-DPRs (16,22).

Figs. 3, b and c and 4 show that the phase separation of
poly-PR not only depends on its length but also on the
length of the acidic molecules. In these simulations, we
use different mass concentration ratios of poly-PR, rPR ¼
(poly-PR mass concentration)/(total mass concentration).
With this definition, the poly-PR:poly-D mass ratio can be
calculated as 1:(1 � rPR)/rPR. At a fixed total mass concen-
tration and rPR, longer repeats of poly-PR and poly-D phase
separate to smaller droplets with a higher concentration sur-
rounded by a dilute phase with a lower concentration (see
Fig. 3 c). Reduction of the length of acidic molecules
(Fig. 3 b, middle panel) or poly-PR (Fig. 3 b, right panel)
increases the size of the droplet and the concentration of
the dilute phase (see Fig. 3 c).

To further study the phase separation of poly-PR, we use
slab simulations to obtain the coexistence phase diagrams in
Fig. 4 a. The phase diagrams are constructed for acidic poly-
D molecules of lengths N ¼ 40 and 100 and three different
poly-PR concentration ratios rPR ¼ 0.57, 0.62, and 0.67.
Similar to the trend observed in Fig. 3, b and c, we observe
that longer repeats form condensed phases with higher con-
centrations and dilute phases with lower concentrations, in
agreement with experimentally observed length-dependent
complex coacervation of oppositely charged polyelectro-
lytes (66). We also observe that the condensed phases of
longer PR molecules have a smaller exchange rate with
the surroundings; see Table S2. The poly-PR condensed
phase concentration ranges from 90 to 211 mg/mL, which
is much lower than the concentration range 500–670 mg/
mL obtained for poly-GA for n % 100. As can be seen in
the phase diagram, the critical poly-PR repeat length
required for phase separation is lower for longer acidic mol-
ecules. The results in Fig. 4 a show an optimum concentra-
tion ratio of rPR¼ 0.62 for phase separation of poly-PR with
acidic molecules. At this concentration ratio, with fixed pep-
tide lengths, poly-PR forms condensed phases with the high-
est concentration; see the inset of Fig. 4 a. In Fig. 4 a, we
constructed the phase diagrams for two other concentration
ratios of rPR ¼ 0.57 and 0.67 around the optimum value. For
Biophysical Journal 119, 843–851, August 18, 2020 847
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lower (<0.57) and higher (>0.67) rPR-values, the concentra-
tion of the condensed phase is smaller, and the critical repeat
length is larger. For rPR> 0.8 and rPR< 0.3, we observed no
phase separation (data not shown). Our results are consistent
with electrostatic-driven phase separation of R-DPRs with
full-length NPM1, with phase separations that depend on
concentration ratios of proteins and length of the R-DPRs
(16,22). For D40, which has almost the same length as the
longest acidic tract in the nucleolar targets of R-DPRs
(see Fig. S10), the critical repeat length of poly-PR required
for phase separation is found to be n ¼ 25 for the optimum
concentration ratio rPR ¼ 0.62 (see the phase diagram in
Fig. 4 a and the slab simulation snapshots in Fig. 4 b).
Below this critical repeat length, poly-PR can bind to acidic
848 Biophysical Journal 119, 843–851, August 18, 2020
molecules, but these small clusters are unable to phase sepa-
rate (see Fig. 4 b). The slab density profiles used to obtain
the phase diagram are presented in Fig. S11.

In Fig. S12, we compare the coexistence phase diagram of
poly-PR and poly-GR with D100 obtained for the same con-
centration ratios of rPR ¼ rGR ¼ 0.62. At a fixed repeat
length n, poly-GR forms condensed phases with higher con-
centrations than poly-PR. This observation can be attributed
to the sizes of the dipeptides and their free energy of binding
to acidic molecules. With the same length, poly-GR is more
compact than poly-PR irrespective of the presence of acidic
molecules (see Figs. 1 and 3 a). This, together with the
stronger binding of poly-GR to an acidic molecule (see
Fig. S9 a), explains the differences in the phase diagrams.
These findings provide insight into the experimentally
observed differences between poly-PR and poly-GR in
binding to their targets. For example, previous experimental
measurements have indicated greater association of NCL
with poly-GR than poly-PR (22). Consistent with this obser-
vation, photobleaching experiments for a single nucleolus
labeled by GFP-NCL have shown that poly-GR is more
effective than poly-PR in reducing the mobile fraction and
fluorescence recovery rate of GFP-NCL (22). Our results
suggest that the more stable physical interaction of poly-
GR with the nucleolar components can be attributed to the
stronger binding of poly-GR to the acidic tracts inside the
nucleolus. In another study, poly-GR has been shown to
have a higher tendency to accommodate different ligands
compared with poly-PR (67). Our results suggest that the
more flexible conformation of poly-GR might have contrib-
uted to this observation.
CONCLUSIONS

