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Activity-dependent translation requires the transport of mRNAs
within membraneless protein assemblies known as neuronal gran-
ules from the cell body toward synaptic regions. Translation of mRNA
is inhibited in these granules during transport but quickly activated in
response to neuronal stimuli at the synapse. This raises an important
question: how does synaptic activity trigger translation of once-
silencedmRNAs? Here, we demonstrate a strong connection between
phase separation, the process underlying the formation of many
different types of cellular granules, and in vitro inhibition of trans-
lation. By using the Fragile X Mental Retardation Protein (FMRP), an
abundant neuronal granule component and translational repressor,
we show that FMRP phase separates in vitro with RNA into liquid
droplets mediated by its C-terminal low-complexity disordered region
(i.e., FMRPLCR). FMRPLCR posttranslational modifications by phosphor-
ylation andmethylation have opposing effects on in vitro translational
regulation, which corroborates well with their critical concentrations
for phase separation. Our results, combined with bioinformatics evi-
dence, are supportive of phase separation as a general mechanism
controlling activity-dependent translation.

phase separation | activity-dependent translation | translational
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Local translation at the synaptic region of neurons occurs in
response to neuronal activity and is referred to as activity-

dependent translation (1). This process regulates synaptic strength
and facilitates synaptic plasticity and long-term memory formation
(2). Dysfunction in activity-dependent translation is a common
pathological mechanism for neurodegenerative (3) and neuro-
developmental disorders (4). Therefore, understanding this process
will provide important insights into a diverse set of diseases.
Neurons control activity-dependent translation by sorting and

packaging mRNAs into non–membrane-bound protein assemblies
known as neuronal granules (5, 6). These granules transport
mRNAs from the neuronal cell body toward the synaptic terminals;
mRNA translation is inhibited during transport and then activated
in response to stimuli at the synapse (1, 2). It is currently not well
understood how mRNAs that were once translationally silent within
neuronal granules become translationally active in an activity-
dependent manner. Experiments performed by the Singer labo-
ratory showed that β-actin mRNA is packaged into neuronal
granules, which undergo cycles of assembly and disassembly in
response to neuronal stimuli (7, 8); assembly of granules “masks”
mRNAs from translation, while disassembly of granules releases
mRNAs for localized translation (7, 8). Thus, activity-dependent
translation is hypothesized to require reversible granule formation
(7, 8). Although different signaling pathways have been shown to be
involved in activity-dependent translation (9, 10), mechanistic de-
tails explaining how neuronal granules can reversibly assemble in a
stimulus-dependent manner remain unclear.
Intracellular RNA granules, including neuronal granules, are

formed by phase separation (11–13). This process concentrates

RNA-binding proteins and RNAs into condensed membraneless
compartments, which have been described as intracellular puncta,
foci, granules, membraneless organelles, or ribonucleoprotein
(RNP) particles. Critical to phase separation are synergistic multi-
valent interactions, which are facilitated by the modular structure of
RNA-binding proteins containing multiple folded RNA-binding
domains along with intrinsically disordered regions (IDRs) with
low-complexity sequences (14, 15). Between RNA-binding proteins
and RNAs, multivalent interactions can arise in multiple ways (14–
18): folded RNA-binding domains, such as RRM (RNA Recogni-
tion Motif) or KH (K Homology) domains, binding to RNA; RNA
interacting with RNA; IDRs containing short linear motifs, such as
arginine-glycine–rich (RGG) motifs, interacting with RNA; and
IDRs interacting with other IDRs. By using these principles, dif-
ferent RNA granules have been modeled in vitro by phase sepa-
ration of specific RNA-binding proteins (19–22). For example,
studies examining phase separation of stress granule-associated
RNA-binding proteins, including FUS (23–28), hnRNPA1 (29),
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TDP-43 (30–32), and TIA-1 (33), have provided valuable in-
formation regarding stress granule formation, dynamics, path-
ological disease states, and therapeutic reversal of pathologic
processes. However, to our knowledge, this approach has not
been applied to study the functional role of neuronal granules,
including granule assembly and disassembly, the regulation of
activity-dependent translation, and neuronal granule dysfunc-
tion related to neurodevelopmental disorders.
The Fragile X Mental Retardation Protein (FMRP) is an

abundant RNA-binding protein found within neuronal granules
(34–36), and is predicted from its sequence composition to phase
separate (37). Previously, smaller FMRP protein fragments have
been demonstrated to phase separate in vitro (37, 38). FMRP is
multifunctional and is involved in numerous processes, including
pre-mRNA processing (39), neuronal granule transport (40), trans-
lational regulation (41), and ion channel binding (42). However,
its canonical and best-studied role is to repress translation in a
phosphorylation-dependent manner via activity from neuronal G
protein-coupled receptors, such as the metabolic glutamate re-
ceptor (mGluR) (43). One possible mechanism of mGluR stimu-
lation involves activation of protein phosphatase 2A (PP2A)
dephosphorylating FMRP and triggering translation (44). Follow-
ing mGluR stimulation (>5 min), PP2A activity is inhibited and
ribosomal protein S6 kinase 1 (S6K1) is activated, enabling phos-
phorylation of FMRP and translational repression via ribosomal
stalling (45). Furthermore, casein kinase II (CKII) phosphorylates
FMRP and promotes dynamic hierarchal multisite phosphoryla-
tion, suggesting that multiple pathways control FMRP phosphory-
lation (46–48). Besides phosphorylation, methylation of RGG
motifs within FMRP has been suggested to prevent ribosomal
stalling by decreasing FMRP association with polyribosomes (49,
50) and decreasing its binding affinity toward G-quadruplex–
containing RNAs, a subset of FMRP targets (51–53). Loss of
FMRP expression results in translational dysregulation and de-
fective synaptic maturation leading to fragile X syndrome, one of
the most common inherited forms of intellectual disability and
autism spectrum disorders (ASDs) (54). Thus, FMRP is an integral
neuronal granule component and plays a critical role in activity-
dependent translation via posttranslational modifications.
Despite our understanding of the translational control by FMRP,

