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SUMMARY

Our daily life depends on muscle contraction, a process that is controlled by the neuromuscular junction
(NMJ). However, the mechanisms of NMJ assembly remain unclear. Here we show that Rapsn, a protein critical for NMJ formation, undergoes liquid-liquid phase separation (LLPS) and condensates into liquid-like assemblies. Such assemblies can recruit acetylcholine receptors (AChRs), cytoskeletal proteins, and signaling
proteins for postsynaptic differentiation. Rapsn LLPS requires multivalent binding of tetratricopeptide repeats (TPRs) and is increased by Musk signaling. The capacity of Rapsn to condensate and co-condensate
with interaction proteins is compromised by mutations of congenital myasthenic syndromes (CMSs). NMJ
formation is impaired in mutant mice carrying a CMS-associated, LLPS-deficient mutation. These results
reveal a critical role of Rapsn LLPS in forming a synaptic semi-membraneless compartment for NMJ formation.
INTRODUCTION
Muscle contraction enables us to breathe, drink and eat, walk,
and move body parts. The control of it requires proper function
of the neuromuscular junction (NMJ), a cholinergic synapse between motor nerve terminals and muscle fibers (Li et al., 2018;
Sanes and Lichtman, 1999; Tintignac et al., 2015; Wu et al.,
2010). Action potentials stimulate motor nerve terminals to
release acetylcholine (ACh), which activates ACh receptors
(AChRs) to depolarize muscle fibers and triggers calcium release
from the sarcoplasmic reticulum to initiate muscle contraction.
AChRs are packed at the postjunctional membrane at a concentration of 10,000–20,000/mm2 (Fambrough et al., 1973; Fertuck
and Salpeter, 1976). Also enriched beneath the postjunctional
membrane are a plethora of cytoplasmic signaling proteins and
cytoskeletal proteins that are critical for induction and/or maintenance of AChR expression at the NMJ (Li et al., 2018; Wu et al.,
2010). Reduced density or impaired function of the AChR is
implicated in neurological disorders, including myasthenia
gravis, amyotrophic lateral sclerosis, and congenital myasthenic
syndromes (CMSs) (Cappello and Francolini, 2017; Engel et al.,
2015; Gilhus et al., 2019; Li et al., 2018). Unlike innumerable synapses in the brain that are formed onto dendrites and somata of a
neuron, the NMJ is positioned in the middle of a muscle fiber,
occupying ~0.01%–0.1% of the surface. How the AChR becomes concentrated has interested neuroscientists of many
generations. Prior to innervation by motor nerves, muscle fibers
develop nascent, aneural AChR clusters (Lin et al., 2001; Yang
et al., 2000, 2001) that mark a central region of muscle fibers

to attract incoming motor nerve axons (Flanagan-Steet et al.,
2005; Liu et al., 2008). After innervation, nerve terminals release
agrin, which binds to LRP4 to activate Musk in muscle cells
(DeChiara et al., 1996; Glass et al., 1996; Jennings et al., 1993;
Kim et al., 2008; McMahan, 1990; Zhang et al., 2008); the
ensuing signaling leads to formation of large AChR clusters. At
the same time, activation of muscle fibers by ACh disperses extrasynaptic AChR clusters (Lin et al., 2005; Misgeld et al., 2005;
Shi et al., 2012). This complex interplay requires that the necessary signaling proteins overcome the enormous cytoplasmic volume to be concentrated beneath the postjunctional membrane
(i.e., into a membraneless compartment that is not enclosed by
lipid membranes), a process that is not well understood.
Rapsn was identified as a co-purifying protein of the AChR
from the electric organ of the torpedo ray (Neubig and Cohen,
1979; Sobel et al., 1978). It plays a critical role in NMJ formation
and maintenance. Rapsn-null mutant mice fail to form aneural
AChR clusters and NMJs (Gautam et al., 1995; Li et al., 2016;
Xing et al., 2019). Numerous mutations have been identified in individuals with CMS (Milone et al., 2009). In heterologous cells,
Rapsn alone is able to form puncta and recruit co-transfected
AChRs into the puncta (Froehner et al., 1990; Li et al., 2016;
Phillips et al., 1991); Rapsn mutant myotubes fail to form AChR
clusters without altering AChR protein levels (Fuhrer et al.,
1999; Xing et al., 2019). As a classic adaptor protein, Rapsn is
believed to anchor the AChR by binding to cytoskeleton-associated proteins such as b-dystroglycan, a-actinin, and MACF1
(Bartoli et al., 2001; Dobbins et al., 2008; Oury et al., 2019). In
addition, Rapsn can interact with and engage signaling proteins
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to regulate NMJ formation (Li et al., 2018; Wu et al., 2010; Xing
et al., 2020). For example, its interaction with calpain can counteract the inhibitory effect of muscle activation on AChR clustering (Chen et al., 2007). Recent studies suggest that Rapsn
may serve as an enzyme whose activity is necessary for NMJ
formation (Li et al., 2016; Xing et al., 2019). The mechanisms of
how Rapsn initiates and maintains AChR clustering remain
unclear.
Phase separation is key for the formation of membraneless
signaling complexes and supramolecular assemblies (Boey
naems et al., 2018; Chen et al., 2020; Shin and Brangwynne,
2017; Wu et al., 2020). Via a process called liquid-liquid phase
separation (LLPS), signaling as well as structural proteins undergo phase transition into liquid-like condensates that exist stably in a liquid milieu. Such membraneless, coherent structures
contribute to spatiotemporal regulation of gene expression
(Boija et al., 2018), assembly of the cytoskeleton and tight junctions (Beutel et al., 2019; Hernández-Vega et al., 2017; Schwayer
et al., 2019; Woodruff et al., 2017), regulation of enzyme activities
(Guo et al., 2020; Zhu et al., 2020), and autophagic degradation
(Wilfling et al., 2020; Zhang et al., 2018). Aberrant LLPS or liquidsolid phase transition has been implicated in neurodegenerative
disorders (Alberti and Dormann, 2019; Hofweber et al., 2018;
Molliex et al., 2015; Murakami et al., 2015). Recently, LLPS has
been implicated in active zone formation, synaptic vesicle clustering, and postsynaptic density (PSD) formation (Bai et al.,
2021; Feng et al., 2019; McDonald et al., 2020; Milovanovic
et al., 2018; Wu et al., 2019; Zeng et al., 2016, 2018, 2019).
The postsynaptic proteins PSD-95, SynGAP, Shank, GKAP,
and Homer do not condensate individually, but, when mixed,
PSD-95 and SynGAP undergo LLPS. Shank, GKAP, and Homer,
when mixed, were also able to condensate and co-condensate
with PSD-95 and SynGAP (Feng et al., 2019; Zeng et al., 2016,
2018, 2019), suggesting phase separation as a possible mechanism of PSD formation.
Here we show that Rapsn is able to condensate into liquid-like
compartments in vitro, in HEK293T cells and in muscles via
phase separation. Rapsn co-condensates with AChR subunits
as well as cytoskeletal proteins, demonstrating that, via LLPS,
Rapsn serves as a vehicle to recruit different cargo proteins.
Remarkably, the capacity of Rapsn to phase-separate and cocondensate with cargo proteins is compromised by CMS mutations, providing genetic evidence of an in vivo role of LLPS.
Rapsn does not contain an intrinsically disordered region that
is required for LLPS (Boeynaems et al., 2018; Shin and
Brangwynne, 2017). We show that Rapsn LLPS is driven by the
TPR (tetratricopeptide repeat)-containing domain, which possesses multivalent binding properties and is promoted by
Musk-mediated tyrosine phosphorylation. These results suggest
that Rapsn LLPS into a semi-membraneless compartment underlies NMJ formation and maintenance.
RESULTS
Phase separation of Rapsn into condensates in vitro
To determine whether Rapsn can phase-separate into liquid-like
condensates, enhanced green fluorescent protein (EGFP)tagged Rapsn (Rapsn-EGFP) was purified from transfected
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HEK293T cells (Figure 1A). Time-lapse microscopy analysis
indicated that Rapsn-EGFP was able to spontaneously form
spherical, condensed droplets in physiological buffer (Figures
1A and 1B; Video S1). Quantitatively, droplet numbers and sizes
increased gradually over time (Figures 1C and 1D) and in a concentration-dependent manner because more and larger droplets
were formed with 5 mM Rapsn-EGFP than with 1 mM (Figures 1B1D). In contrast, as a control, no droplets were detectable with
EGFP even at 10 mM (Figure 1B). To further eliminate a possible
role of EGFP, we generated recombinant Rapsn without the
EGFP tag (Figure S1A) and labeled it with a red dye (Mix-n-Stain
CF555, CF555-Rapsn) (Zeng et al., 2018). As shown in Figures
S1B–S1D, CF555-Rapsn could also form droplets. These results
indicated that Rapsn was able to phase-separate into
condensates.
To demonstrate that Rapsn indeed condensates into droplets
from an aqueous phase, Rapsn solution was subjected to centrifugation (14,000 3 g, 15 min) (Figure 1E), and the amounts of
Rapsn in the condensed phase and aqueous phase were visualized by silver staining. Rapsn-EGFP and Rapsn were detectable
in the pellets after centrifugation (Figures 1F and S1E), also in a
concentration-dependent manner (Figures 1G and S1F). In addition, Rapsn LLPS was dependent on salt concentration and inhibited in the presence of 500 mM NaCl. At 150 mM NaCl,
30% of Rapsn was detected in the condensed phase, and
when LLPS was inhibited in the presence of 500 mM NaCl,
Rapsn was barely detectable in the condensed phase (Figures
1G and S1F). These results provide evidence that Rapsn
phase-separates into a condensed phase directly from an
aqueous phase.
Condensed droplets of Rapsn had liquid properties. First, two
droplets could fuse upon contact (Figure 1H; Video S1). Second,
when a droplet was photobleached, the fluorescence was able
to recover rapidly, with a time constant of t1/2 (the time at which
half of the fluorescence recovers) = 23 s (Figures 1I and 1K; Video
S2), suggesting a dynamic exchange of Rapsn between aqueous
and condensed phases. This notion is supported by the observation that, when a region of a droplet was photobleached, fluorescence recovery in the bleached area occurred at a faster rate (t1/
2 = 16 s) (Figures 1J and 1L; Video S3). These results indicate an
extensive exchange of Rapsn proteins between condensates
and surrounding buffer and within the condensates.
Rapsn phase separation into subcellular compartments
in HEK293T cells, myotubes, and muscle
Rapsn is known to form puncta in heterologous cells (Froehner
et al., 1990; Phillips et al., 1991). To examine whether these puncta
are phase-separated membraneless compartments, HEK293T
cells were transfected with Rapsn-EGFP and examined 12 h after
transfection. Confocal analysis by collapsed z stack images
showed that Rapsn-EGFP formed puncta in HEK293T cells
(Figure 2A), consistent with previous work (Li et al., 2016; Xing
et al., 2019). Single-plane analysis at the middle of cells indicated
that these puncta were attached to the plasma membrane
(Figure 2B), presumably because of myristoylation (Frail et al.,
1988). Rapsn puncta were spherical or elliptical in HEK293T cells,
as revealed by 3D reconstruction analysis (Figures 2C and 2D). As
shown in Video S4, Rapsn puncta changed size and shape
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Figure 1. LLPS of Rapsn-EGFP into condensates in vitro
(A–D) LLPS of Rapsn-EGFP, but not EGFP, into condensed droplets in a concentration-dependent manner.
(A) Silver staining showing Rapsn-EGFP and EGFP.
(B) Rapsn-EGFP, but not EGFP, was able to phase-separate into condensed droplets. Rapsn-EGFP (1 mM and 5 mM) and EGFP (10 mM) were diluted into
physiological buffer, and after 20 min, representative images were acquired.
(C and D) Quantification of droplet size and number at the indicated times.
(E) Schematic showing separation of the condensed phase from the aqueous phase by centrifugation.
(F) High salt and lower protein concentrations reduced the amount of Rapsn in pellets. Shown is representative silver staining.
(G) Quantification of Rapsn-EGFP in pellets in (F).
(H) Fusion of two Rapsn-EGFP droplets.
(I–L) Rapsn-EGFP in condensed droplets exchanged extensively with the surrounding aqueous phase or within droplets. Shown is fluorescence recovery after
photobleaching (FRAP) analysis of a Rapsn-EGFP droplet (I) and part of a droplet (J) and quantification of fluorescence recovery in (I) and (J) (K and L).
Data are shown as mean ± SEM; n R 3. See also Figure S1.

