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ONE SENTENCE SUMMARY

We summarize the intricate roles of sticker and spacer amino acids of C9ORF72-dipeptide repeat proteins in the toxic-
ity and targeting to membraneless organelles.

ABSTRACT

C90ORF?72, one of the most common genes implicated in amyotrophic lateral sclerosis and frontotemporal dementia,
induces neurodegeneration through various pathways. The most notable is interference through liquid-liquid phase sep-
aration (LLPS). LLPS is a biophysical phenomenon involved in many fundamental biological processes, such as the
formation of membraneless organelles (MLOs), transcription, and nucleocytoplasmic transport. The Arg-rich dipeptide
repeat proteins (R-DPRs) produced from the aberrant C9ORF72 gene are highly charged and are incorporated into the
phase-separated MLOs, inhibiting their functions. However, the detailed molecular mechanism remains to be eluci-dated.
Recently, we analyzed the structure-function relationship of R-DPRs and clarified the mechanism by which the sticker Arg
and the spacer Pro/Gly regulate cytotoxicity and subcellular localization. Natural R-DPRs contribute to the localization of
specific MLOs. In this review, we discuss the roles of the sticker and spacer of R-DPRs in the LLPS and how they regulate
subcellular localization, protein-protein interaction, and neurotoxicity.

Key words: Amyotrophic lateral sclerosis (ALS); C9ORF72; membraneless organelle (MLO); Arg-rich dipeptide repeat protein;
liquid-liquid phase separation (LLPS)

INTRODUCTION thousands of HREs™". There is some debate on how many repeats

are pathogenic, but longer than 200 repeats are considered definitely

Neurodegenerative diseases are characterized by progressive degen-  pathogenic’.
eration of specific types of neurons. Amyotrophic lateral sclerosis Various hypotheses have been proposed to explain why HRE can
(ALS) is the most common motor neuron disease accompanied by lead to ALS/FTD:

the progressive loss of both upper and lower motor neurons.
Frontotemporal dementia (FTD) causes cognitive dysfunction and |
personality disorders. Both diseases are categorized into the ALS-
FTD spectrum because of the overlap of causative genes, similar- 2.
ities in pathology, and the existence of patients who develop both
clinical manifestations'. Mutations in the COORF72 gene account 3
for approximately 40% of familial ALS and 25% of familial FTD
cases and are present in approximately 5—10% of patients with spo-

. Loss of function due to decreased translation of COORF72 pro-

tein by HREC.

HRE DNA/transcript toxicity due to the capture of DNA/

RNA-binding proteins’.

. Neurotoxicity induced by dipeptide repeat proteins (DPRs) trans-
lated via repeat-associated non-ATG translation (RAN-T)™’.

radic ALS and 5% of patients with sporadic FTD” *. Therefore,
C90ORF72 is one of the most important causative genes in ALS and
FTD. All C9ORF72-related ALS/FTD (C9-ALS/FTD) patients
have the same type of mutations, abnormal expansions of
GGGGCC hexanucleotides (hexanucleotide repeat expansion:
HRE) in intron 1 of the gene. While normal individuals have <25
hexanucleotide repeats, C9-ALS/FTD patients have hundreds to
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In this review, we focused on the toxicity of DPRs. Among these
C9-DPRs, Arg-containing poly(PR) and poly(GR) (Arg-rich DPRs,
R-DPRs) are highly toxic in vitro and in vivo™'>. However, the
detailed molecular mechanisms remain to be evaluated. We recently
analyzed the structure-function relationships of R-DPRs and
revealed the complicated roles of the sticker (Arg) and spacer (Pro/
Gly); this is discussed in this review.
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C9-R-DPRs targeting organelles
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Figure 1. C9-R-DPRs localize to MLOs and impede their function
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The left panel shows the subcellular localization of C9-DPRs and the organelles impeded by them, and the right panel shows a schematic of the affected intracellular organelles.