In this study, we used a coarse-grained, 1BPA model to
study the properties of toxic DPRs with the aim of providing
mechanistic insights into the possible role of LLPS of DPRs
in C9orf72 toxicity. We showed that poly-PR favors the
most extended conformations among all three toxic DPRs
because of the patterning of charged arginine residues and
the contribution of proline residues to the backbone rigidity.
Our findings revealed a stronger binding of poly-GR to
acidic molecules compared with poly-PR that is due to the
different backbone stiffnesses of these DPRs. We observed
that longer DPRs form condensed phases with higher con-
centrations and with lower exchange rates to the surround-
ings. This observation suggests that the more toxic nature
of longer chains (12,16) can be due to the more stable struc-
ture of the condensates formed by longer DPRs. For poly-
GA, we found that increasing the concentration increases
the propensity for phase separation at small concentrations
and increases the size of the condensed phase at larger con-
centrations, both consistent with the expected trend for
liquid condensates (68). Increasing the length of DPRs in-
creases the number of possible interactions and results in
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an increase in the multivalency of the system. Previous ex-
periments and simulation studies have shown that a critical
number of valences is required for the formation of biomol-
ecular condensates (49,64,69–71) and that the propensity for
phase separation increases with increasing multivalency of
the system (38). These observations are in agreement with
the phase diagrams presented in Figs. 2 a and 4 a. We
observed an inverse correlation between the rH and Rg of
the DPRs. With the same chain lengths and the same con-
centration ratios of R-DPRs, the rH of poly-PR is lower
than poly-GR, which is lower than poly-GA, conceptually
consistent with the observed correlation between the
compactness of IDPs and their tendency to phase separate
(72). A similar inverse correlation also exists between the
rH and the scaling exponent n of DPRs for the same concen-
tration ratios of R-DPRs and the same length of the acidic
molecules.

Our results for poly-GA repeat lengths larger than 50 sug-
gest that aggregate nucleation starts with liquid phase sepa-
ration, as experimentally observed for several RNA-binding
proteins (36,59). Care should be taken in comparing our
poly-GA droplets with the insoluble aggregates observed
in previous studies (21,22,25) because our 1BPA force field
does not take into account secondary or higher-order struc-
ture formation of poly-GA. However, our coarse-grained
MD model does capture the length-dependent phase separa-
tion of poly-GA (5). The critical repeat length of n ¼ 50 for
phase separation of poly-GA is in good agreement with the
critical range of 46 < n < 61 found in Neuro2a cells for the
formation of insoluble aggregates of poly-GA (5). There-
fore, our findings suggest that the LLPS of poly-GA pre-
cedes the formation of insoluble aggregates (21,22,25) and
could be the first step in the poly-GA toxicity pathway.
The longest acidic tract found in the nucleolar targets of
R-DPRs is 41 (see Fig. S10). We found the minimal critical
repeat length for the phase separation of the most toxic
DPR, i.e., poly-PR, with similar-sized acidic chains D40 to
be n ¼ 25, which is between the expansion size in normal
individuals (average around 20 repeats) and the lower bound
of the toxicity threshold (30 repeats) found in patient cells
(1,2,4). Therefore, our results indicate a substantial change
in the poly-PR phase-separation behavior in the range 20–
30 repeats, suggesting a likely connection between the
phase separation of poly-PR and the toxicity threshold.
Note that our results do not rule out a possible role of soluble
DPRs in generating toxicity. Further investigation is
needed regarding the interaction between DPRs (especially
R-DPRs) of different lengths in the soluble phase and their
targets such as RNA-binding proteins and transport compo-
nents (22,67).
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Coarse-grained force field  64 

Update of the 1BPA coarse-grained force field. The 1BPA implicit solvent force field has been used 65 

before to study intrinsically disordered FG-Nups and nucleocytoplasmic transport (1-3). The bonded 66 

interactions, i.e. bending and torsion potentials, in this force field are residue and sequence specific. This 67 

force field, interestingly, differentiates between the bending and torsion potentials of Glycine, Proline, 68 

and other residues. This feature is highly important since DPRs are rich in Proline and Glycine and it 69 

has been shown that these two residues contribute to the rigidity and flexibility of an IDP (4-7). 70 