constantly; adjacent puncta could coalesce into one upon contact
(Figure 2E; Video S4, red arrow). In addition, the fluorescence
of photobleached puncta could recover rapidly within seconds
(t1/2 = 16 s) (Figures 2F and 2G; Video S4, white arrow). When a
part of a punctum was photobleached, the fluorescence recovered at a faster rate (t1/2 = 12 s) (Figures 2H and 2I). Similar results
were observed in HEK293T cells expressing mCherry-tagged
Rapsn (Figures S2A–S2C). These results indicate that Rapsn
puncta in HEK293T cells are membraneless subcellular compart-

ments formed by LLPS and that the exchange of Rapsn between
the compartments and the environment and within the compartment is dynamic.
To determine whether Rapsn LLPS occurs in myotubes, we
performed time-lapse imaging. To avoid potential non-specific
effects of Rapsn overexpression, which prevents formation of
large AChR clusters (Han et al., 1999; Yoshihara and Hall,
1993), Rapsn-EGFP was transfected in Rapsn/ myoblasts
(Fuhrer et al., 1999). The resulting myotubes were examined for
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Figure 2. Rapsn LLPS into liquid-like compartments in HEK293T cells
(A–D) Formation of membrane-attached Rapsn-EGFP puncta in transfected HEK293T cells.
(A) Representative 3D projection image showing circular or oval Rapsn-EGFP puncta.
(B) Single-panel image showing membrane-attached Rapsn-EGFP puncta.
(C) High-magnification image showing the highlighted region in (A).
(D) View of the image in (C) at a different angle. White arrow, membrane-attached puncta; red triangle, the same punctum as in (A), (C), and (D).
(E) Fusion of two Rapsn-EGFP puncta in HEK293T cells.
(F–I) Dynamic exchange of Rapsn-EGFP between puncta and the surrounding milieu and within puncta in HEK293T cells.
(F and H) FRAP analysis of a Rapsn-EGFP punctum (F) and quantification of fluorescence recovery (H).
(G and I) FRAP analysis of part of a punctum (G) and quantification of fluorescence recovery (I).
Data are shown as mean ± SEM; n R 3. See also Figure S2.