DPRs are produced from C9ORF72 through RAN translation
Repeat expansions are reported in several neurodegenerative dis-
ease-causing genes, such as Huntingtin and Ataxin-2">. In most
cases, repeat expansions are located in the introns or untranslated
regions (UTR). However, CAG repeats sometimes exist in the cod-
ing region, resulting in the translation of the poly-Gln (poly-Q)
sequence'’. In addition to poly-Q translated from the in-frame
(CAG) codon, poly-Ala (poly-A) and poly-Ser (poly-S), which cor-
respond to the AGC (+ 1) and GCA (+2) frames, respectively,
have been detected in these poly-Q diseases'> 7. These were ini-
tially believed to be errors in the translation of poly-Q. However, in
2010, a novel translational machinery called repeat-associated non-
ATG translation (RAN-T) was identified'®, revealing that these
homopolymeric proteins are produced from repeat sequences in
CAG triplet diseases via RAN-T'’. The precise mechanism by
which RAN-T proceeds independent of the start codon and is
enhanced by the length of the repeats remains to be elucidated. The
RAN-T of the C9ORF'72 repeat expansion depends on the phospho-
rylation level of elF2a by double-stranded RNA-dependent protein
kinase (PKR)* and is enhanced by the integrated stress
response” >*. Since the discovery of RAN-T, various homopoly-
meric proteins have been shown to be translated via RAN-T, includ-
ing C9ORF72%.

Five DPRs, poly(Gly-Ala: GA), poly(Pro-Arg: PR), poly(Gly-
Arg: GR), poly(Gly-Pro: GP), and poly(Pro-Ala: PA), are translated
from the sense (GGGGCC)n and antisense (CCCCGG)n of the
C90ORF72 HRE. Mori et al. detected these C9-DPRs in the central
nervous system of C9-ALS/FTD patients™>*. The tissue distribu-
tion profile of poly(GR), in particular, is consistent with the affected
lesions in C9-ALS/FTD*’, and poly(GP) in the cerebrospinal fluid
is a potential biomarker”® that could be used in the evaluation of
therapeutics in clinical trials®’**. RAN-T from elongated repeat
sequences has been thought to occur only under pathological condi-
tions; however, poly(Val-Arg: VR) and poly(Gly-Leu: GL) are
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translated from mammalian telomeric RNA (TTAGGG)n™". This
suggests that RAN-T plays an important role in the production of
unidentified homopolymeric proteins from endogenous microsatel-
lites and recurrent repeat expansion detected in cancerous tissues™’.
C9-R-DPRs are toxic in vitro and in vivo

Although the physiological significance of C9-DPRs is unknown,
Kwon et al. reported that synthetic (PR),o and (GR),, peptides pen-
etrate the plasma membrane, accumulate in the nucleolus, inhibit
RNA metabolism, and induce cell death’. Mizielinska et al. demon-
strated that poly(PR) and poly(GR) of C9ORF72-derived DPRs
induce retinal degeneration in a drosophila model®. Wen et al.
examined the toxicity of these five DPRs and showed that R-DPRs,
especially poly(PR), were highly toxic in vitro and in vivo using pri-
mary cortical neurons and a drosophila model'’. In addition to
R-DPRs, poly(GA) exerts modest toxicity in vitro®' and in vivo™
via the formation of detergent-insoluble aggregates’”, inhibition of
proteasome’”, and DNA damage through the sequestration of phos-
phorylated ATM?".