FMRP-mediated translational regulation within the context of
phase-separated neuronal granules remains enigmatic. Here, we
show that FMRP forms membraneless foci in cells and liquid
droplets with RNA in vitro. We identify that the C-terminal 188-
residue low-complexity region (i.e., FMRPLCR) is necessary and
sufficient for this behavior in vitro. We further demonstrate that
translational repressors functioning with FMRP, including neuronal
eukaryotic initiation factor 4E binding protein (4E-BP) 2 (55, 56)
and microRNA (miRNA) 125b (57, 58), are sequestered into
FMRPLCR-RNA droplets, which may complement their inhibitory
activity. Most strikingly, we observe highly cooperative in vitro
translation inhibition with increasing FMRPLCR concentration,
which correlates well with its critical concentration for phase sepa-
ration. This effect is tuned by posttranslational modifications, with
FMRPLCR phosphorylation enhancing phase separation and trans-
lation inhibition while methylation opposes them. These results,
combined with bioinformatics prediction of phase separation (37),
suggest that phase separation may be a general mechanism involved
in activity-dependent translation and therefore synaptic plasticity.

Results
FMRP Forms Membraneless Foci in Cells and Liquid Droplets with RNA
in Vitro Mediated by Its Low-Complexity Region. FMRP is a primary
component of dynamic neuronal granules trafficking from the soma
to dendrites (34–36) and is predicted to phase separate (37), sug-
gesting that FMRP phase separation could play a role in neuronal
granule formation and dynamics. Thus, we first tested whether
FMRP can form membraneless assemblies, akin to neuronal gran-
ules, in cells, by transfecting CHO cells with a CFP fused to FMRP
(FMRP-CFP) or CFP alone. FMRP-CFP induces the formation of
distinct micrometer-sized foci in the cytoplasm, whereas trans-

fection of CFP alone results in diffuse fluorescence (Fig. 1A). To
test if FMRP-CFP foci are compartmentalized in a lipid-bound
membrane, we used DiI as a lipid membrane marker (59).
Within 30 min of treatment with DiI, live cells endocytose the dye,
enabling diffusion throughout intracellular compartments via nor-
mal membrane dynamics. Lack of significant colocalization be-
tween FMRP-CFP with DiI is consistent with the observed foci
being membraneless bodies that form independently of, and are not
encapsulated by, lipid bilayers (Fig. 1A and SI Appendix, Fig. S1A).
Although these experiments were performed in nonneuronal cells
and by protein overexpression, they still highlight the ability of
FMRP to form cellular non–membrane-bound cytoplasmic foci,
similar to neuronal granules observed in neuronal cells.
To determine if purified recombinant human FMRP can phase

separate in vitro and identify important protein regions responsible
for this behavior, we prepared three different constructs: full-length
FMRP, FMRP lacking the low-complexity region (FMRPΔLCR),
and the 188-residue C-terminal low-complexity region of FMRP
containing the RGG motifs (FMRPLCR; Fig. 1B). To simplify our
understanding of the molecular interactions driving phase separa-
tion, no crowding reagents were added to any experiment unless
stated. Differential interference contrast (DIC) and fluorescence
microscopy were used to examine the formation of phase-separated
protein-rich condensates, here simply referred to as droplets. At
low in vitro protein concentrations (50 μM), droplet formation was
not observed for any construct. As FMRP is an RNA-binding
protein, we tested phase separation in the presence of an RNA
binding partner, sc1 RNA. Sc1 is an extensively characterized in
vitro selected 36-mer RNA molecule that forms a three-layered G-
quadruplex linked to a stem duplex and binds to the RGG region of
FMRP (52, 60). Upon addition of Cy3-labeled sc1 RNA, droplets
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Fig. 1. FMRP forms membraneless foci in cells and liquid droplets in vitro
mediated by its low-complexity region. (A) Spinning-disk confocal photomicro-
graphs of CHO cells expressing CFP or FMRP-CFP. Images are stained with the li-
pophilic membrane dye DiI representing lipid membranes and Hoechst stain
representing the nucleus. FMRP-CFP fluorescence is punctate and does not sig-
nificantly localize with DiI. (Scale bar, 10 μm.) (B) Schematic of the three constructs
studied: (i) the full-length FMRP, (ii) the N-terminal region (FMRPΔLCR) comprising
two folded Agenet domains and three folded KH RNA-binding domains, and
(iii) the intrinsically disordered low-complexity region (FMRPLCR) containing
the Arg-Gly–rich RGG domain. (C) DIC and fluorescent images of FMRP,
FMRPΔLCR, and FMRPLCR protein (50 μM) mixed with Cy3-labeled sc1 RNA
(5 μM) in 25 mM Na2PO4, pH 7.4, 30 mM NaCl, 2 mM DTT. Images show that
only FMRP and FMRPLCR form droplets with sc1 RNA. (Scale bar, 10 μm.)
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were formed with FMRP and FMRPLCR, but not with FMRPΔLCR
(Fig. 1C). Our results show that FMRPLCR alone is necessary and
sufficient to drive phase separation with sc1 RNA in vitro. Given
that FMRPLCR is known to specifically bind to the sc1 sequence, we
wondered if FMRPLCR phase separation requires a specific RNA
sequence or structure. By mixing different RNA sequences with
FMRPLCR, we showed that FMRPLCR-RNA phase separation is
not sequence-specific and does not require sequences capable of G-
quadruplex formation (SI Appendix, Fig. S2). Hence, FMRPLCR-
RNA phase separation is likely driven by a combination of protein:
RNA electrostatic and pi–pi interactions (37), the latter involving pi
electron orbitals of double bonds such as those found in RNA
bases, protein backbone, and protein side-chain groups including
aromatic, amide, guanidinium, and carboxyl groups. Given this
behavior, we used FMRPLCR as a model system to recapitulate
properties of FMRP-containing neuronal granules as a result of its
importance in driving phase separation, its well-characterized role
in RGG-mediated RNA binding (52, 53, 60), its numerous reported
regulatory posttranslational modifications, and its stability at higher
protein concentrations compared with the aggregation-prone full-
length protein (SI Appendix, Fig. S1 B and C).