Therefore, using the 1BPA model enables us to distinguish between the properties of poly-PR and poly-71 

GR and to obtain more accurate results for poly-GA. The 1BPA also accounts for the 72 

hydrophobic/hydrophilic and electrostatic interactions between different amino acids, polarity of the 73 

solvent and screening of free ions. This force field uses the average of several residue-based 74 

hydrophobicity scales to describe the effective interactions between the amino acids. The hydrophobic 75 

interactions in this force field have been calibrated against the experimentally known 𝑅𝑅h values of FG-76 

Nup segments (8). For Proline and Glycine the interaction parameters have also been fine-tuned using 77 

the end-to-end distance and radius of gyration of poly-Proline (9) and poly-Glycine segments (10) which 78 

makes the 1BPA a proper choice for investigating the properties of DPRs.  79 

The majority of FG-Nup segments, however, contain less than 0.6% of Arginine (R) (see the pink shaded 80 

band in Fig. S1). For the ones with more than 0.6% of R a correlation can be observed between the R 81 

content and the 𝑅𝑅h error (see black dashed line in Fig. S1a) showing that there is still room for improving 82 

the R interaction with other residues in the 1BPA force field. To achieve this we further fine-tune the 83 

relative hydrophobic strength 𝜀𝜀𝑖𝑖 of R. The 𝜀𝜀𝑖𝑖 value is a residue-specific parameter that ranges between 84 

0 and 1 and is close to 0 for hydrophilic polar residues. Since we also study the interaction of R-DPRs 85 

with acidic molecules, we recalibrate the 𝜀𝜀𝑖𝑖 values of all charged residues, i.e. RDEK. The aim is to 86 

obtain an updated 1BPA force field that is more accurate for studying the properties of R-DPRs and 87 

their interaction with negatively-charged molecules.  88 

To update the 1BPA force field we slightly increase the 𝜀𝜀𝑖𝑖 values of charged residues to 0.005 (see Table 89 

S1), thus reducing the 𝑅𝑅h error for all the six FG-Nup segments with R content > 0.6% (see Fig. S1a). 90 

This choice of parameter for the relative hydrophobic strength of charged residues gives the best results 91 

in terms of the total average error and the minimum largest error in our calibration simulations with 16 92 

FG-Nup segments presented here and originally used for the calibration of 1BPA (2). The total average 93 

and the largest errors are found to be 8.3% and 21.1% in the 1BPA force field, and 7.5% and 17.1% in 94 

the updated 1BPA force field. The correlation mentioned earlier for an R content > 0.6% still exists in 95 

the updated 1BPA (red dashed line in Fig. S1a) which might be due to the absence of cation-π 96 

interactions between R and residues with aromatic rings in our force field. However, this has no effect 97 

on our simulation results since the DPRs and acidic molecules studied in this work contain no aromatic 98 

residues. A direct comparison between the two force fields is presented in Fig. S1b. At physiological 99 
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intracellular pH between 7 and 7.4, i.e more than three pH units away from the pKa values of Arginine 100 

and Aspartic acid, we assume R, D, E, and K to be fully charged (11). 101 

Complex coacervation of R-DPRs. The complex coacervation of polyelectrolytes is driven by a 102 

combination of enthalpic and entropic effects (12). Coulombic energy change and counterion release 103 

entropy are the main contributors to the free energy of complexation (13). In our single-molecule and 104 

phase separation simulations of R-DPRs with stretches of acidic amino acids, we account for the 105 

screening effect of ions, but similar to previous theoretical (14, 15) and coarse-grained models (16, 17) 106 

used to study complex coacervation, the effect of counterion condensation has not been considered in 107 

our modeling. Despite this limitation, our simulations capture the experimentally observed length-108 

dependence of 𝜌𝜌L (concentration of the dilute phase) and 𝜌𝜌H (concentration of the condensed phase) for 109 

polyelectrolytes (18). Here we compare the effect of Coulomb energy change and counterion release 110 

entropy for the complexation of R-DPRs with acidic molecules by calculating the Coulomb strength 111 

parameter as suggested by Ou and Muthukumar (13). In their study the Coulomb strength parameter Γ 112 

has been defined as  113 

Γ =
𝑙𝑙B
𝑙𝑙0

. 114 

Here 𝑙𝑙B = 𝑒𝑒2/4𝜋𝜋𝜖𝜖0𝜖𝜖𝑟𝑟𝑘𝑘B𝑇𝑇 is the Bjerrum length, where 𝑒𝑒 is the elementary charge, 𝜖𝜖0 is the vacuum 115 