Interactome analysis showed that R-DPRs bind to RNA and
RNA-binding proteins and that (PR),o and (GR),o peptides in-
hibit protein translation, using an in vitro translation assay and
neuronal cells®®. Lee et al. expressed GFP-(PR)s, and GFP-
(GR)sp in HeLa cells and confirmed that both inhibited protein
translation®”. Zhang et al. found that poly(GR) impairs protein
translation and stress granule dynamics in the brain of a poly(GR)
transgenic mouse model''. Thus, the inhibition of protein trans-
lation is an important part of the cytotoxic mechanism of
R-DPRs. However, the molecular mechanisms underlying the sup-
pression of protein translation by R-DPR remain unclear. We previ-
ously demonstrated that R-DPRs suppress RNA transcription’®
and RNA processing’’. R-DPRs are also reported to clog the ribo-
some tunnel®® and induce ribosome stalling’’. In addition to the in-
hibition of protein translation, R-DPRs exhibit a variety of toxic
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Figure 2. Toxicity of R-DPR depends on the alternate distribution of Arg

(A) Sequences of Arg-rich cell-penetrating peptides. Blue letters represent basic amino acids. Their toxicity was examined in NSC34 cells*”.
(B) Structures of (PR), variants with different sizes of repeats (repeat size: t = 2, 4, 8, 24).
(C) The left panel is a schematic of molecular interaction between PnRn or (PR)n and acidic molecules. The right panel shows the biochemical features of PnRn and (PR)n.

effects on various processes, including axonal transport’’, RNA
splicing’, RNA editing®', and mitochondrial respiratory chain com-
plex function and ATP production***’; in addition, they promote
the aggregation of TAR DNA-binding protein (TDP-43)** and
impair membraneless organelle (MLO) dynamics™. Owing to
the positive charge of Arg, poly(PR) and poly(GR) are readily
incorporated into MLOs that are rich in negatively charged nu-
cleic acids, interfering with their function. The functions of a vari-
ety of MLOs are disrupted by C9-R-DPRs. Examples include the
inhibition of phase separation of the heterochromatin component,
HP1o'?, inhibition of nucleolus and stress granule dynamics™*,
induction of nucleolar stress and activation of p53*°, failure of Cajal
bodies,*” and impaired nucleocytoplasmic transport due to disrup-
tion of the nuclear pore complex*”*® (Fig. 1). This vast variety of
toxic effects raises a fundamental question: “Why are poly(PR) and
poly(GR) so toxic?”. However, the molecular mechanisms underly-
ing the toxicity of poly(PR) and poly(GR) have not yet been

determined.

The distribution of Arg controls intermolecular interactions with
acidic molecules and liquid-liquid phase separation and
determines the toxicity of poly(PR)

The inhibition of protein translation by (PR),o and (GR),, suggests
this could be a general property of Arg-rich peptides. Arg-rich pep-
tides are studied as drug delivery systems (DDS) owing to their
membrane permeability; not all Arg-rich peptides are toxic*’. For
example, the TAT peptide (GRKKRRQRRRPPQ) derived from the
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human immunodeficiency virus penetrates the plasma membrane
without exhibiting toxicity; it is called a cell-penetrating peptide
(CPP)*°. All Arg-rich CPPs, including the TAT peptide, R, peptide,
Flock house virus peptide (FHV: RRRRRRNRTRRRNRRRVR)™!,
and the (PR)o peptide, penetrate the plasma membrane™. How-
ever, among these CPPs, only (PR),, inhibits protein translation and
decreases cell viability, indicating that not all Arg-rich peptides in-
hibit protein translation and that poly(PR) and poly(GR) are more
likely to inhibit protein translation by obtaining a toxic property
(Fig. 2A). The influence of the length of poly(PR) in suppressing
protein translation was examined; the longer the poly(PR), the
higher the toxicity. It was also found that (PR);,, which contains 12
Arg residues, inhibits protein translation, whereas R,, with exactly
the same number of Arg residues, does not’*?. This suggests that
(PR);, acquired the properties necessary to inhibit protein transla-
tion through the alternate insertion of Pro into R5.