FMRPLCR and sc1 RNA Form Dynamic Liquid Droplets. Phase separa-
tion produces RNA granules with diverse properties, including
dynamic liquid droplets, hydrogels, and irreversible fibers and ag-
gregates (extensively reviewed in refs. 11–13). As some RNA
granules, including neuronal granules, have been described as
liquid-like (61, 62), we next characterized the liquid properties of
fluorescently labeled FMRPLCR-RNA droplets. By using fluores-
cence recovery after photobleaching (FRAP), we observed recovery
of fluorescence of Cy5-tagged FMRPLCR (t1/2 = 26.74 ± 0.88 s) and
Cy3-tagged sc1 RNA (t1/2 = 16.93 ± 1.05 s; Fig. 2 A and B), which
demonstrates dynamic intradroplet molecular mobility. We also
saw droplet fusion upon contact, which is consistent with the fusion
of RNA granules observed throughout neuronal processes (36, 62)

(Fig. 2C). These results demonstrate that FMRPLCR-RNA droplets
are dynamic and liquid-like.
To further characterize FMRPLCR phase separation, we used

solution NMR spectroscopy. By concentrating FMRPLCR at physi-
ological pH (7.4) and low salt conditions, the spontaneous fusion of
FMRPLCR droplets creates a bulk two-phase partitioned liquid sys-
tem: on the top, a protein-depleted phase, and on the bottom, a
protein-condensed phase, representing a macroscopic FMRPLCR
“droplet” (SI Appendix, Fig. S3A). Protein concentrations in each
phase were measured by pipetting and diluting the solution and
using absorbance at 280 nm. By producing a bulk two-phase system,
we were able to record NMR spectra on different protein phases.
Overlay of 1H-15N heteronuclear single-quantum coherence spectra
of the protein-depleted (i.e., monomeric) and condensed phases
shows almost identical chemical shifts with narrow amide proton
dispersion (∼8.0–8.7 ppm), reflecting similar global disordered
character (SI Appendix, Fig. S3B). The chemical shifts are the av-
eraged result of the conformational exchange between distinct
structures. The resonances of the condensed phase are significantly
broadened compared with the dilute phase, which reflects the higher
viscosity of a protein-condensed phase and agrees with NMR char-
acterization of other phase-separating proteins (24, 63). Although
this approach can be insensitive to the fractional population of large
oligomers such as amyloid structures, in principle, it can detect the
presence of partially or significantly stabilized helical or β-sheet
structures that have been reported in other phase-separating pro-
teins (25, 32). In contrast, our solution NMR data show FMRPLCR
to be primarily structurally disordered in the condensed phase.

Translational Repressors and miRNAs Partition into, and Concentrate
Within, FMRPLCR-RNA Droplets.A primary mechanism of translational
repression by FMRP involves ribosomal stalling through FMRP
interacting with mRNA (64) or directly binding to the ribosome
(65). However, FMRP can also interact with numerous other
proteins and RNAs to inhibit translation through nonexclusive and
complementary mechanisms (43). These include inhibiting cap-
dependent translation initiation through interacting with cytoplas-
mic FMRP-interacting protein (CYFIP1), a eukaryotic initiation
factor 4E-BP (56), or by associating with miRNAs that have near-
perfect complementary base pairing with target mRNAs (57). To
understand how FMRP may interact with these diverse compo-
nents in the context of a neuronal granule, we tested if FMRPLCR-
RNA phase separation can concentrate two representative com-
ponents in these pathways: (i) 4E-BP2, a neuronal cap-dependent
translation initiation inhibitor (55, 56); and (ii) miRNA-125b, an
miRNA that requires FMRP to regulate neuronal spine morpho-
genesis (57). We labeled 4E-BP2 and miRNA-125b with a Cy3 dye
and mixed a small concentration (500 nM) of each component with
FMRPLCR-RNA droplets. By using a spin-down assay, we detected
Cy3 fluorescence in the protein-depleted phase (after phase sepa-
ration) and compared it to Cy3 fluorescence in the total mixture
(before phase separation; Fig. 3A). A high Cy3 percentage
remaining in the protein-depleted phase is interpreted as exclusion
from the droplet, whereas a low percentage is interpreted as fa-
vorable partitioning into the droplet. As expected based on the
general RNA-interacting properties of FMRPLCR, Cy3-labeled sc1
RNA and miRNA-125b are nearly completely sequestered into
droplets (>90%), whereas 4E-BP2 strongly partitions into the
droplet (∼60%; Fig. 3B). In contrast, the free Cy3 dye and Cy3-
BSA exhibit negligible partitioning (Fig. 3B). To confirm our re-
sults, we used fluorescence microscopy to visualize the partitioning
of labeled Cy3 species into FMRPLCR-RNA droplets (Fig. 3C).
Images were taken at the focal plane of the coverslip where
droplets settled; only droplets of similar sizes (radius of 1–5 μm)
were used in the analysis. In agreement with the experiments de-
scribed here previously, partition coefficients, calculated from the
mean fluorescence intensities in the droplet compared with the bulk
solution, show that sc1 RNA (21.4 ± 3.7) and miR-125b (19.2 ±
3.1) are almost exclusively partitioned into FMRPLCR-RNA
droplets, whereas 4E-BP2 (6.2 ± 1.1) partitions reasonably well
(Fig. 3D). The Cy3 dye alone (1.92 ± 0.58) and Cy3-BSA control
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Fig. 2. Phase separation of FMRPLCR with RNA leads to dynamic liquid droplets.
(A) Fluorescence recovery after photobleaching of Cy5-FMRPLCR (150 μM) or Cy3-
sc1 RNA (5 μM) within FMRPLCR-sc1 RNA droplets in buffer containing 25 mM
Na2PO4, pH 7.4, 30 mM NaCl, and 2 mM DTT at room temperature. Fractional
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over time, demonstrating liquid-like properties. (Scale bar, 5 μm.)
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(1.41 ± 0.31) show negligible partitioning (Fig. 3D). Differences in
partitioning between the RNAs and 4E-BP2 are likely a result of
the differences in interactions of available chemical groups of the
partitioning molecule with those in the FMRPLCR-sc1 RNA
mixture. For instance, 4E-BP2 could interact with either or both
FMRPLCR and sc1 RNA, which together may function to capture
it into the FMRPLCR-RNA droplet. These physical interactions
appear to drive components known to repress translation, in-
cluding 4E-BP2 and miRNA-125b, into FMRPLCR-RNA droplets
to variable degrees, concentrating and localizing them, which may
potentially function to enhance their inhibitory activity.