permitivity, 𝜖𝜖𝑟𝑟 is the relative permitivity, 𝑘𝑘B is the Boltzmann constant, 𝑇𝑇 is the absolute temperature 116 

and 𝑙𝑙0 is the charge separation distance along a polymer chain. For Γ < 1 the entropic term is negligible 117 

and the complexation is driven by the change in the Coulomb energy, but for Γ > 1 the entropic term 118 

starts to play a more important role, for Γ < 1.5 the electrostatic attraction between the oppositely-119 

charged polyelectrolytes still predominantly drives the complexation, while the counterion release 120 

entropy only plays a subsidiary role. For Γ > 1.5, the contribution of the entropic term becomes more 121 

significant, until at Γ = 2.5 the complexation is completely driven by counterion release entropy (13). 122 

The charge separation distance 𝑙𝑙0 is 0.76 nm (two times the bond length) for R-DPRs, and 0.38 nm (the 123 

bond length) for acidic molecules. Using the average 𝑙𝑙0 = (0.76 + 0.38)/2 = 0.57 and 𝑙𝑙B ≃ 0.7 nm 124 

for water at 300 K, the Coulomb interaction parameter is found to be Γ = 1.23 that lies in the range 125 

where the Coulomb energy change plays a more significant role than the counterion release entropy, 126 

supporting our assumption to neglect the effect of counterion condensation. 127 

Simulations 128 

Single-molecule simulations. Langevin dynamics simulations are performed at 300 K and 129 

physiological salt concentration of 150 mM in NVT ensembles with a time-step of 0.02 ps and a 130 

Langevin friction coefficient of 0.02 ps-1 using GROMACS version 2016. Each simulation is performed 131 

for 3 µs and the last 1 µs is used to obtain the 𝜌𝜌L and 𝑅𝑅g. The Hydro++ program (19) is used to obtain 132 
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the 𝑅𝑅h values from the trajectories. The fits for 𝑅𝑅h in Fig. 1b are according to 𝑏𝑏𝑁𝑁𝜈𝜈. For 𝑅𝑅g we use the 133 

following equation for the fits in Fig. 1c (20): 134 

𝑅𝑅g =  �
2𝑙𝑙p∗𝑏𝑏

(2𝜈𝜈 + 1)(2𝜈𝜈 + 2)
𝑁𝑁𝜈𝜈 , 135 

Where 𝑏𝑏 = 0.38 nm and 𝑙𝑙p∗ = 0.40 ± 0.07 nm. The errors represent the changes in the scaling 136 

exponents for 0.33 < 𝑙𝑙p∗ < 0.47. 137 

The asphericity in Fig. 1d is calculated using the following equation(21): 138 

Asphericity = 1 − 3 〈
𝜆𝜆1𝜆𝜆2 + 𝜆𝜆2𝜆𝜆3 + 𝜆𝜆3𝜆𝜆1

(𝜆𝜆1+𝜆𝜆2 + 𝜆𝜆3)2
〉 139 

Where 𝜆𝜆1,2,3 are the eigenvalues of the gyration tensor. Asphericity is zero for a perfect sphere and is 1 140 

for a perfect rod.  141 

Droplet simulations and cluster size distribution analysis. Although the slab method can minimize 142 

the finite size effects and produce reliable values for the concentrations of the two phases, this method 143 

is not suitable for investigating the properties of the droplets such as the nucleation process, droplet size 144 

and interaction between droplets. Due to these limitations we also study the 3D droplet formation of 145 

DPRs. To perform droplet simulations the DPRs are placed in a cubic box of size 80 nm and then 146 

simulated for ≃ 3 𝜇𝜇s which is sufficient to reach the equilibrium state (Figs. 2a left panels, 3b, S4-S8). 147 

At equilibrium the number of the residues inside the condensed phase (droplet) and the radial density 148 

profile measured from the center of the droplet (e.g. Fig. S6) are well-converged. In our test simulations 149 

we observed no significant effect of the initial distribution of the molecules on the properties of the 150 

resulting droplets at equilibrium. The radial density profiles (Figs. 3c, S6) and cluster size distribution 151 

plots (Figs. S4a, S5) are time-averaged for at least 1 µs at equilibrium. Discrete cells of thickness 1 nm 152 

are used to obtain the radial density profiles. From the radial density profiles, one can obtain values of 153 

𝜌𝜌H from the flat region close to the center of the droplet, and 𝜌𝜌L from the region far from the droplet. 154 