To elucidate the molecular mechanism, (PR);, mutants with dif-
ferent repeat sizes were synthesized, and their effects on protein
translation were investigated®® (Fig. 2B). (PR);» suppressed protein
translation; however, the inhibitory effect weakened as the repeat
size increased, and no protein translation suppression was observed
with Pj,R 5 (Fig. 2B). These results indicate that the distribution of
Arg plays an important role in determining poly(PR) toxicity and
that alternate insertion of Pro into contiguous Arg is important for
the inhibition of protein translation. Although differences in their
interactome may determine whether protein translation is inhibited,
the abundant positive charge derived from Arg is the driving force



(X-R/K) motif in the natural protein
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Figure 3. (X-R/K) repeats function as MLO-targeting signals

(A) Examples of (X-R/K) motif in human proteome. Red letters represent acidic amino acids and blue letters represent basic amino acids, respectively.
(B) Proteins containing five or longer (X-R/K) repeats are highly enriched in MLO proteome.

(C) Amino acid occurrence in five or longer (X-R/K) repeats in the human proteome.

(D) The Pearson correlation coefficient (PCC) of GFP-(XR)s, and a nucleolar marker NPM1 (10 images/each)’”.

behind the protein-protein interactions, suggesting that the (PR);,
interactome is qualitatively similar to the R, interactome.
Quantitative proteomic analysis identified approximately 2000
interacting proteins for each peptide, and the (PR);, interactome
and Rj, interactome were qualitatively similar, as expected.
However, the insertion of Pro dramatically altered the signals of
some interacting proteins, increasing the signal intensity up to thou-
sands of fold compared to that of Ry,. This quantitative increase in
the interactome reflects the enhancement of multivalent protein-
protein interactions, indicating that a single (PR);, peptide can
quantitatively capture more interacting proteins than R,. To eluci-
date this mechanism, we characterized the enriched interactome in
the (PR);, group and found that it contained more acidic amino
acids, Glu and Asp, and that more enriched proteins tended to have
longer acidic stretches. The positively charged poly(PR) and the
large number of negatively charged acidic amino acids in the inter-
actome led us to speculate that poly(PR) and acidic proteins attract
each other via electrostatic forces, resulting in liquid liquid phase
sepration (LLPS). When (PR),, and the acidic peptide poly-E were
mixed, (PR);, and poly E underwent LLPS, but P;,R;, did not,
indicating that LLPS was promoted by the alternating distribution
of Arg charges. Interestingly, the fluorescence recovery after photo-
bleaching (FRAP) showed that the FRAP recovery rate was higher
for (PR);, droplets with alternating Arg distributions; greater perio-
dicity resulted in lower FRAP recovery rates’®. Therefore, the bind-
ing energies of (PR);, with alternating Arg distribution to acidic
molecules were lower than those of P1,R |, with a continuous Arg
distribution. This was experimentally confirmed, and it was con-
cluded that the alternating distribution of Arg is not advantageous
for the binding energy but is advantageous for the formation of mul-
tivalent interactions. Although 1:1 binding is weak, multivalent
binding promotes phase separation, which could allow (PR);, to
incorporate more essential proteins into phase-separated droplets

and suppress these functions. Therefore, the distribution of the
sticker Arg is a critical determinant of the manner of LLPS with
acidic molecules®® (Fig. 2C).