Ionic Strength Modulates FMRPLCR-RNA Phase-Separation Propensity.
As FMRPLCR-RNA phase separation can capture and concentrate
different proteins and RNAs involved in FMRP-mediated trans-
lational repression, we wondered how phase separation could be
reversed to alleviate translational inhibition by releasing mRNAs
for active translation. First, we confirmed that FMRPLCR phase
separates without any additives and that addition of RNA in-
creases its phase-separation propensity at protein concentrations

closer to physiological levels (SI Appendix, Fig. S4A). We then tried
perturbing electrostatic interactions present within FMRPLCR-
RNA droplets. By using DIC microscopy to map a phase diagram
in varying protein and salt concentrations, we found that increasing
salt concentrations disfavor FMRPLCR droplet formation in the
presence of sc1 RNA (SI Appendix, Fig. S4B). To test whether this
result is caused by a general ionic strength effect or a specific salt
ion effect, we incubated FMRPLCR-RNA droplets in salt solutions
with differing valences (KCl, MgCl2, CaCl2) and found that iden-
tical ionic strengths of different salt solutions disrupt droplet for-
mation to a similar degree (SI Appendix, Fig. S4C). However, the
divalent ions Mg2+ and Ca2+ qualitatively appear to have a slightly
stronger ability to disrupt droplet formation. Thus, ionic strength
can regulate FMRPLCR-RNA droplet formation in vitro, likely as a
result of modulating electrostatic interactions, including between
protein and RNA.

FMRPLCR Phosphorylation Increases Its Phase-Separation Propensity
Possibly Through Increasing Negative Charge Densities of Glutamic/
Aspartic Acid-Rich Clusters. Besides the effect of ionic strength,
posttranslational modifications can alter the biophysical properties
of IDRs, which in turn can regulate their phase-separation behavior
(66). As activity-dependent phosphorylation is known to regulate
neuronal granule trafficking (34) and FMRP-controlled translation
(67), we next investigated its role in FMRP phase separation. We first
performed in vitro phosphorylation of recombinant FMRPLCR (phos-
pho-FMRPLCR) by using CKII, a kinase that phosphorylates
FMRP in vivo (46) and mediates dynamic multisite phosphory-
lation by other kinase/phosphatase systems, including S6K1/PP2A
(47). Prolonged in vitro phosphorylation by CKII results in an in-
crease of ∼640, 720, or 800 Da, which is equivalent to the addition
of 8, 9, or 10 phosphate groups, respectively (SI Appendix, Fig.
S5A). After the phosphorylation reaction, we removed the kinase
via gel filtration and dialyzed the protein into our assay buffers. At
room temperature, and in the absence of RNA and crowding re-
agents, we observed that phospho-FMRPLCR (containing 8–10
phosphate groups added) readily phase separates at ∼250 μM,
whereas FMRPLCR does not. Furthermore, by using microscopy to
map and compare the phase diagrams of phospho-FMRPLCR and
FMRPLCR (pH 7.4 and 150 mM KCl), we found that moderately
phosphorylated FMRPLCR (ranging from three to five groups, re-
flective of the phosphorylation state in vivo; ref. 47) increases its
propensity to form liquid-like droplets with sc1 RNA at lower
protein concentrations (Fig. 4A). Therefore, phosphorylation
promotes phase separation in vitro, suggestive of a role in pro-
moting FMRP-containing neuronal granule formation in cells.
To gain insights into how phosphorylation enhances FMRPLCR

phase separation, we analyzed the charge pattern in FMRPLCR in
view of its role in regulating phase separation (21, 68, 69). The av-
erage net charge per residue plot of FMRPLCR reveals an alternating
pattern of negatively charged glutamic/aspartic acid (E/D) clusters
separated by positively charged arginine/lysine clusters (Fig. 4B). We
identified 12 potential serine phosphorylation sites in FMRPLCR that
fit the general CKII phosphorylation motif, which contains acidic E/D
residues C-terminal to the serine phosphoacceptor site (SX1–5E/D)
(70, 71) (SI Appendix, Fig. S5B). Assuming phosphorylation can
occur at all 12 sites, we compared calculated average charge plots
for FMRPLCR and phospho-FMRPLCR and found that phosphory-
lation increases the negative charge density around E/D clusters
(Fig. 4B). This suggests that multisite phosphorylation may promote
phase separation by exaggerating the negative charge densities and
increasing their potential for forming multivalent electrostatic in-
teractions between other charge clusters.