Rapsn-EGFP clusters. As shown in Figure 3A, in the absence of
agrin, small Rapsn aggregates fused to form a large cluster
within minutes. When part of a spontaneous cluster was photobleached, the fluorescence recovered quickly (Figures 3B and
3C; Video S5), suggesting that the clusters have liquid-like properties. Next we treated myotubes with agrin and examined agrininduced clusters of Rapsn-EGFP. They grew by fusing small
aggregates (Figure 3D). When partially photobleached, the fluo-
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rescence recovered within minutes (Figures 3E and 3F; Video
S6). When a cluster was photobleached in its entirety, the fluorescence could also recover, albeit at a slower rate (Figures 3G
and 3H; Video S7). These observations support the notion that
Rapsn forms membraneless subcellular compartments via
LLPS in myotubes.
Finally, we determined whether Rapsn LLPS occurs in live
muscle fibers. Rapsn-EGFP was electroporated in vivo into
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Figure 3. Rapsn LLPS into liquid-like compartments in myotubes and muscles
(A) Fusion of small spontaneous Rapsn-EGFP aggregates into large continuous clusters in myotubes. Arrow, cluster during fusion.
(B) Dynamic property of Rapsn-EGFP protein within spontaneous clusters.
(C) Quantification of fluorescence recovery in (B).
(D) Fusion of agrin-induced Rapsn-EGFP clusters in myotubes.
(E–H) Dynamic exchange of Rapsn-EGFP between clusters and the surrounding milieu and within clusters in myotubes.
(E and F) FRAP analysis of an agrin-induced Rapsn-EGFP cluster (E) and quantification of fluorescence recovery (F).
(G and H) FRAP analysis of part of a cluster (G) and quantification of fluorescence recovery (H).
(I and J) Dynamic property of Rapsn-EGFP in living muscles.
Data are shown as mean ± SEM; n R 3.
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tibialis anterior (TA) muscles on post-natal day 10 (P10). Muscles
were isolated at P22 in oxygenated Ringer’s solution and examined for in vivo EGFP clusters. As shown in Figures 3I and 3J,
there was fast recovery of fluorescence of the photobleached
area of Rapsn-EGFP clusters in live muscles. These results
from HEK293T cells, myotubes, and muscles demonstrate that
Rapsn-EGFP clusters are dynamic and support a role of Rapsn
LLPS in NMJ development. It is interesting that the FRAP recovery rate of Rapsn-EGFP was slower in myotubes and muscle
than that in HEK293T cells and that the Rapsn localization
pattern in myotubes and muscle is quite different from that in
HEK293T cells. This may be because Rapsn condensates in
muscles as well as myotubes recruit muscle- or myotube-specific cytoskeletal components or other components that may
constrain Rapsn. Moreover, during cluster or synapse development, Rapsn condensates may transition to a solid phase, a phenomenon that has been observed in the active-zone proteins
ELKS-1 and SYD-2 (McDonald et al., 2020).
Multivalent binding of TPRs is critical for Rapsn LLPS
LLPS can be mediated by proteins with intrinsically disordered
regions (Milovanovic et al., 2018). However, Rapsn does not
have an intrinsically disordered domain (IUPred2A; https://
iupred2a.elte.hu). Alternatively, LLPS can occur via multi-protein
complexes, such as those formed by PSD95 and SynGAP (Zeng
et al., 2016) and RIM/RIM-BP (Wu et al., 2019). However, Rapsn
itself is sufficient for LLPS. Rapsn has multiple TPR domains, a
common motif for protein-protein interaction (Perez-Riba and
Itzhaki, 2019). Because two to three TPRs can form a concave
groove for interaction (Perez-Riba and Itzhaki, 2019), and
because Rapsn has seven TPRs, we posited that the TPR region
of Rapsn may possess multiple interaction motifs. To test this hypothesis, we first generated recombinant proteins containing
two or three TPR domains: TPR1–2, TPR3–4, TPR5–7, and domains containing CC (Coiled-Coil) and RING (Really Interesting
New Gene), named CC-RING (Figure 4A), and examined their
ability to bind Rapsn. In cells co-transfected with Rapsn-Myc,
as shown in Figure 4B, Rapsn-EGFP was detected in the immunocomplex precipitated by anti-Myc beads. Rapsn-EGFP was
not detected in cells that were not co-transfected with RapsnMyc (Figure 4B), indicating the specificity of the interaction.
These results suggest that the Rapsn proteins were able to
self-associate, in agreement with previous work (Li et al., 2016;
Ramarao et al., 2001; Xing et al., 2019). Interestingly, RapsnMyc could also co-precipitate TPR1–2, TPR3–4, and TPR5–7
but not CC-RING (Figure 4B), indicating that TPR1–2, TPR3–4,
and TPR5–7, but not CC-RING, bind with full-length Rapsn. To
determine whether these TPR combinations bind to each other,
HEK293T cells were co-transfected with a Myc-tagged TPR protein and EGFP-tagged Rapsn or a truncation mutant. Subsequent co-immunoprecipitation assays indicated that TPR1–2Myc (Figure 4C), TRP3–4-Myc (Figure 4D), and TPR5–7-Myc
(Figure 4E) could bind to full-length Rapsn and each of the three
TPR proteins. In contrast, CC-RING-Myc failed to interact with
full-length Rapsn or any of the TPR motifs (Figure 4F). These results suggest that two or more TPR motifs were able to form a
binding motif for Rapsn and self-association. To further test
this hypothesis, we generated additional TPR combinations:
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TPR2–3, TPR4–5, TPR5–6, and TPR6–7 (Figure S3A). As shown
in Figure S3B, TPR2–3, TPR4–5, and TPR5–6, but not TPR6–7,
could bind with full-length Rapsn. Moreover, these combinations
could interact with one another (Figures S3C, S3D, and S3F).
However, TPR6–7 did not interact with full-length Rapsn or any
of the TPR combination (Figure S3E). These results suggest
that Rapsn contains multiple self-interaction binding sites via
various combinations of TPR motifs, revealing a potential molecular mechanism of Rapsn LLPS.
Next, we determined whether TPR-containing proteins alone
or in combination undergo LLPS in vitro. As shown in Figures
4G and 4H, TPR1–7 was able to condensate to form droplets.
The droplet sizes and numbers of TPR1–7-EGFP were comparable with those of full-length Rapsn-EGFP (Figures 4I and 4J),
suggesting that TPR1–7 was sufficient for phase separation.
This notion was supported by centrifugation assays, where
similar amounts of TPR1–7 and full-length Rapsn were detected
in the condensed phase (Figures 4K and 4L). In contrast, CCRING failed to form detectable droplets or condensate into pellets (Figures 4H, 4K, and 4L), indicating a necessary role of
TPR1–7 in Rapsn LLPS. TPR1–2, TPR3–4, TPR5–7, and TPR1–
4 were not able to form droplets or condensate into pellets
(Figures 4H–4L), although each of them was able to interact
with full-length Rapsn. These results indicate that Rapsn LLPS
requires the multivalent binding of the TPR region.
Recruitment of cargo proteins into Rapsn condensates
After finding that Rapsn phase-separated into membraneless
compartments in cells (Figures 2 and 3), we hypothesized that
Rapsn LLPS may serve as a vehicle to carry interaction or cargo
proteins into its condensates. First, we generated glutathione Stransferase (GST) fusion proteins containing intracellular regions
(loop 3/4) between the third and fourth transmembrane domains
of the AChR-a and -b subunits, which are required for Rapsn
interaction (Lee et al., 2009). The resulting GST fusion proteins,
referred to as AChR-a and AChR-b hereafter, were purified
(Figure S4A) and labeled with CF555. AChR-a or AChR-b alone
was unable to phase-separate into droplets (Figure S4B); however, when mixed with equimolar Rapsn-EGFP, they were enriched in Rapsn droplets (Figures 5A–5C), suggesting recruitment of AChR-a or AChR-b by Rapsn LLPS. Consistently,
AChR-a or AChR-b alone could not be detected in the
condensed phase but could be detected when mixed with
Rapsn (Figures S5C–S5F). As a negative control, GST was unable to be enriched into Rapsn droplets and could not form
condensed pellets when mixed with Rapsn-EGFP (Figures 5B,
5C, S5A, and S5B), suggesting specificity of Rapsn-mediated
recruitment.
Rapsn has been shown to associate with intracellular proteins
that regulate the cytoskeleton or are involved in signaling transduction (Xing et al., 2020). Next we determined whether these
proteins could be recruited into Rapsn condensates. We
focused on proteins that directly interact with Rapsn, such as
b-dystroglycan (Bartoli et al., 2001), a-actinin (Dobbins et al.,
2008), MACF1 (Antolik et al., 2007; Oury et al., 2019), and calpain
(Chen et al., 2007) (Figure 5A). The respective recombinant proteins were purified and labeled with CF555 (Figure S4A). They did
not form condensates alone (Figure S4B) but were detectable in
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Figure 4. Multivalent binding of TPR domains for Rapsn LLPS
(A) Schematic domain structure of Rapsn and truncation mutants.
(B) Binding of Rapsn with TPR1–2, TPR3–4, TPR5–7, and full-length Rapsn but not CC-RING.
(C–F) TPR1–2 (C), TPR3–4 (D), and TPR5–7 (E), but not CC-RING (F), were able to self-interact and bind each other.
(G) Silver staining showing purified EGFP-tagged full-length and truncated Rapsn proteins.
(H) LLPS of TPR1–7 and full-length Rapsn but not CC-RING, TPR1–2, TPR3–4, TPR5–7, and TPR1–4.
(I and J) Quantification of droplet size (I) and number (J) in (H).
(legend continued on next page)
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Figure 5. Recruitment of cargo proteins into Rapsn condensates
(A) Schematic domain structure of Rapsn and interaction proteins.
(B and C) AChR-a, AChR-b, MACF1, b-dystroglycan, a-actinin, or calpain, but not GST, LRP4, or actin, were recruited into Rapsn LLPS-mediated condensates.
(D) FRAP analysis of AChR-a and a-actinin enriched in Rapsn droplets, showing dynamic protein exchange.
(E) Quantification of fluorescence recovery of AChR-a and a-actinin in (D).
(F) Recruitment of actin into Rapsn condensed droplets in the presence of a-actinin.
(G) Quantification of the pixel ratio of CF633/Rapsn-EGFP in (F).
Data were shown as mean ± SEM; n R 3. See also Figures S4 and S5.