Next, the roles of spacer amino acids were investigated®’.
There was a significant difference between the inhibitory effects
of (PR);, and (GR);, on protein translation’”. (PR), strongly
inhibits protein translation, whereas (GR);, does not. When the
repeat length is increased, (PR),q suppresses protein translation
more strongly, whereas (GR),o suppresses protein translation
mildly**°%. We focused on quantitative differences between the
interactomes of poly(PR) and poly(GR). The (PR);, and (GR);»
interactomes are qualitatively similar but quantitatively very dif-
ferent®®. In particular, the signal intensities of acidic proteins
were hundreds of times higher in the (PR),, interactome than that
in the (GR);, interactome. The interactome of (GR);, qualita-
tively and quantitatively resembled that of Ry,. This difference in
the interactome is caused by the different roles of the spacer
amino acids, Gly and Pro. Gly has a very small hydrogen atom as
its side chain and a small steric hindrance, while Pro has a five-
membered pyrrolidine ring with greater steric hindrance and is
structurally rigid. To investigate how these factors enhance the
poly(PR) interactome, we synthesized (XR);, peptides (where X
represents all amino acids) and performed immunoprecipitation
analyses. Among the various spacer amino acids, only Pro pro-
moted highly multivalent interactions, independent of the size of
the side chain and hydrophobicity. Restriction of the free move-
ment of Arg by Pro resulted in Arg being unable to align well
with the contiguous acidic sequence. Consequently, Arg binds
weakly to a large number of molecules. When the flexible struc-
ture of Gly is used as a spacer, the movement of Arg is not re-
stricted, the alignment with the contiguous acidic sequence is
well established, and poly(GR) binds tightly to fewer molecules.
Thus, we conclude that the spacer amino acid determines the
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Figure 4. The charge distribution controls the protein targeting to specific MLOs
(A) Schematic diagrams of (XR)s, mutants. X,R, was added to the C-terminus of (X;¢R¢)3 to adjust the number of Arg to 50.
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(B) Subcellular localization of the GFP-(DR)s, mutants (indicated in green) in HeLa cells. Nucleoli were visualized with CoraLite555-conjugated anti-NPM1 antibody (indicated

in magenta). Scale bar: 10 pm.

(C) (Left) Subcellular localization of full-length human SNRNP70 harboring wild-type (wt) R-MCD or blocky R-MCD (block). The black line indicates the position of R-MCD.
(Right) Subcellular localization of wt-SNRNP70-MCD and blocky SNRNP70-MCD. Nucleoli were visualized using CoraLite555-conjugated anti-NPM1 antibody (indicated in
magenta).

(D) Subcellular localization of GFP-(PR)so, GFP-(QR)s0, and GFP-(YR)so and their blocky mutants in HeLa cells. Nucleoli were visualized using CoraLite555-conjugated anti-
NPMI1 antibody (indicated in magenta).

(E) Subcellular localization of GFP-US11-wt and GFP-US11-block (left), and GFP-RPL29-wt and GFP-RPL29-block (right). Nucleoli were visualized using CoraLite555-conju-
gated anti-NPM 1 antibody (indicated in magenta).

(F) Subcellular localization of proportional mutants of GFP-(PR)so and (GR)s, in HeLa cells. Nucleoli were visualized using CoraLite555-conjugated anti-NPM1 antibody (indi-

cated in magenta).

binding energy and multivalency of binding by controlling the
movement of the sticker Arg®’.

Natural Arg-rich motifs promote protein-targeting to MLOs
MLOs are organelles that do not contain lipid membranes. Their
main components are proteins and nucleic acids, particularly RNA-
binding proteins and RNA™. The most important difference
between a classical membranous organelle and an MLO is whether
substances can move freely between the boundaries of the organ-
elle. This is due to the presence or absence of a lipid membrane, and
the mobility is controlled by interactions between the MLO compo-
nents. Charged proteins can easily associate with MLOs because of
the ease of intermolecular interactions™. Proteins containing GGR
or GR motifs, often found in RNA-binding proteins, easily migrate
to MLOs such as nucleolus™.

To elucidate the role of natural Arg-rich sequences in the distribu-
tion of MLOs, the subcellular localization of proteins containing nat-
ural poly(X-R/K) repeats was analyzed®’. Data mining from the
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UniProt database revealed that proteins harboring five or more (X-R/K)
repeats tended to migrate to MLOs, such as the nucleolus, nuclear
speckle, and nuclear promyelocytic leukemia (PML) bodies involved
in the replication of DNA and cellular senescence™, suggesting that
sequences with alternating Arg function as a targeting signal for
MLO (Fig. 3A and 3B). Amino acid occurrence in the natural (X-R/K)
repeats showed that Asp, Glu, and Ser were highly enriched in
sequences containing more than five repeats (Fig. 3C). To determine
the role of the spacer amino acid of poly(XR) in MLO targeting, we
generated (XR)so mutants (where X represents all amino acids) and
investigated their subcellular localization. Most of the (XR)sqo
mutants are localized to the nucleolus as well as (PR)sq (Fig. 3D).
Poly(XR) tends to migrate to the nucleolus. What would happen
if an acidic spacer was inserted to neutralize the Arg charge? Greig
et al. expressed the Asp/Arg repeat-enriched fungal SPA-5 protein
in mammalian cells and found that it localized to the nuclear
speckle, prompting them to focus on the poly(RD) sequence’’. The
poly(RD) sequence has alternate acidic Asp and basic Arg, and its
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Figure 5. Differential toxicity and localization of poly(PR) and poly(GR) based on the sticker and spacer model.