However, to minimize the finite-size effects (22), we use slab method (see the next subsection ‘Slab 155 

simulations’) to obtain 𝜌𝜌H and 𝜌𝜌L. The droplet radius is obtained from the radial density profile and is 156 

the average position of the first point close to the low-density region with |𝑑𝑑𝜌𝜌/𝑑𝑑𝑑𝑑| ≤  2 − 5 mg/ml/nm 157 

(see dashed lines in Figs. 3c, S6). This term is the absolute value of the slope of the density profile which 158 

is close to zero where the density profile reaches the dilute phase region. Note that using |𝑑𝑑𝜌𝜌/𝑑𝑑𝑑𝑑| ≃159 

0 mg/ml/nm gives unrealistically large values for the droplet radius. We performed a sensitivity 160 

analysis for the critical value of |𝑑𝑑𝜌𝜌/𝑑𝑑𝑑𝑑| and observed that selecting slope limits between 2-5 mg/ml/nm 161 

results in a maximal change of 4% for all computed values for the droplet radius.  162 
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To generate the cluster size distribution plots in Figs. S4 and S5, two chains are considered to be in the 163 

same cluster if at least two residues of those chains come closer than 0.7 nm (23). In our cluster size 164 

distribution plots (Fig. S4a and S5) the horizontal axis is the logarithm of the number of residues inside 165 

a cluster (𝑆𝑆) and the vertical axis is the logarithm of the time-averaged number of the clusters (𝑁𝑁c). 166 

When phase separation occurs the curves are divided into two regions, a dilute phase containing free 167 

molecules and small clusters, and a condensed phase that exchanges molecules with the dilute phase. 168 

Slab simulations. The initial simulations are performed in cubic boxes of size 20 nm for poly-GA and 169 

25 nm for more extended R-DPRs. These box sizes ensure no interaction between DPRs and their 170 

periodic images for repeat lengths 𝑛𝑛 ≤ 100. For longer DPRs the box size is increased accordingly. For 171 

the initial equilibration simulations we followed the steps suggested in (24). After equilibration, the box 172 

is enlarged to a 10 times larger size than its initial value in the 𝑧𝑧 direction which is sufficient to reduce 173 

the finite-size effects and to obtain reliable values for 𝜌𝜌H and 𝜌𝜌L. The system is then simulated for ≃174 

3 𝜇𝜇s in an NVT ensemble to achieve convergence for the density profiles in the 𝑧𝑧 direction (Figs. 2b, 175 

S11, S12). The density profiles are calculated using discrete cells of thickness 1 nm and time-averaged 176 

for at least 1 µs at equilibrium. When the system undergoes phase separation, the averaged 177 

concentrations in |𝑧𝑧| < 4 nm region is used to obtain 𝜌𝜌H. To obtain 𝜌𝜌L we use the average concentrations 178 

in |𝑧𝑧| > 40 nm for poly-GA (Fig. 2b) and |𝑧𝑧| > 65 nm for R-DPRs (Figs. S11, S12). The simulation 179 

parameters are similar to the ones we used in the single-molecule and droplet simulations. From the slab 180 

simulations we also obtain the time-averaged exchange rates based on the fluctuations of the number of 181 

polymer units inside the condensed phases at equilibrium for around 1 µs (Table S1). To obtain the 182 

number of the molecules inside the condensed phases, we use cut-offs of 0.7 (23) and 0.9 nm for poly-183 

GA and poly-PR+poly-D. We use a larger cut-off value for the second case since the equilibrium 184 

distances between the oppositely-charged residues, determined by both electrostatic and hydrophilic 185 

interactions, are almost 0.2 nm larger than the one for non-charged residues in our coarse-grained force 186 

field (2). To obtain the exchange rates per unit area, we divide the exchange rate by 2 times the 𝑥𝑥𝑥𝑥-plane 187 

area of the slab box.  188 

Phase diagrams. The vertical axis in our phase diagram is the DPR repeat length and the horizontal 189 

axis is the concentration (Figs. 2a, 4a, S12). The phase diagram is obtained by connecting values of 𝜌𝜌L 190 

and 𝜌𝜌H computed from the slab simulations. To find the critical point, we begin with the smallest repeat 191 

length 𝑛𝑛1 that has produced converged 𝜌𝜌L and 𝜌𝜌H values. Then we perform slab simulation for repeat 192 

length of 𝑛𝑛−1 = 𝑛𝑛1 − 10 to calculate the time-averaged density profile for 1 µs after 3 µs of simulation 193 

time. If the calculated density profile for repeat length 𝑛𝑛−1 is almost flat, with small fluctuations in 194 

concentration Δ𝜌𝜌 = |𝜌𝜌max − 𝜌𝜌min| < 20 mg/ml, we report (𝑛𝑛1 + 𝑛𝑛−1)/2 as the critical repeat length. 195 