FMRPLCR Methylation Decreases Phase-Separation Propensity Without
Notably Altering sc1 RNA-Binding Affinity. Arginine methylation is
another posttranslational modification that can modulate phase-
separation propensities (66). Previous work has shown that the
RGG motif of FMRP is methylated in vivo, which has been
reported to weaken its binding to G-quadruplex mRNAs and op-
pose translational repression as a result of ribosome stalling (49, 50).
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Thus, we hypothesized that methylation may regulate phase sepa-
ration by modulating RGG-mediated RNA-binding interactions. To
generate methylated FMRPLCR (Me-FMRPLCR), we used protein
arginine N-methyltransferase 1 (PRMT1), an enzyme known to
methylate RG motifs of FMRP in vivo (51). PRMT1 catalyzes the
addition of two methyl groups to the same arginine guanidine ni-
trogen atom, forming asymmetric N,N-dimethyl-L-arginine (Fig. 5A
and SI Appendix, Fig. S6A). Coexpression of PRMT1 and FMRPLCR
yields a protein with a ∼196- or 224-Da increase in FMRPLCR
molecular weight, consistent with asymmetrical dimethylation of
seven or eight RG sites, respectively, or possibly incomplete
dimethylation (i.e., monomethylation) on a large number of sites
(SI Appendix, Fig. S6 B and C). PRMT1 was removed from the
samples via gel filtration before any assays were performed. To
evaluate differences in binding affinity between methylated and
nonmethylated FMRPLCR, we used fluorescence polarization
(FP) with 6-FAM–labeled sc1 RNA. Surprisingly, FMRPLCR and
Me-FMRPLCR bind to sc1 RNA with similarly high nanomolar
affinity (Fig. 5B). This suggests that binding between FMRPLCR
and sc1 RNA may be more dynamic than the stable interaction
depicted by the crystal structure of a small RGG peptide in
complex with sc1 (Protein Data Bank ID codes 5DE5, 5DE8,
and 5DEA) (72). Thus, IDR-mediated interaction with RNA
may be more dependent on broad electrostatic properties than
specific binding geometries. Confirming this, we showed that a

charge-conserved mutant that abolishes RGGs by substituting all
28 arginine residues in the sequence with lysines, RtoK-FMRPLCR,
has a comparable binding affinity (Fig. 5 A and B).
As FMRLCR phase separates at a ∼20-fold lower concentration

in the presence of sc1 RNA (SI Appendix, Fig. S4A), and all three
constructs, FMRPLCR, Me-FMRPLCR, and RtoK-FMRPLCR, bind
sc1 RNA with similar affinity, we surmised that their phase-
separation propensities in the presence of RNA would be similar.
However, contrary to our expectations, Me-FMRPLCR and RtoK-
FMRPLCR have a dramatic decrease in phase-separation propensity
compared with FMRPLCR (Fig. 5C). This suggests that arginine
perturbations, either by methylation or reduction in pi character by
substitution of arginine for lysine residues, perturb important in-
teractions that facilitate the general phase-separation behavior of
FMRPLCR, as previously found for Ddx4 and the low-complexity
regions of FMRPLCR (21, 37). Thus, methylation represents a post-
translational modification that decreases FMRP phase-separation
propensity in vitro, and, by extension, may be important for facili-
tating neuronal granule disassembly in cells.

In Vitro Translation Inhibition Coincides with FMRPLCR Phase Separation
and Is Regulated by Posttranslational Modifications. To test the pro-
posed model whereby neuronal granule formation represses
translation by “masking”mRNAs and granule disassembly allows
translation to occur by liberating mRNAs from translational
repressors within a neuronal granule (8), we adapted an in vitro
rabbit reticulocyte lysate translation assay measuring firefly
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luciferase activity (73) (full details are provided in SI Appendix, SI
Materials and Methods). In this assay, translational efficiency is
determined by the amount of luciferase mRNA translation mea-
sured by luminescence (i.e., luciferase activity). Addition of in-
creasing amounts of FMRPLCR to a rabbit reticulocyte lysate
mixture with luciferase mRNA inhibits translation in a cooperative
manner (Hill coefficient = 4.8 ± 2.3), whereas the protein synthesis
inhibitor puromycin inhibits translation in a noncooperative dose-
dependent manner (Hill coefficient = 1.2 ± 0.1); as a control, the
addition of BSA only weakly reduced overall translation in a non-
specific manner (Fig. 6A). Thus, puromycin and FMRPLCR inhibit
translation via different mechanisms. Moreover, we noticed a sig-
nificant positive correlation (R2 = 0.88, P < 0.0001) between the
turbidity of the FMRPLCR translation assay mixture from Fig. 6A
and translation inhibition (Fig. 6B). The increasing turbidity of the
mixture corresponds to liquid droplet formation, as detected by
DIC microscopy of the assay mixture (Fig. 6C). Note that the
concentrated lysate mixture alone contains some inherent aggre-
gates, for which we have accounted in our turbidity measurements
(Fig. 6C). The cooperative switch-like appearance of the FMRPLCR
curve, instead of the noncooperative trend observed with puromy-
cin, indicates that the “all-or-nothing” property of phase separation,
i.e., droplet formation or no droplet formation, represents a mode
of translation inhibition different from puromycin-induced trans-
lation inhibition, which involves premature chain termination dur-
ing translation on the ribosome (74).
To examine the role of posttranslational modifications in regu-

lating translation via phase separation, we tested phospho-FMRPLCR
and Me-FMRPLCR in our assay and observed opposite effects.
Phospho-FMRPLCR (containing three to five phosphate groups)
shifted the curve to the left, representing a lower concentration
threshold necessary for translation inhibition, whereas Me-
FMRPLCR shifted the curve to the right, representing a higher
concentration threshold (Fig. 6D). Importantly, DIC microscopy of
the assay mixtures from variously modified FMRPLCR correlates
droplet formation to the apparent switch-like nature of translation
inhibition (Fig. 6C). In our assay, phase separation of FMRPLCR is
significantly enhanced in the presence of rabbit reticulocyte lysate
compared with our earlier experiments, which were all performed
in the absence of crowding reagents. The relatively large concen-
tration required for isolated FMRPLCR phase separation is far from
cellular levels, with addition of RNA decreasing the FMRPLCR
concentration required. The decreased FMRPLCR concentrations
seen to phase separate in our translation assays, however, particu-
larly with highly phosphorylated protein (∼1 μM), are close to what
could be expected in cells. Thus, FMRPLCR phase separation in
vitro, with posttranslational modifications potentially acting as a
switch at near physiological concentrations, represents a distinct
mechanism for translation inhibition.