overall charge is neutral. Poly(RD) accumulates in the nuclear
speckle rather than in the nucleolus, and natural proteins containing
poly(RD) migrate to the nuclear speckle (Fig. 3A). Interestingly,
poly(ER), a sequence with alternate of Glu and Arg, which is
another acidic amino acid, did not localize to the nuclear speckle,
nor did poly(KD), a sequence with alternate Asp and Lys, which is
a basic amino acid like Arg. It remains to be elucidated why Glu
has a different effect than Asp. The difference between Arg and Lys
is likely due to the characteristics of Arg. The guanidinium ion of
Arg harbors three planar nitrogen groups that allow the simultane-
ous formation of electrostatic, pi-pi, and cation-pi interactions. Poly
(RS)-containing alternate Ser, which can be phosphorylated in the
cell, migrates to the nuclear speckles as poly(DR), and poly(SR)
sequences are significantly enriched in nuclear speckle proteins.
The reason for the accumulation of poly (DR) in nuclear speckles
remains unknown. We created mutants of (DR)sq with different
charge distributions without changing the total number of Asp and
Arg residues, and analyzed the localization of these mutants™®. The
(DR)so mutant, with a blocky charge distribution, shifted its local-
ization from nuclear speckles to the nucleolus (Fig. 4A and 4B).
This phenomenon was confirmed in natural nuclear speckle-associ-
ated proteins such as the small nuclear ribonucleoprotein U1 subunit
70 (SNRNP70-full length). Wild-type (wt) full-length SNRNP70
and SNRNP70-MCD (mixed-charge domain) were localized to nu-
clear speckles, but SNRNP70 with a blocky charge shifted its local-
ization from nuclear speckles to the nucleolus (Fig. 4C). The
(DR),, synthetic peptide did not phase-separate with RNA or
polyE, whereas the Di,R;, peptide phase-separated with RNA,
polyE, and the nucleolar protein, NPM 1. Both the nucleolus and nu-
clear speckles contain RNA; however, as indicated by the strong
signal detected when intracellular RNA is stained, the nucleolus
contains much more RNA than nuclear speckles, and the electro-
static force derived from the abundant RNA could strongly attract

successive Arg. (DR)sy could escape electrostatic attraction from
RNA because Asp and Arg cancel each other’s charges. However,
the mechanism by which (DR)s specifically accumulates in the nu-
cleus remains unclear. The zwitterionic structure may favor specific
interactions with SON and SRRM2, which are scaffold proteins of
nuclear speckles®® or other components of the nuclear speckle.
Differences in the intra-organelle environment, such as the hydro-
phobicity and density of aromatic compounds, could also have an
effect.

When (PR)s, and (GR)so were expressed in HeLa cells or motor
neuronal NSC34 cells, (PR)so was almost exclusively confined to
the nucleolus, whereas (GR)so localized mainly to the cytoplasm
and nucleolus, although exclusive cytoplasmic localization was of-
ten observed®’. The presence of clustered basic amino acids is im-
portant for nucleolar localization® %, however, (GR)so, despite
having the same number of Arg residues as (PR)sq, localizes mainly
to the cytoplasm rather than to the nucleolus, suggesting the exis-
tence of a mechanism other than the presence of basic amino acids
that regulates its localization to the nucleolus.