With this method we estimate the critical repeat length with an error of less than 5 repeats. Choosing 196 

any value larger than 20 mg/ml for Δ𝜌𝜌 does not change the critical repeat length. In each phase diagram, 197 
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for the region close to the critical point, a dashed spline that reaches its minimum at (𝑛𝑛1 + 𝑛𝑛−1)/2, 198 

(𝜌𝜌H(𝑛𝑛1) + 𝜌𝜌L(𝑛𝑛1))/2 is shown as a guide to the eye (Figs. 2a, 4a, S12). 199 

Potential of mean force (PMF) calculation. We use umbrella sampling simulations and the weighted 200 

histogram analysis method (WHAM) via the gmx wham utility of GROMACS to calculate the PMF 201 

associated with the binding of R-DPRs to the acidic molecules in Fig. S9. The distance 𝑑𝑑 between the 202 

center of masses of two molecules is considered as the reaction coordinate. For each window the 203 

simulation is conducted for 1 µs. We use Δ𝑑𝑑 = 0.1 nm for the distance between two windows. For 204 

details about the umbrella sampling method the reader is referred to (3, 25). 205 

Protein sequences 206 

Sequences of the disordered parts of NPM1 and NCL used in Fig. S10 are listed below. The negatively 207 

charged residues are shown in blue. 208 

 209 

NPM1120-240 

EEDAESEDEEEEDVKLLSISGKRSAPGGGSKVP
QKKVKLAADEDDDDDDEEDDDEDDDDDDFD
DEEAEEKAPVKKSIRDTPAKNAQKSNQNGKDS
KPSSTPRSKGQESFKKQEKTPKTPKG 

NCL1-300 

MVKLAKAGKNQGDPKKMAPPPKEVEEDSEDE
EMSEDEEDDSSGEEVVIPQKKGKKAAATSAKK
VVVSPTKKVAVATPAKKAAVTPGKKAAATPA
KKTVTPAKAVTTPGKKGATPGKALVATPGKK
GAAIPAKGAKNGKNAKKEDSDEEEDDDSEEDE
EDDEDEDEDEDEIEPAAMKAAAAAPASEDEDD
EDDEDDEDDDDDEEDDSEEEAMETTPAKGKK
AAKVVPVKAKNVAEDEDEEEDDEDEDDDDDE
DDEDDDDEDDEEEEEEEEEEPVKEAPGKRKKE
MAKQKAAPEAKKQKVEG 

 210 

 211 

 212 

 213 

 214 

 215 

 216 

 217 

 218 

 219 
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Supplementary figures 220 
Figure S1: Coarse-grained force field  221 
 222 

 223 

Figure S1: (a) Content of Arginine in FG-Nup segments plotted against their corresponding 224 

hydrodynamics radius error: (𝑅𝑅h,sim − 𝑅𝑅h,exp)/𝑅𝑅h,exp for 1BPA and the updated 1BPA force fields. 225 

The pink shaded band contains FG-Nups with R content < 0.6%. The black dashed line shows the 226 

correlation between the R content > 0.6% and the 𝑅𝑅h error in 1BPA. In the updated 1BPA force field 227 

the 𝑅𝑅h error is reduced for all FG-Nups with R content > 0.6%. The red dashed line shows the 228 

correlation between the R content > 0.6%  and the 𝑅𝑅h error in updated 1BPA. (b) A direct comparison 229 
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of the two force fields in predicting the hydrodynamic radius of FG-Nups. The total average and the 230 

largest errors are found to be 8.3% and 21.1% in the 1BPA force field, and 7.5% and 17.1% in the 231 

updated 1BPA force field. 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 

 256 

 257 

 258 

 259 

  260 

 261 
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Figure S2: Contribution of the backbone potentials to the size of the R-DPRs   262 
 263 

 264 

Figure S2: A comparison between the 𝑅𝑅h and 𝑅𝑅g of poly-PR and -GR (presented in Fig. 1b and 1c) and 265 
poly-PGR and -GPR. PG has the backbone rigidity of P and the hydrophobicity of G, GP has the backbone 266 
flexibility of G and the hydrophobicity of P. The error regions between the thin lines indicate half of the 267 
standard deviation.  268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 
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Figure S3: Comparison of the hydrodynamic radius of Proline-Arginine chains  287 
 288 