Rapsn droplets (Figures 5B and 5C). In agreement, they were detected in the condensed phase when mixed with Rapsn but not
alone (Figures S5G–S5N). These results suggest that Rapsn
LLPS could enrich these interaction proteins into condensates.
When CF555-AChR-a or a-actinin in Rapsn condensates was
photobleached, the fluorescence recovered rapidly (Figures 5D
and 5E), indicating that cargo proteins in Rapsn condensates
are dynamic and exhibit rapid protein exchange between condensates and the surrounding buffer.
Co-immunoprecipitation evidence indicates that Rapsn associates with actin in electric organs in animals and in muscle cells (Li
et al., 2016; Walker et al., 1984). However, CF555- or CF633labeled actin was not detectable in Rapsn droplets or in the
condensed phase (Figures 5B, 5C, 5F, 5G, S5Q, and S5R), perhaps
because actin does not interact with Rapsn directly. Interestingly,
in the presence of a-actinin, a protein that directly interacts with
actin (Sjöblom et al., 2008), CF633-labeled actin was detectable
in Rapsn droplets (Figures 5F and 5G), indicating that Rapsn may

be able to recruit partners of its interaction proteins. Consistently,
LRP4 was not detectable in Rapsn droplets and the condensed
phase (Figures 5B, 5C, S5O, and S5P), although it was present in
Rapsn aggregates in myotubes (Figure S5S), suggesting that
LRP4 may be recruited indirectly into Rapsn aggregates.

Promotion of Rapsn LLPS by Musk signaling
Rapsn becomes tyrosine phosphorylated, which is necessary for
aggregation and AChR clustering by agrin (Xing et al., 2019,
2020). Therefore, we determined whether Rapsn LLPS is regulated by tyrosine phosphorylation. First, Rapsn-EGFP was purified from transfected HEK293T cells, where it is tyrosine phosphorylated (Lee et al., 2008; Xing et al., 2019; Figure 6A).
Treatment with lambda phosphatase (PP) reduced the phospho-tyrosine level of Rapsn (Figure 6A) and its ability to condensate (Figures 6B–6E), suggesting a potential regulation by tyrosine phosphorylation. In contrast, Src, a proto-oncogene

(K) Representative silver staining image showing that the WT and TPR1–7, but not TPR1–2, TPR3–4, TPR5–7, CC-RING, and TPR1–4, were able to condensate
into pellets after centrifugation.
(L) Quantification of the percentage of proteins in pellets in (K).
Data are shown as mean ± SEM; n R 3. See also Figure S3.
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Figure 6. Promotion of Rapsn LLPS by Musk signaling
(A–E) Promotion of Rapsn LLPS by tyrosine phosphorylation. Rapsn-EGFP was treated with PP, CK2, or Src.
(A) Phosphorylation levels of Rapsn-EGFP.
(B and C) PP reduces and Src increases droplet formation.
(B) Representative blots.
(C) Quantitative data. ***p < 0.001, one-way ANOVA.
(D and E) PP reduces and Src increases Rapsn in pellets.
(D) Representative silver staining.
(E) Quantitative data. ***p < 0.001, one-way ANOVA.
(F–J) Enhanced Rapsn LLPS by Musk-induced tyrosine phosphorylation. Rapsn-EGFP was purified from HEK293T cells cotransfected with Musk or Musk-KD.
(F) Tyrosine phosphorylation of Rapsn.
(G and H) Increased droplet formation by Musk cotransfection. ***p < 0.001, one-way ANOVA.
(I and J) Increased Rapsn in pellets by Musk cotransfection. ***p < 0.001, one-way ANOVA.
(K–O) Reduced Rapsn LLPS by Y86F mutation. Rapsn or Y86F-EGFP was transfected into HEK293T cells alone or with Musk and purified for LLPS.
(K) Tyrosine phosphorylation of Rapsn.
(L) Representative images of droplets.
(M) Quantification of droplet size in (L). ***p < 0.001, one-way ANOVA.
(N) Reduced Y86F Rapsn in pellets.
(O) Quantitative data in (M). ***p < 0.001, one-way ANOVA.
Data are shown as mean ± SEM; n R 3.
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tyrosine-protein kinase, increased the phospho-tyrosine of
Rapsn (Figure 6A) and LLPS (droplet formation and condensation into pellets) (Figures 6B–6E). Because PP also reduced
phospho-serine/threonine (Figure 6A), we determined whether
serine/threonine phosphorylation was involved in Rapsn LLPS.
Rapsn was incubated with casein kinase 2 (CK2), a serine/threonine kinase that binds to Rapsn and has been implicated
in NMJ formation (Cheusova et al., 2006; Eiber et al., 2019;
Herrmann et al., 2015), which increased the phospho-serine/
threonine of Rapsn (Figure 6A). However, it had little effect on
Rapsn droplet formation and condensation into pellets (Figures
6B–6E). These results suggest that Rapsn LLPS is promoted
by tyrosine phosphorylation.
To examine whether Rapsn LLPS is regulated by Muskinduced tyrosine phosphorylation, we co-transfected RapsnEGFP with Musk into HEK293T cells. The co-transfection
increased tyrosine phosphorylation of Rapsn compared with
Rapsn-EGFP alone (Figure 6F), consistent with previous work
(Lee et al., 2008; Xing et al., 2019). In parallel, Rapsn LLPS was
increased (Figures 6G–6J). This effect was not observed with
Rapsn from HEK293T cells co-transfected with kinase-dead
Musk mutant (Musk-KD) (Figures 6F–6J). Previously, we showed
that Y86 of Rapsn becomes tyrosine phosphorylated and its mutation, Y86F, reduces phosphorylation and self-association (Xing
et al., 2019; Figure 6K). Interestingly, the droplet size and level of
Y86F in condensed phase were reduced compared with WT
Rapsn (Figures 6L–6O). In addition, the Y86F mutation inhibited
Musk-promoted Rapsn LLPS (both droplet formation and
condensation into pellets) (Figures 6L–6O). These results suggested that Musk signaling stimulates AChR clustering by promoting Rapsn LLPS.
Decreased LLPS and cargo-carrying ability of CMS
mutants
Numerous Rapsn mutations have been identified in individuals
with CMS (Milone et al., 2009). Because a crystal structure of
Rapsn is not available, we modeled Rapsn’s structure based
on the computer program I-TASSER (Roy et al., 2010). As shown
in Figure 7A, the seven TPR motifs are grouped in the N-terminal
region, followed by the CC domain and a seemingly loose RING
domain. CMS mutations are distributed within the TPR region,
the CC and RING domains, as well as in junction regions between these domains (Figure 7A). We wanted to find out whether
CMS-associated mutations may alter Rapsn LLPS. Remarkably,
the size of droplets formed by L14P, N88K, or R164H was
smaller than that of Rapsn wild type (WT) at 5 mM (Figures 7B
and 7C), suggesting a compromised ability for LLPS. Rapsn
LLPS was not altered by 11 other CMS mutations, including
those in the junction regions and in the CC and RING domains
(Figures 7B and 7C; Table S1).
We determined the minimal concentrations of Rapsn WT and
L14P, N88K, or R164H mutants for forming droplets and their
sensitivity to increasing NaCl concentrations. Rapsn WT was
able to phase-separate into droplets at 1 mM in the presence of
100 or 150 mM NaCl (Figure 7D), two concentrations close to
physiological salt concentration. However, under these conditions, none of the three Rapsn mutants at 1 mM were able to
form droplets (Figure 7D). The minimal concentrations for L14P,
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N88K, and R164H to form droplets increased to 3 mM and 5 mM,
respectively, in the presence of 100 or 150 mM NaCl
(Figure 7D). On the other hand, increasing NaCl concentrations inhibited LLPS of WT and mutant Rapsn (Figure 7D). However,
Rapsn WT at 5 mM protein concentration was able to phase-separate into droplets at 300 mM NaCl, where LLPS was not observed
for Rapsn mutants under the same conditions, even when the protein concentrations were increased to 8 mM (Figure 7D). Moreover,
the puncta formed by L14P, N88K, or R164H were smaller than
those formed by WT Rapsn in HEK293T cells (Figures 7E and
7F), indicating reduced LLPS in cells. It is worth noting that
L14P, N88K, and R164H were localized in TPR motifs (TPR1,
TPR3, and TPR5, respectively) (Figures 7G and 7H), consistent
with the notion that multivalent binding of TPR motifs is critical
for Rapsn LLPS (Figures 4 and S3). Intriguingly, the three mutations are located within the first a-helix (Figures 7G and 7H).
Of 14 CMS-associated mutations, 11 had no effect on Rapsn
LLPS. We determined whether they alter the ability of Rapsn to
recruit cargo proteins into condensates. As shown in Figures 7I
and 7J, AChR-a and AChR-b were hardly detectable in droplets
formed by L326P Rapsn, in contrast to a robust CF555 signal in
droplets formed by WT Rapsn. These results indicate a critical
role of L326 in carrying AChR-a and AChR-b into droplets. On
the other hand, compared with WT Rapsn, E147K reduced the
amount of MACF1 in the droplets, whereas 1177del2 inhibited
recruitment of b-dystroglycan (Figures 7I and 7J). The effects
of L326P, L147K, and 1177del2 on cargo-carrying ability was
cargo specific, and they had no effect on co-condensation
with other cargo proteins (Table S1). These results suggest two
ways in which CMS-associated mutations impair NMJ formation: (1) preventing Rapsn from forming condensates and (2)
impairing the ability of Rapsn to carry cargo proteins into condensates; this sheds light onto mechanisms of CMS pathology.