Translation Inhibition by Other Phase-Separating Proteins. Neuronal
granules are not the only intracellular RNA granules linked to in-
hibition of translation (75). Moreover, a correlation between nega-
tive regulation of translation and predicated phase-separation
propensities has been previously reported (37). Thus, to further
explore the relationship between translational inhibition and phase
separation of RNA granules, we undertook a bioinformatic assess-
ment of proteins involved in different RNA granule types, including
stress granules and processing bodies (full details are provided in SI
Appendix, SI Materials and Methods). We based our analysis on a set
of 144 proteins identified as the core cytoplasmic RNA granule
proteome by Bio-ID interactions (76). Within this select proteome,
we find that some proteins, including FMRP, interact broadly with
the entire core set rather than exclusively belonging to a single
granule type. Furthermore, we find that these highly interacting
proteins are more likely to be involved in negative regulation of
translation [by Gene Ontology (GO) annotation, 0017148] (77, 78)
and are more likely to be predicted to phase separate (37) (SI Ap-
pendix, Fig. S7 A and B). Within the 144 core protein set, 14 proteins
are predicted to phase separate and are annotated to negatively
regulate translation. Of these 14 proteins, 5 are associated, either

directly or by homology, to synaptic plasticity by functioning as
translational repressors, including FMRP, CPEB4, GIGYF2, Cap-
rin1, and FXR2 (SI Appendix, Table S1). Therefore, our bio-
informatics analysis supports phase separation as a more general
mechanism used by the cell to modulate translation with functional
consequences impacted by synaptic plasticity.

Discussion
A detailed mechanistic understanding of activity-dependent trans-
lation is important for understanding fundamental synapse biology
and neurological disorders rooted in translational dysregulation. In
our present work, we show that the low-complexity region of FMRP
is sufficient to interact with RNA to form dynamic liquid droplets in
vitro and that this process coincides with in vitro translation in-
hibition. We also find that FMRPLCR phase separation with RNA
could potentially inhibit translation by multiple nonexclusive mech-
anisms, including concentrating and forming inhibitory complexes
with translational repressors 4E-BP2 and miRNA-125b. In terms of
regulating phase separation, FMRPLCR phosphorylation increases
its phase-separation propensity, favoring granule assembly, whereas
FMRPLCR methylation decreases its phase-separation propensity,
favoring granule disassembly. Compellingly, in vitro translation
inhibition correlates with the changes of phase-separation pro-
pensities by posttranslational modifications, supporting the model
that posttranslational modifications arising from synaptic signaling
may control neuronal granule formation, which regulates activity-
dependent translation (Fig. 7). Moreover, the mechanism of
simply capturing and releasing target mRNAs during reversible
granule formation allows the advantage of repeated local trans-
lation of the same mRNA transcript. Although Fig. 7 is evocative
of a dendritic spine, neuronal granules containing FMRP are pre-
sent in dendritic spines and shafts, consistent with the significant
literature on postsynaptic mRNA translational regulation by FMRP;
they are also present and act to regulate translation in axons, in-
cluding during development (79). In summary, our findings suggest
that protein and RNA phase transitions provide a potential mech-
anism for how mRNAs move from a repressed state (within gran-
ules) into an active state (translating polyribosomes) (5) by cycles of
mRNA “masking” and “unmasking” (8) (Fig. 7). Importantly, the
results of this study raise several key points regarding synaptic reg-
ulation of phase separation, mechanistic insights into FMRP func-
tion, and physiological and disease implications.

Activity-Dependent Regulation of FMRP Phase Separation via
Posttranslational Modifications and Ionic Strength. Regulating FMRP
phosphorylation is important for facilitating its ability to repress
translation (41). It is well established that signaling through mGluR
and other related neuronal GPCRs can regulate the phosphorylation
status and in turn translational activity of FMRP via the PP2A/
S6K1 system (43). In addition, CKII is another kinase identified to
phosphorylate FMRP and promote dynamic hierarchal multisite
phosphorylation by other kinases (47), demonstrating that there are
multiple activity-dependent phosphorylation pathways regulating
FMRP. To date, there have been eight phosphorylation sites identified
in the C-terminal region of FMRP (80), but only phosphorylation of
Ser500 has been extensively characterized and linked to translational
regulation (67). Our results emphasize that an important consequence
of hierarchal phosphorylation could be to regulate phase separation,
which links reversible granule formation to activity-dependent trans-
lation. More broadly, phosphorylation regulates phase separation of
other neuronal proteins including FUS (25, 81), Tau (82, 83), and
CPEB4 (84), highlighting the importance of phosphorylation as a
regulatory switch for controlling phase separation.
Our data show that arginine methylation decreases FMRP

phase-separation propensity, consistent with previous studies in-
vestigating the importance of RGGs in regulating phase separation
(38). Specifically for FMRP, methylation inhibits FMRP self-
interactions, reported as dimerization (50), but may, in fact, rep-
resent higher-order associations and phase separation. Methylation
of other RNA-binding proteins has been demonstrated to perturb
phase separation, including Ddx4 (21), FUS (28), and HnRNP A2
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(85), supporting the crucial role of methylation in modulating phase
separation. In contrast to phosphorylation, the dependence of
FMRP methylation on synaptic activity and associated signaling
pathways is somewhat less clear. However, multiple lines of evi-
dence support the role of arginine methylation in controlling
activity-dependent translation. Protein arginine methyltransferase
(PRMT) 8 has been shown to localize to the synapse, and loss of
PRMT8 alters synaptic protein levels, causing behavioral defects in
mice (86). Inhibition of coactivator-associated arginine methyl-
transferase 1 (CARM1 or PRMT4), another postsynaptic protein,
results in a substantial increase of synaptic proteins, suggesting a
regulatory role for translational regulation (87). Importantly, inhibiting
methylation of FUS, which enhances its phase separation, reduces
protein synthesis in axon terminals (28). In agreement, our results
indicate that FMRP methylation decreases its overall phase-
separation propensity with RNA and that this effect is corre-
lated with the relative decrease of in vitro translation repression.
In other words, our work suggests that FMRP methylation op-
poses the formation of higher-order protein assemblies, i.e., phase
separation, that would otherwise repress translation. Based on
published observations coupled with our findings, we speculate
that FMRP arginine methylation contributes to the disassembly of
neuronal granules (Fig. 7).
Although posttranslational modifications are a downstream ef-