 289 

Figure S3: The 𝑅𝑅h value of poly-PR and three variants with different patterning of the Proline and 290 

Arginine residues. The bar chart at the right has been obtained using the equation reported in (7). 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 
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Figure S4: Phase separation of poly-GA  310 
 311 

 312 

 313 

Figure S4: Phase separation of poly-GA for a total concentration of 32.2 mg/ml. (a) Cluster size 314 

distribution of poly-GA 30 ≤ 𝑛𝑛 ≤ 100 at equilibrium. 𝑆𝑆 is the number of residues inside a cluster and 315 

𝑁𝑁c is the time-averaged number of the clusters. For comparison, the time-averaged number of free 316 

molecules is also included in this plot, indicated with a dashed line for each case. (b) The number of 317 

residues in the condensed phase (𝑆𝑆cp) plotted against time at equilibrium for GA100, GA80, and GA70. 318 

Horizontal dashed lines indicate the average values. Longer dipeptides form clusters containing more 319 

residues with lower exchange with the surrounding. (c) Time evolution for the phase separation of GA100 320 

starting from randomly distributed molecules in a cubic box of size 80 nm (left). A similar cluster size 321 

distribution analysis as presented in (a) at three different simulation times for GA100. For each data set 322 

the average of the last 20 ns is used.  323 

 324 

 325 
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Figure S5: Length- and concentration-dependent phase separation of poly-GA  326 
 327 

 328 

Figure S5: Cluster size distribution analysis of poly-GA at equilibrium for four different total mass 329 

concentrations of 32.2, 26.8, 22.3, and 14.9 mg/ml shows a length- and concentration-dependent phase 330 

separation. 𝑆𝑆 is the number of residues inside a cluster and 𝑁𝑁c is the time-averaged number of the 331 

clusters. For a fixed repeat length, increasing the concentration increases the average number of the 332 

molecules inside the condensed phase (see the results for GA80 and GA100).  333 

 334 

 335 
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Figure S6: Radial density profiles for GA100 droplets 336 
 337 

 338 

Figure S6: Radial density profiles for GA100 droplets for three different total mass concentrations. The 339 

shading indicates half of the standard deviations as error bars. The radius of the droplet is shown with 340 

dashed lines for each case. The inset figure shows the zoomed density profiles for 𝑑𝑑 ≥ 24 nm. The size 341 

of the droplet increases with increasing the total mass concentration. However, 𝜌𝜌H (the average 342 

concentration for 𝑑𝑑 < 4 nm) and 𝜌𝜌L (the average concentration for 𝑑𝑑 > 30 nm) remain unchanged.  343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 
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Figure S7: Number of free molecules of poly-GA at equilibrium 353 

 354 

Figure S7: Number of free molecules 𝑁𝑁free in the dilute phase plotted against the total concentration 355 

for different lengths of poly-GA. Filled markers are used when poly-GA molecules undergo phase 356 

separation. When phase separation occurs the 𝑁𝑁free drops. At a fixed concentration, 𝑁𝑁free is higher for 357 

shorter dipeptides. The data in the figure is obtained from the cluster size distribution curves of Fig. S5. 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 
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Figure S8: R-DPRs phase separation in the presence of poly-D    372 
 373 

 374 

Figure S8: Long chains of poly-PR and poly-GR are not capable of forming clusters. Adding acidic 375 

molecules (poly-D) induces the phase separation of R-DPRs (top). Time evolution for the phase 376 

separation of PR100 + D40 starting from randomly distributed molecules (bottom). The concentration ratios 377 

and the total concentration are 𝑑𝑑PR = 𝑑𝑑GR = 0.57 and 14.8 mg/ml for all cases.  378 

 379 

 380 

 381 

 382 

 383 

 384 

 385 

 386 

 387 

 388 

 389 

 390 

 391 
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Figure S9: PMF calculation for binding of R-DPRs to poly-D  392 
 393 

 394 

Figure S9: (a) PMF curves for binding of PR30 and GR30 to D60 indicates a larger free energy of binding 395 

of poly-GR to acidic molecules. The distance between the center of masses of two molecules is indicated 396 

with 𝑑𝑑. Due to the more compact conformation of poly-GR, its PMF curve vanishes at slightly shorter 397 

inter-molecule distances. Results for PGR30 and GPR30 binding to D60 show no significant change in the 398 