Diminished aneural and nerve-induced AChR clusters in
R164H knockin mutant mice
We demonstrated that the N88K mutation prevented mice from
forming proper NMJs (Xing et al., 2019), providing genetic evidence of a role of Rapsn LLPS in NMJ formation. To further test
this hypothesis, we generated a knockin mouse strain carrying
R164H (Figures S6A and S6B), a mutation in the fifth TRP motif
that inhibits Rapsn LLPS (Figure 7). Self-association of R164H
Rapsn was reduced compared with the WT (Figures S7A and
S7B). The mutation had little effect on Rapsn mRNA and protein
levels (Figures S6C and S6D) but prevented Rapsn from rescuing
AChR clustering deficits in Rapsn/ myotubes (Figures S7C and
S7D). In WT mice, muscle fibers were dotted with primitive aneural
AChR clusters in the central region on embryonic day 13.5 (E13.5)
(a phenomenon called pre-patterning, prior to NMJ formation) (Li
et al., 2018; Lin et al., 2001; Yang et al., 2000, 2001; Figure 8A).
However, in R164H/R164H mice, aneural AChR clusters were
barely detectable, a phenotype like that of Rapsn-null mice
(Rapsn/) (Figure 8A). Because R164H mice were generated by
CRISPR-Cas9, we characterized R164H/ mice, in which one
chromosome carried R164H and the other carried a null allele.
Similar phenotypes were observed in R164H/ mice and
R164H/R164H mice (Figure 8A), suggesting that NMJ deficits
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Figure 7. Decreased LLPS and cargo-carrying ability by CMS mutations
(A) Modeled structure of Rapsn and localization of CMS mutations. Red, mutations that reduce Rapsn LLPS; green, mutations that decrease cargo recruitment.
(B) Representative images showing condensed droplets formed by LLPS of WT or the indicated mutant Rapsn (5 mM).
(C) Quantification of droplet size in (B). n = 3, ***p < 0.001, one-way ANOVA.
(D) Phase diagrams showing droplet formation of WT or three mutant Rapsn (L14P, N88K, and R164H) with different protein concentrations in 25 mM Tris (pH 7.4),
5 mM DTT, and NaCl (ranging from 100–800 mM). Green dots, phase separation; gray dots, no phase separation.
(E) Mutant Rapsn (L14P, N88K, and R164H) forms smaller puncta compared with WT Rapsn in transfected HEK293T cells.
(F) Quantification of punctum size in (E). n = 10, ***p < 0.001, one-way ANOVA.
(G and H) Location of LLPS-inhibiting mutations in the first a helix.
(I) Recruitment of cargo proteins into Rapsn condensates was inhibited by CMS-related mutations.
(J) Quantification of the pixel ratio of CF555/Rapsn-EGFP in (I). n = 3, ***p < 0.001, one-way ANOVA.
Data are shown as mean ± SEM. See also Table S1.

were not an off-target effect. These results suggest that the
R164H mutation impaired formation of aneural AChR clusters.
In WT mice, innervation occurs on ~E14.5, induces larger
clusters, and disperses aneural clusters. As shown in Figures
8A, 8C, and 8D, the numbers and sizes of AChR clusters were
reduced in R164H/R164H and R164H/ mice at age of E16
compared with WT controls. At P0, AChR clusters appear as
oval plaques that are distributed within a restricted central region in WT mice (Figure 8B). However, in R164H/R164H and
R164H/ mice, AChR clusters were smaller in size with reduced
intensity and distributed in a wider center area (Figures 8B, 8C,
and 8E), indicating that R164 is necessary for nerve-induced

AChR clustering. R164H had little effect on Rapsn stability or
interaction with AChR, actin, or other binding partners, including
b-dystroglycan, calpain, MACF1, and a-actinin (Figures S7E–
S7M). These results provide further genetic evidence of a role
of Rapsn LLPS in NMJ formation. In addition to postsynaptic
deficits, motor nerve terminals arborized extensively in R164H
mutant mice (Figures 8B, 8D, 8F, and 8G), a phenotype
commonly observed in mice with mutant Rapsn, LRP4, Musk,
or Dok7 (DeChiara et al., 1996; Gautam et al., 1995; Okada
et al., 2006; Weatherbee et al., 2006). The cause of presynaptic
deficits is unclear but may be due to a compensatory mechanism for postsynaptic deficits and/or loss of retrograde
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Figure 8. Diminished aneural and nerve-induced AChR clusters in R164H knockin mutant mice
(A and B) Diminished aneural and nerve-induced AChR clusters in R164H knockin mutant mice. Diaphragms of the indicated genotypes at different ages were
stained whole mount with Fluor 594-a-BTX (Bungarotoxin, red) to label AChR clusters and with anti-NF/Syn (Neurofilament/Synapsin, green) antibodies to label
motor nerve terminals. Areas in rectangles in the top panels are shown magnified in the bottom panels (A).
(C–G) Quantitative data showing AChR cluster size (C) and number (D), AChR intensity (E), secondary nerve branch length (F), and endplate band width (G). Data
are shown as mean ± SEM; n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA.
(H) Working model. Rapsn condensates to form a liquid-like semi-membraneless compartment. In so doing, Rapsn recruits cargo proteins that regulate AChR
clustering. These condensates may serve as a hub that promotes cytoskeletal interaction and are promoted by agrin-LRP4-Musk signaling.
See also Figures S6 and S7.