We created a (PR)so mutant with the same positive charge but dif-
ferent charge distribution and examined its subcellular localization.
Despite having the same net charge as (PR)sg, (P1¢R16); Was exclu-
sively localized in the cytoplasm (Fig. 4A and 4D). This phenom-
enon was also observed for (QR)so and (YR)so, which were
localized to the nucleolus, as well as for (PR)sq (Fig. 4D).

We tested whether this rule could be applied to natural proteins.
The US11 protein of herpes simplex virus (HSV) type 1 has 24
repeats of the (X-P-R) sequence and localizes to the nucleolus®™,
but when we changed the distribution of Arg, the US11 mutant
localized to the cytoplasm (Fig. 4E). Human ribosomal protein L29
(RPL29) contains repetitive basic amino acids and localizes to the
nucleolus and cytoplasm®*. However, by changing the distribution
of basic amino acids without altering the net charge, the RPL29
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mutant was localized to the cytoplasm (Fig. 4E). Therefore, we
hypothesized that the spacer separates the charge of the consecutive
Arg residues, thereby interfering with strong binding between suc-
cessive Arg residues and cytoplasmic molecules, allowing Arg to
migrate to the nucleolus. In the case of Gly, the small steric hin-
drance allows Arg to move freely; therefore, Gly cannot separate
the Arg charge sufficiently, resulting in the cytoplasmic localization
of (GR)sy. If there are two Gly residues between Arg residues, they
separate the Arg charge well, and (G,R)s localizes to the nucleo-
lus’” (Fig. 4A and 4F).

Sticker and spacer model for phase separation

Arg acts as a sticker, whereas Pro and Gly act as spacers. Arg in a
contiguous arrangement can form a good alignment with acidic
molecules, and its binding strength is strong, but less multivalent.
Gly has a small side chain and causes less steric hindrance to the
neighboring amino acids. Owing to this high binding energy, poly
(GR) binds strongly to cytoplasmic molecules immediately after
translation in the ribosome and cannot migrate to the nucleolus”’.
However, when Pro is inserted, its rigid nature inhibits alignment
with nearby contiguous acidic sequences and each Arg could have
more opportunities to bind to different acidic molecules, resulting in
the formation of weak multivalent interactions. Poly(PR) could
interact with more molecules via these multivalent interactions.
Poly(PR) may be more likely to be involved in acquiring strong tox-
icity through this multivalent interaction by supplementing more
molecules into the droplet. In other words, the balance between the
sticker and spacer controls the multivalency and binding energy of
the protein-protein interaction (Fig. 5). Furthermore, the spacer con-
trols the distance between neighboring stickers and the degree of
separation of the sticker Arg, thereby regulating the localization of
R-DPRs to the nucleolus (Fig. 5). However, these results were
obtained using relatively short R-DPRs, whose characteristics could
differ from the physiological characteristics of R-DPRs with hun-
dreds to thousands of repeats observed in ALS pathology®. In the
case of R-DPRs with relatively short repeats (20- or 50-repeat), poly
(PR) was more capable of forming multivalent protein interactions
than poly(GR). However, in R-DPRs with >1000 repeats, the num-
ber of Arg residues is sufficiently large that the interaction could be
as multivalent as that in poly(PR). Strong binding by poly(GR) could
induce higher toxicity; further studies are warranted to elucidate this.

CONCLUSION

Several neurodegenerative disease-related proteins undergo LLPS;
therefore, it is believed to play a critical role in the pathogenesis of
neurodegenerative diseases. To understand LLPS, the sticker and
spacer model was proposed”’. It is clear that the sticker and spacer
determine whether LLPS occurs; in addition, their position and type
modulate protein-protein interactions and subcellular localization,
eventually controlling the toxicity pathways. We hope that these
studies on LLPS will help identify a cure for ALS.
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