PMF curves. Note that PG has the backbone rigidity of P and the hydrophobicity of G and GP has the 399 

backbone flexibility of G and the hydrophobicity of P. All curves are normalized with the depth of the 400 

GR30–D60 binding free energy. (b) Time-averaged total number of contacts after binding of PR30 and 401 

GR30 to D60 at equilibrium using a cut-off of 2.5 nm. The contact of one residue in the R-DPRs with one 402 

residue in the acidic molecule is counted as one contact, see Movie S4 for short trajectories. 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 
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Figure S10: NCPR plots and poly-PR binding to the disordered regions of NCL and NPM1  414 
 415 

 416 

Figure S10: Top: Net charge per residue (NCPR) histograms for disordered parts of two nucleolar 417 

proteins: (a) nucleolin (NCL1-300) and (b) nucleophasmin (NPM1120-240). Blue arrows show acidic tracts 418 

with lengths ranging from 12 to 41. To find NCPR we use a sliding window containing 5 residues. 419 

Bottom: snapshots of binding of PR50 to NCL1-300 and NPM1120-240. Acidic tracts are indicated in cyan; 420 

PR chains comprise of red-green colored beads (as in Fig. 1a). The other aminoacids are given a range 421 

of colors according to their aminoacid type. 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

 431 
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Figure S11: Slab density profiles for phase separation of poly-PR with poly-D  432 
 433 

 434 

Figure S11: Slab density profiles for phase separation of poly-PR with acidic molecules of lengths 40 435 

and 100 for three different concentration ratios of 𝑑𝑑PR = 0.57, 0.62 and 0.67. These density profiles are 436 

used to obtain the coexistence phase diagrams in Fig. 4a. 437 

 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

 447 

 448 

 449 
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Figure S12: Comparison of the phase diagrams of poly-PR and poly-GR  450 
 451 

 452 

Figure S12: Coexistence phase diagram (left) and the corresponding slab density profiles (right) for 453 

phase separation of poly-PR and poly-GR with D100 for 𝑑𝑑PR = 𝑑𝑑GR = 0.62. With the same repeat lengths, 454 

poly-GR forms condensed phases with higher concentrations. 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 

 467 

 468 



21 
 

Supplementary tables 469 
 470 

Table S1: The relative hydrophobic strength values of charged residues  471 
 472 

Amino acid R D E K 

𝜀𝜀𝑖𝑖 (1BPA) 0 0.0005 0.0005 0.0005 

𝜀𝜀𝑖𝑖 (updated 1BPA) 0.005 0.005 0.005 0.005 

 473 

Table S1: The relative hydrophobic strength 𝜀𝜀𝑖𝑖  values of charged residues in the 1BPA force field (1, 474 

2) and updated 1BPA force field (the current paper). 475 

 476 

 477 

 478 

 479 

 480 

 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 
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Table S2: Time-averaged exchange rates  493 
 494 

Poly-GA repeat 

length 

Exchange rate 

(ns-1) 

Exchange rate 

per unit area  

×104 (ns-1nm-2) 

Poly-PR repeat 

length 

Exchange rate 

(ns-1) 

Exchange rate 

per unit area  

×104 (ns-1nm-2) 

55 4.01 50.19 30 4.71 37.72 

60 3.33 41.69 35 2.38 19.04 

70 1.63 20.32 40 1.56 12.47 

80 0.94 11.76 50 0.43 3.41 

100 0.37 4.63 100 0.02 0.14 

 495 

Table S2: The exchange rates between the condensed and dilute phases of poly-GA and poly-PR with 496 

different repeat lengths using the slab simulations presented in Fig. 2 and Fig. 4. The details are provided 497 

in the section ‘Simulations’ of the supplementary information. For poly-PR the exchange rates are 498 

reported for poly-PR phase separation with D40 and 𝑑𝑑PR = 0.62.  499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 

 507 

 508 

 509 

 510 

 511 

 512 
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Supplementary movies 513 
 514 

Movie S1: Phase separation of GA70 (left), GA100 (middle) and GA140 (right). For better visualization, 515 
in each simulation, 10 random molecules of poly-GA are indicated in red. 516 

Movie S2: Single-molecule simulation of PR20 (left), GR20 (middle), and GA20 (right). 517 

Movie S3: Fusion of two liquid droplets formed by PR100 and D40 with a poly-PR concentration ratio of 518 
𝑑𝑑PR = 0.57. 519 

Movie S4: Binding of PR30 (left) and GR30 (right) to D60. 520 

 521 
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