signaling directly or indirectly downstream of the agrin pathway
(DeChiara et al., 1996).
DISCUSSION
We provide evidence that Rapsn undergoes LLPS into dynamic
condensates in vitro, in HEK293T cells, and in muscle (Figures
1, 2, and 3). Rapsn condensates can co-condensate AChRs
as well as cytoskeletal and signaling proteins (Figures 5B and
5C). Remarkably, the capacity of Rapsn to phase-separate and
co-condensate with cargo proteins is compromised by CMSassociated mutations (Figure 7). In particular, N88K, a prevalent
CMS-related mutation in Rapsn, reduced LLPS of Rapsn; NMJ
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formation is impaired in N88K mutant mice (Xing et al., 2019).
Here we show that R164H, another CMS mutation, inhibits Rapsn
LLPS and prevents proper NMJ assembly (Figures 7 and 8),
providing genetic evidence of Rapsn LLPS in NMJ formation
and revealing potential pathological mechanisms of neuromuscular disorders.
Our results support a working model where Rapsn condensates to form a membraneless subcellular compartment to
orchestrate NMJ assembly (Figure 8H) in two ways. First, Rapsn
compartments co-condensate with AChR subunits and cytoskeletal proteins directly or indirectly (Figure 5B), suggesting
that Rapsn LLPS serves as a structural platform for AChR clustering and anchoring AChRs to the cytoskeleton. Because its
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ability to condensate without an extrinsic regulator, Rapsn is sufficient to initiate AChR clustering in muscle prior to innervation by
motor neurons. Interestingly, Rapsn is more conserved than
many NMJ proteins across the species; for example,
C. elegans expresses Rapsn but not agrin, LRP4, or Musk.
Therefore, Rapsn may play a key role in synaptogenesis in species before complex regulatory mechanisms evolve. Second,
Rapsn condensates may function as a signaling hub to favor
AChR clustering. LLPS was more robust by Rapsn purified
from cells that expressed WT, but not Musk-KD (Figures 6G–
6J), suggesting that Rapsn LLPS could be promoted by agrinLRP4-Musk signaling. In addition, signaling molecules, including
protein kinase A (PKA) (Choi et al., 2012), CK2 (Herrmann et al.,
2015), and HSP90b (Luo et al., 2008), could be recruited to the
condensates through direct or indirect binding. Bringing
together Rapsn (an E3 ligase) and AChR subunits, Rapsn LLPS
may facilitate AChR neddylation, which is required for AChR stability (Li et al., 2016; Xing et al., 2020). Consistent with this notion,
N88K mutation, which reduces LLPS of Rapsn, also reduces
AChR neddylation (Xing et al., 2019).
Rapsn is a major target of CMS, accounting for 15% of total
CMS cases (Milone et al., 2009). Rapsn mutations can reduce
Rapsn’s ability to induce AChR clustering (Cossins et al., 2006;
Maselli et al., 2003, 2007; Ohno et al., 2002, 2003). However, little
is known regarding the underlying molecular mechanisms. Here,
we demonstrate that L14P, N88K, and R164H diminish the ability
of Rapsn to condensate in solution and in cells (Figure 7). On the
other hand, three other mutations, L326P, E147K, and 1177del2,
have no effect on Rapsn LLPS but prevent Rapsn from carrying
interacting proteins into condensates (Figure 7). These results
reveal a novel pathological mechanism of CMS mutations; i.e.,
by disrupting formation of a semi-membraneless compartment
or recruitment of signaling proteins into the compartment.
Some CMS mutations had no effect on Rapsn LLPS or cocondensation. This may reflect failure to interact with other cargos that were not tested or another mechanism that is distinct
from altering LLPS or cargo interactions.
Unlike the PSD of brain synapses, the NMJ does not have a
postsynaptic electron density structure. LLPS by PSD proteins
requires interactions of two or three organizers. For example,
PSD-95, SynGAP, Shank, GKAP, and Homer do not condensate
individually; however, PSD-95 and SynGAP or Shank, Homer
and GAKP, when mixed, can phase-separate (Zeng et al.,
2016, 2018). The resulting condensates can recruit other PSDassociated proteins and cluster glutamatergic receptors (Zeng
et al., 2018). Evidently, Rapsn alone is able to phase-separate
to form droplets through multivalent binding of the TPR domain.
A TPR motif is composed of 34 amino acids that could mediate
€ssle,
oligomerization of TPR-containing proteins (Blatch and La
1999; Zeytuni and Zarivach, 2012). Indeed, Rapsn self-associates through TPRs (Ramarao et al., 2001; Xing et al., 2019). We
show that two or more of the TPRs, except TPR6–7, can interact
with one another or self-associate; such multivalent binding is
critical for Rapsn LLPS. TPR domains exist in many proteins critical for neural development, including FKBP52, important for
neuronal differentiation (Quintá and Galigniana, 2012); postsynaptic scaffold proteins of the TANC (tetratricopeptide repeat, ankyrin repeat and coiled-coil containing) family that bind PSD95