fect of neuronal stimulation that can modulate phase-separation
propensities, neuronal stimulation is also coupled to transient ion
fluxes localized to tiny dendritic compartments that may also affect
phase separation. For example, transient bursts of calcium con-
centrations in combination with synergistic posttranslational modi-
fications may play a role in reversible granule formation. This is
supported by our data on the sensitivity of FMRPLCR phase sepa-
ration to ionic strength. We speculate that, during neuronal stim-
ulation, the transient influx and transient release of calcium ions
stored within the endoplasmic reticulum (88, 89) may disrupt pro-
tein–RNA and protein–protein interactions within neuronal gran-
ules to favor granule disassembly. Moreover, FMRP interacts
directly with ion channels and regulates calcium signaling via
mechanisms that are not well-understood (42, 90). Thus, a potential
novel role for the low-complexity region of FMRP is to act as a
direct biophysical calcium sensor within a neuronal granule.

Phase Separation Provides Unifying Insights into FMRP’s mRNA
Binding Affinity and Role as a Translational Regulator. FMRPLCR
phase separation represents a simplified system lacking the folded
regions that may further contribute to phase separation. Effects of
synergistic interactions between the folded and low-complexity re-
gions and interactions between the RNA-binding domains and
RNA on FMRP phase-separation behavior remain untested here;
previous data suggest that the disordered region is required to work
with the folded KH domains to regulate protein synthesis and
synaptic activity (91). Nonetheless, our reductionist approach pro-
vides important insights into the diverse functions of FMRP and
may clarify a number of perplexing questions present in the FMRP
literature. Previous work has shown that FMRP has more than
800 mRNA targets, estimated to be ∼4% of total brain mRNAs
(64, 92). This vast number of mRNA targets cannot be accounted
for by specific binding to RNA-binding domains and/or RGG
motifs. Hence, the lack of FMRP-mRNA specificity has been a
longstanding enigma. The observation that condensed FMRPLCR
concentrates mRNAs in a dynamic manner that does not depend
on rigid RGG-driven structural interactions provides a potential
explanation. However, because there are thousands of mRNAs
found localized to dendritic and axon regions (64, 92), this raises
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bidity of the FMRPLCR translation assay mixture from A is suggestive of droplet
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the presence of droplet formation with inhibitory translation response in A and

D. Some aggregates inherent to the concentrated lysate mixture are ob-
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the questions of how neuronal granules recognize specific mRNA
targets. We speculate that targeting of a specific subset of mRNAs
occurs by cophase separation of FMRP with other RNA-binding
proteins in neuronal granules. This is consistent with proteomic
data showing heterogeneous protein populations in distinct neuronal
granule populations (93). Moreover, additional FMRP specificity for
mRNAs may also emerge from a combination of interactions with
disordered regions and the folded KH domains not present in our
experimental system.
Following decades of research, the mechanism responsible for

FMRP’s translation inhibition activity remains controversial (43).
FMRP has been suggested to have multiple repression activities,
including inhibition of translational initiation (56), stalling of
translocating ribosomes (64, 65), and interacting with miRNA (57)
and the RNA-induced silencing complex (57). Our results suggest
that reversible FMRP-RNA phase separation may be a molecular
mechanism that unifies these diverse regulatory models. FMRP
phase separation can partition 4E-BP2 to inhibit translation initi-
ation, concentrate FMRP and mRNA to block ribosome trans-
location, and facilitate interactions with miRNAs even though
FMRP lacks a canonical miRNA-binding domain. Thus, FMRP
phase separation can prime translational repression by concen-
trating target mRNAs into a localized environment enriched with
FMRP and other translational repressors. However, determining
which translational mechanism may be dominant under different
circumstance requires further investigation, and will likely depend
on multiple molecular partners and signaling pathways.
Interestingly, Drosophila FMRP (dFMRP) has been shown to

enhance the translation of long mRNAs in Drosophila mela-
nogaster oocytes (94), in contrast to FMRP’s established role as a
translational inhibitor. FMRP/dFMRP behavior may vary be-
tween tissues and oocytes and depend on cell type, develop-
mental stage, and available protein interactions. In addition, the
low-complexity disordered regions of FMRP and dFMRP differ
in net charge, enrichment of RGG motifs, and predicted CKII
phosphorylation sites. Thus, we speculate that differences in

regulation of phase separation could lead to distinct dFMRP and
FMRP activities.

