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Article
Phase Separation of Toxic Dipeptide Repeat
Proteins Related to C9orf72 ALS/FTD
Hamidreza Jafarinia,1 Erik van der Giessen,1 and Patrick R. Onck1,*
1Zernike Institute for Advanced Materials, University of Groningen, Groningen, the Netherlands
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 �ve 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 signi�cant
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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Phase Separation of C9orf72 DPRs
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 �exibility 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 �eld (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 �t 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 Rg f
Nn (55) leads to scaling exponents of n … 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 … 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 �elds (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 �exible
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 … 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 �brils 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 �nal transition
into relatively stable aggregates or higher-order b-type
Biophysical Journal 119, 843–851, August 18, 2020 845
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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 �eld
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 … 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 �ndings suggest that the LLPS of poly-GA pre-
cedes the formation of insoluble aggregates (21,22,25) and
could be the �rst 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 … 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).
SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2020.07.005.
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