(Han et al., 2010); and TRIP8b, an adaptor protein for channel
trafficking (Lewis et al., 2011). Our results suggest that LLPS
may be involved in many aspects of neuronal function.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice
Rapsn null mutant mice were kindly provided by Dr. Peter Noakes (Gautam et al., 1995). The R164H mutant mice were generated by
the transgenic and targeting facility of Case Western Reserve University using CRISPR-Cas9. Briefly, donor DNA, AGGCC CTGCG
CTATG CCCAC AACAA CGATG ACACC ATGCT GGAGT GTCAC GTCTG CTGCA GCCTG GGCAG TTTCT ACGCC CAGGT CAAGG
TGGGC CTGGT, was synthesized and PAGE purified by Integrated DNA Technologies. Cas9 protein (CP01-20) and sgRNA containing targeting sequence, TGCCC AGGCT GCAGC AGACA, were from PNA bio. Mixture containing Cas9 protein (100 ng / ml), sgRNA
(50 ng / ml), and donor DNA (100 ng / ml) were injected into C57BL/6J fertilized eggs and the survival two-cell stage embryos were
transferred to pseudo-pregnant C57BL/6J females. Mice carrying R164H mutation were screened by PCR analysis. Primers: 50 ACA CCA TGC TGG AGT GCC GT 30 and 50 - TTC TCA GGG AGC CTC AAA TC 30 were used to verify WT genomic DNA, and
primers: 50 - AGG CTG CAG CAG ACG TGA 30 and 50 - ATG GGC AAT GCT TTC CTG GG 30 were used to verify R164H mutant
genomic DNA. Mice were housed in cages in a room with 12 hr light-dark cycle with ad libitum access to water and rodent chow
diet (Diet P3000). Animal protocols have been approved by the Institutional Animal Care and Use Committee of Case Western
Reserve University.
METHOD DETAILS
Protein expression, purification, and fluorescence labeling
Constructs for protein expression were generated through standard molecular cloning methods. Rapsn and truncation mutants,
a-actinin, HSP90b, b-catenin, MACF1, actin, EGFP and calpain were cloned into modified pCDNA3.1 backbone containing Myc
tag, His tag and a home-made thrombin digestion site, and transfected into HEK293T cells by polyethylenimine transfection (PEI,
linear MW 25,000, Polysciences, Cat#: 23966-1) (Zhang et al., 2012, 2019). Three days after transfection, cells were harvested
and sonicated in buffer containing 500 mM NaCl, 25 mM Tris, pH 7.4, 5 mM DTT, protease inhibitors (Complete EDTA-free, Sigma,
Cat#: 11873580001), and phosphatase inhibitors (PhosSTOP, Sigma, Cat#: 4906845001). Lysates were centrifuged at 4 C, 14,000 x
g for 30 min, and supernatants were collected and centrifuged again at 4 C, 14,000 x g for 30 min. They were incubated with Ni-NTA
resins for 4 hr at 4 C; resins were washed with same buffer for three times and then incubated with the protease thrombin (working
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condition: 1 U protease thrombin in 1 X cleavage buffer containing 20 mM sodium citrate, pH6.5, 20 mM NaCl, 0.01% PEG-8000, and
5% glycerol) to digest the tags and to elute conjugated proteins. Eluted proteins were further purified by size exclusion chromatography. For expression and purification of AChR-a, AChR-b, plectin1f, b-dys, respective cDNAs were cloned into pGEX-6P-1 vector
with a GST tag. Escherichia coli BL21 cells were transformed with respective constructs and cultured in Lysogeny broth (LB) medium
(supplied with ampicillin) at 18 C overnight. After the addition of 0.1 mM IPTG (final concentration) to induce protein expression, bacteria were cultured for another 9 hr, harvested and incubated with lysozyme in PBS for 20 min. Bacteria were lysed by sonication with
50% output and lysates were incubated with glutathione beads at 4 C for 1 hr. Beads were washed three times in PBS buffer and
bound proteins were eluted by reduced glutathione and further purified by size exclusion chromatography in buffer containing
500 mM NaCl, 25 mM Tris (pH 7.4), and 5 mM DTT. Some proteins were labeled with CF555 tag using a kit (Mix-n-Stain CF 555,
Sigma, MX555S100; Mix-n-Stain CF 633, Sigma, MX633S100) as described by the manufacturer.
Phase separation of proteins in vitro and imaging
Purified proteins were stored in high salt buffer (500 mM NaCl, 25 mM tris, pH 7.4, 5 mM DTT), and diluted into the physiological salt
buffer (150 mM NaCl, 25 mM tris, pH 7.4, 5 mM DTT) to examine LLPS at room temperature. For co-condensation assay, 5 mM CF555
labeled cargo proteins were incubated with equimolar Rapsn-EGFP, and recruitment of cargo proteins was indicated by enrichment
of CF555 signal into Rapsn droplets. For imaging droplets or condensates, diluted proteins were loaded on the glass bottom of culture dishes (35mm Dish, 14mm Glass diameter, uncoated; MatTek, P35G-1.5-14-C), and covered with a cover slide to reduce solution evaporation. Images were collected by confocal Zeiss LSM 810 using a 60 X oil objective.
Co-immunoprecipitation assay
The procedures for co-immunoprecipitation were performed as described previously (Zhang et al., 2008). Briefly, proteins were expressed in HEK293T cells by PEI transfection. 48 hr after transfection, cells were washed once with ice-cold PBS and lysed in buffer
containing 5% glycerol, 150 mM NaCl, 25 mM Tris, pH7.4, 1% Triton X-100, protease inhibitors and phosphatase inhibitors. Lysates
were centrifuged at 14,000 g for 20 min at 4 C, and the supernatants were incubated with beads overnight. Beads were pelleted by
centrifugation at 4,000 x g for 1 min, 4 C, and washed with a buffer containing 5% glycerol, 150 mM NaCl, 25 mM Tris, pH7.4, 0.2%
Triton X-100, protease inhibitors and phosphatase inhibitors for three times. Precipitated proteins were eluted by 1 X SDS boiling and
detected by western blotting.
FRAP assay
Fluorescence signals were bleached using 100% intensity laser beam. Because fluorescence decays during image collection, two
droplets or puncta were selected for single experiment. One was bleached and the other one was not bleached and acted as experimental controls. The ratio of bleached area / non-bleached control was calculated at different time points. The pre-bleach signal was
normalized to 100%. For FRAP analysis of in vitro droplets, all data were collected with 20-40 min after proteins diluted in the physiological buffer to eliminate the possibility that aged droplets affect fluorescence recovery. For FRAP of AChR clusters in live muscles,
muscles with tendons were isolated in oxygenated Ringer’s solution (137 mM NaCl, 5 mM KCl, 12 mM NaHCO3,1mM NaH2PO4,1mM
MgCl2, 2mM CaCl2, 11 mM D-glucose, pH 7.3, perfused with 95% O2 and 5% CO2) and mounted on culture dishes with glass bottom
for live imaging. FRAP assay was performed on Zeiss LSM 810 confocal.
Immunofluorescence staining
The procedures for immunostaining diaphragms were described previously (Xing et al., 2019; Zhao et al., 2018). Briefly, embryonic or
P0 pups were sacrificed and fixed in 4% paraformaldehyde in PBS for 24 hr, and then diaphragms were dissected and rinsed in 0.1 M
glycine in PBS for 1hr, room temperature, followed by three-time washing in 0.5% PBST (0.5% Triton X-100 in PBS). Samples were
then blocked in the blocking buffer (5% BSA, 5% goat serum, 0.5% Triton X-100 in PBS) for 1 hr, room temperature, and incubated
with primary antibodies diluted in blocking buffer, 4 C, overnight. Next day, samples were washed three times in washing buffer
(0.5% Triton X-100 in PBS), and then incubated with fluorescence-labeled secondary antibodies and Flour-594 conjugated a-Bungarotoxin diluted in blocking buffer, room temperature, for 1-2 hr. After that, samples were washed and mounted with Vectashield
mounting medium (H1000, Vector Laboratories, Burlingame, CA). Images were collected with LSM 810.
Live cell imaging and quantification of Rapsn-EGFP concentration in cells
For live cell imaging, HEK293T or C2C12 cells were cultured on 35mm dish with glass bottom plate (35 mm Dish, 14 mm Glass diameter, collagen coated; MatTek, P35GCOL-0-14-C), and transfected with Rapsn-EGFP or Rapsn-mCherry. For HEK293T cells, 12 hr
after transfection, images were taken with confocal Zeiss LSM 810, supplemented with incubator with controllable temperature and
CO2 concentration (37 C, 5% CO2). For C2C12 cells, after differentiation into myotubes, agrin was added to culture cells and images
were taken simultaneously. To quantify Rapsn-EGFP concentration in HEK293T cells, the pixels of purified Rapsn-EGFP were
calibrated using fluorescence microscopy and established the linear fitting of protein concentration and mean pixel intensity values.
Occasionally, Rapsn became aggregated in ER or Golgi in proximal regions of nuclei. These aggregates were usually large and not
associated to the plasma membrane. Cells with such aggregates were excluded from analysis. To avoid the potential impact of
mitosis-associated cytoskeletal alteration on Rapsn LLPS, aggregates in mitotic cells were also excluded from analysis. Z stack
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images were taken for all cells under same settings, and cell volumes were measured by imageJ plugins Volumest. The overall pixels
were calculated by a sum-projection. The mean intensity was calculated as the ratio of overall pixel / cell volume.
Isolation of phase-separated condensates from aqueous phase
Proteins were stored in the buffer containing 500 mM NaCl, 25 mM tris, pH 7.4, 5 mM DTT, and pre-cleared via centrifugation at
14,000 x g for 1 min before using. To isolate phase-separated pellets with aqueous phase, proteins were diluted into low salt buffer
(150 mM NaCl, 25 mM tris, pH 7.4, 5 mM DTT) with designed concentrations and combinations, and after incubation for 20 min at
room temperature, samples were subjected to centrifugation at 14,000 x g for 15 min at room temperature. The aqueous phase/supernatant (designed as S) was transferred to a new tube and condensed phase/pellet were washed once with low salt buffer and resuspended with half volume of supernatant fraction of high salt buffer (designed as P). Proteins in both S and P fractions were
resolved by SDS-PAGE and analyzed by silver staining. Band intensities were quantified by ImageJ software.
Silver staining
The procedures for silver staining were performed as described previously (Shevchenko et al., 1996). Briefly, proteins were separated
by SDS-PAGE (10% or 12%), and gels were fixed in solution containing 40% ethanol, 10% acetic acid in water for 30 min, and fixed
gel was rinsed with 50% methanol for 10 min, followed by water washing for 10 min. The gel was then incubated with the sensitizing
solution containing 0.02% Na2S2O3 for 1 min, and rinsed in water for 2 X 1 min. Sensitized gel was then incubated in 0.1% silver nitrate solution for 20 min at 4 C. After that, gels were rinsed in water for 2 X 1 min and incubated in developing solution containing 2%
Na2CO3 and 0.04% formalin to visualize protein bands.
CK2 and Src kinase assay
The procedures for CK2 and Src kinase assay were described by the manufacturers (CK2, New England Biolabs, Cat#: P6010S; Src,
Cell signaling technology, Cat#: 7496).
Real time PCR
Total RNA was purified from mouse muscles using TRIzol (Thermo Fisher Scientific, 15596026) (Rio et al., 2010), and was measured
and reverse transcribed to cDNAs according to manufacturer’s protocol (Promega, GoScript reverse transcription kit, A2801) with
Oligo dT primers. A 20 mL reaction system containing SYBR GreenER qPCR mix, gene-specific primers and cDNA was used to
perform Real time PCR in StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, 4376600) using 2hr cycling procedure,
95 C (10min), followed by 40 cycles of 95 C (15 s)- 60 C (60 s). Following primers were used. 50 -GGC AGG ACC AGA CAA AGC
AA-30 and 50 -CGAGTGAGCTGTTACCAAGCA-30 for Rapsn; 50 -AAG GTC ATC CCA GAG CTG AA-30 and 50 -CTG CTT CAC CAC
CTT CTT GA-30 for GAPDH.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data were presented as mean ± SEM, unless otherwise indicated. Statistical analysis was performed by Unpaired Student t test,
One-way ANOVA or Two-way ANOVA. Statistical difference was considered when p < 0.05.
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Figure S1. LLPS of Rapsn into condensates in vitro, Related to Figure 1.
(A) Silver staining showing purified Rapsn.
(B-D) Rapsn was able to phase separate into condensed droplets in a concentration-dependent manner.
(B) CF555-labeled Rapsn (1 μM and 5 μM) was able to phase separate into condensed droplets.
(C, D) Quantification of the droplet size and number formed by Rapsn (1 μM and 5 μM) at different time points.
Data was shown as mean ± SEM; n = 3.
(E) Representative silver staining analysis showing the distribution of Rapsn in aqueous phase (S) and
condensed phase (P) under different protein concentrations in the buffer containing 25 mM Tris, pH7.4, 5 mM
DTT, and 150 mM NaCl or 500 mM NaCl.
(F) Quantification of percentage of Rapsn in pellets in (E). Data was shown as mean ± SEM; n = 3.