General Physiological and Disease Implications. Although we use
FMRP as a model representing neuronal granules to investigate
the relationship between phase separation and translation in-
hibition, our findings may be applicable to many other proteins
and different cellular RNA granules involved in translational
repression. A wide range of proteins has been shown to repress
translation, with more than 100 human genes annotated to have
related roles in the GO database (annotation 0017148) (77, 78).
Moreover, this category has been previously found to be
enriched in proteins predicted to phase separate (37). Together,
our analysis supports our conclusion that the RNA-masking
properties of phase separation may be a distinct and ubiqui-
tous mechanism of translational inhibition.
From our bioinformatics assessment, we found that the regula-

tion of synaptic plasticity involved a much smaller set of proteins,
such that the statistical significance of observed enrichment cannot
be gauged, but we can identify other proteins involved in synaptic
plasticity that are known or predicted to phase separate (SI Ap-
pendix, Table S1). Specific mechanisms may differ between pro-
teins, but the basic property of phase separation appears to be
common in pathways involved in activity-dependent translation.
As a result of the widespread importance of translational regu-

lation, dysregulation of translation, specifically at the neuronal
synapse, is a feature of many neurodevelopmental disorders, in-
cluding fragile X syndrome and ASDs (9, 95). Cell-based and
mouse model experiments support the concept that expressing
more or less FMRP is linked to neurological disorders; in other
words, too much or too little FMRP is deleterious (96). Intriguingly,
there is a strong overlap between FMRP-regulated gene expression
and genes encoding proteins that control synaptic structure and that
have rare mutations implicated in ASDs. For example, SynGAP
and PSD-95 are proteins that phase separate to maintain synapse
architecture (97), contain mutations linked to ASDs (98, 99), and
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Fig. 7. Model for reversible neuronal granule assembly during activity-dependent translation. During neuronal stimulation, such as mGluR1/5 activation,
PP2A dephosphorylates FMRP, which promotes neuronal granule disassembly and activates translation. FMRP methylation complements granule disassembly
and translational activation by reducing its propensity to form higher-order assemblies with mRNA and polyribosomes. Poststimulation (>5 min), PP2A activity
is inhibited, and S6K1 phosphorylates FMRP, which promotes neuronal granule assembly and facilitates translational silencing. FMRP demethylation com-
plements granule formation by promoting higher-order interactions with other proteins, mRNA, and polyribosomes.
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have their mRNA translation regulated by FMRP (41). Questions
emerge now regarding how the condensed and crowded post-
synaptic environment affects phase-separation propensities of
FMRP and other phase-separating proteins in normal and disease
states. Future work building on understanding the regulation of
phase separation at the neuronal synapse will provide important
details regarding translational regulation, RNA localization, and
neurodevelopmental disorders.

Materials and Methods
A brief summary of the methods is provided here. Full details are provided in
SI Appendix, SI Materials and Methods.

Protein Expression and Purification. All proteins, including FMRP, FMRPΔLCR,
FMRPLCR, and RtoK-FMRPLCR were expressed and purified in Escherichia coli
BL21 (DE3) Codon Plus Cells (Agilent). FMRPLCR (37) and RtoK-FMRPLCR (37)
were purified as previously described.

Live-Cell Experiments and Imagining. CHO cells were grown at 37 °C (5% CO2)
in F-12K Nutrient Mixture (Gibco) supplemented with 1% penicillin/strep-
tomycin (10,000 U/mL; Thermo Fisher Scientific) and 10% FBS (HyClone). Cells
were transfected with 2.4 μg of CFP or FMRP-CFP plasmid DNA by using
Lipofectamine 3000 (Thermo Fisher Scientific) following the manufacturer’s
protocol. Images were taken on a Quorum spinning-disk confocal micro-
scope (Olympus IX81) with a 60×/1.35 (oil immersion) lens and a Hamamatsu
C9100-13 EM-CCD camera.

RNA Oligonucleotide Sample Preparation. Sc1 RNA, 5′-labeled Cy3-sc1 RNA, 5′-
labeled Cy3-miRNA-125b, and 5′-labeled 6-FAM-sc1 RNA were purchased
from Sigma as lyophilized samples. Stocks of 100 μM were made by resus-
pending in Tris·EDTA (TE buffer, pH 7.4). Working stocks of 10 μM were
made by further dilutions into TE buffer and stored at −20 °C until use. Stock
solutions of total yeast RNA or homopolymers (polyA, polyU, polyC, polyG;
Sigma) were prepared by resuspending lyophilized samples in TE buffer into
1-mg/mL stocks and diluted into appropriate concentrations.

FRAP Method and Analysis. FRAP experiments were performed on a Leica
DMI6000 SP8 confocal microscope with a 63×/1.4 oil objective by using a
Hamamatsu C9100-13 EM-CCD camera. The recovery intensities were corrected

for overall background photobleaching during image acquisition, normalized to
the same “prebleach” spot intensity, and fitted to a single exponential function.

Preparation of Condensed Phase-Separated FMRPLCR for NMR Spectroscopy.
Condensed phase-separated FMRPLCR NMR samples were prepared as pre-
viously described for Ddx4LCR (63).

In Vitro Partitioning Assay. Partitioning was determined by Cy3 concentrations in
the protein-depleted or condensed phases by measuring absorbance at 552 nm
with an extinction coefficient of 0.15 μM−1·cm−1.

DIC and Fluorescence Microscopy of Phase-Separated Samples. DIC and fluo-
rescence images were obtained on an Axio Observer 7 bright-field and
fluorescence inverted microscope (Carl Zeiss) with a 40× (air) or 63× objective
(air) by using an Axiocam 702 mono CMOS camera.

Phosphorylation and Methylation of FMRPLCR. CKII phosphorylation of
FMRPLCR (phospho-FMRPLCR) was performed on purified FMRPLCR and veri-
fied by using intact MS. Methylation of FMRPLCR (Me-FMRPLCR) by PRMT1
was performed by using a previously described method (21).

Binding Assay Using FP. The SpectraMax i3x Multi-Mode Plate Reader was
used to determine apparent dissociation constants between 5′-labeled 6-FAM
sc1 RNA and different FMRPLCR constructs.

In Vitro Translation and Luciferase Detection Assay. In vitro translation of
luciferase mRNA (Promega) was performed with a nuclease treated Rabbit
Reticulocyte Lysate System (Promega) with slight modifications (SI Appendix,
SI Materials and Methods) and monitored with a standard luciferase assay
(Promega) using a SpectraMax i3x Multi-Mode Plate Reader (Molecular Devices).
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