5

10

15 20

Time (min)

A

0s

12 s

22 s

C

45 s

B

Pre-Bleach

Bleach

10 s

Fluorescence (a.u.)

1.0

30 s

0.8
0.6
0.4
0.2
0

2 μm

t1/2 = 15 s
0 16 32 48 64 80
Time (s)

Figure S2. LLPS of Rapsn-mCherry into liquid-like compartments in HEK293T cells, Related to Figure 2.
(A) Fusion of two Rapsn-mCherry puncta in HEK293T cells.
(B) FRAP analysis showing dynamic exchange of Rapsn-mCherry between puncta and surrounding milieu.
(C) Quantification of fluorescence recovery in (B). Data were shown as mean ± SEM; n = 10.
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Figure S3. Multivalent binding of the TPR region, Related to Figure 4.
(A) Schematic diagram showing Rapsn domain structure, and various truncated proteins.
(B) Binding of Rapsn with TPR2-3, TPR4-5, TPR5-6, but not TPR6-7. EGFP-tagged TPR2-3, TPR4-5, TPR6-7,
or TPR5-6 was cotransfected with Myc-tagged Rapsn into HEK293T cells. 48 hr later, cells were lysed and incubated
with anti-Myc beads to precipitate Rapsn-Myc. Resulting complex was probed with indicated antibodies.
(C-F) TPR2-3, TPR4-5 or TPR5-6, but not TPR6-7 was able to bind with one another. The binding of TPR2-3-Myc (C),
TPR4-5-Myc (D), TPR6-7-Myc (E), or TPR5-6-Myc (F) with EGFP-tagged TPR2-3, TPR4-5, TPR6-7,
and TPR5-6 was characterized by co-immunoprecipitation.

A

B

kDa

AChR-α

AChR-β

α-actinin

Calpain

MACF1

β-dys

Lrp4

Actin

GST

250
150
100
75
50
37

25

Figure S4. Failure of cargo proteins to phase separate into condensates by themselves, Related to Figure 5.
(A) Rapsn cargo proteins, as well as GST, Lrp4 and actin, were purified and examined by silver staining.
(B) Purified proteins were labeled with CF555, and their ability to form droplets was examined. Note that none
of them was unable to phase separate into droplets.
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Figure S5. Recruitment of cargo proteins into Rapsn LLPS-mediated condensates, Related to Figure 5.
(A, B) GST was unable to be incorporated in Rapsn LLPS-mediated condensates.
(A) Representative silver staining image showing distribution of Rapsn-EGFP and GST in aqueous phase (S) and condensed
phase (P) by Rapsn-EGFP (5 μM), GST (5 μM), or mixture containing Rapsn-EGFP (5 μM) and GST (5 μM). Note that
GST was undetectable in pellets when examined alone or mixed with equimolar Rapsn-EGFP.
(B) Quantification of pellet percentage of Rapsn-EGFP and GST in different groups in (A). Data were shown as mean ± SEM; n = 3.
(C-R) AChR-α (C, D), AChR-β (E, F), MACF1 (G, H), β-dystroglycan (I, J), α-actinin (K, L) and calpain (M, N), were detectable
in pellets when mixed with Rapsn-EGFP, but not alone. Lrp4 (O, P) or Actin (Q, R) was undetectable in pellets when examined
alone or mixed with equimolar Rapsn-EGFP. Data were shown as mean ± SEM; n = 3.
(S) Colocalization of Lrp4-EGFP and Rapsn-mCherry in myotubes. Myoblasts were cotransfected with Lrp4-EGFP and
Rapsn-mCherry. Resulting myotubes were treated with agrin for 12 hr and examined for co-distribution of Lrp4-EGFP and
Rapsn-mCherry.
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Figure S6. Generation of R164H knockin mutant mice by CRISPR-Cas9, Related to Figure 8.
(A) Generation of R164H knockin mutant mice by CRISPR-Cas9. Illustration of CRISPR-Cas9 strategy to generate R164H
knockin mutant mice. The codon encoding R164 in genomic DNA was indicated in red. Mutated base pairs in donor DNA
were indicated in green.
(B) Verification of R164H mutation by genomic DNA sequencing. Genomic DNA of indicated genotypes was sequenced.
WT R164 was highlighted in red, and mutated base pairs were indicated in green.
(C) Comparable mRNA levels of Rapsn in WT and R164H/R164H mutant mice. Data were shown as mean ± SEM; n = 3,
Student T-test.
(D) Similar Rapsn protein levels between WT and R164H/R164H mutant mice.
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Figure S7. R164H is impaired in self-association and in rescuing AChR clustering in Rapsn -/- myotubes, Related to Figure 8.
(A, B) Reduced Rapsn self-association by R164H mutation. Data were shown as mean ± SEM; n = 3; **, P < 0.01; Student T-test.
(C, D) Failure of R164H mutant Rapsn in rescuing agrin-induced AChR clusters in Rapsn -/- myotubes.
(C) WT, Rapsn -/-, or Rapsn -/- myotubes transfected with EGFP-tagged WT or R164H mutant Rapsn was treated with agrin
for 12 hr and stained with Flour 594-α-BTX (red) to label AChR clusters. Arrows, large AChR or Rapsn-EGFP clusters; arrow
heads, small AChR or R164H-EGFP clusters.
(D) Quantification of AChR cluster size in (C). Clusters (> 0.01 μm2) identifiable by ImageJ were quantified. Data were shown as
mean ± SEM; n = 3; ***, P < 0.001; One-way ANOVA.
(E, F) Comparable degradation of WT and R164H mutant Rapsn in HEK293T cells. HEK293T cells were transfected with
EGFP-tagged WT or R164H mutant Rapsn. After 12 hr, cells were separated into 6-well plates and cultured for additional 12 hr.
Cells were treated with CHX (50 μM) for indicated times; resulting lysates were blotted with anti-GFP antibody. (F) Quantitative
data in (E). Data were shown as mean ± SEM; n = 3; Student T-test.
(G, H) Comparable interaction of WT and R164H mutant Rapsn with AChR subunits examined by co-immunoprecipitation assay.
(I) Comparable binding of WT or R164H mutant Rapsn with actin. HA-tagged WT or R164H mutant Rapsn was transfected into
myoblasts. Resulting myotubes were lysed and the interaction of Rapsn and actin was examined by co-immunoprecipitation assay.
(J-M) Comparable binding of WT and R164H Rapsn with β-dystroglycan (J), calpain (K), α-actinin (L), or MACF1 (M) examined by
co-immunoprecipitation.

Supplmental Table
Table S1. Effects of CMS mutations on Rapsn LLPS and co-condensation with cargo proteins,
Related to Figure 7.
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