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Gephyrin-mediated formation of inhibitory postsynaptic
density sheet via phase separation
Guanhua Bai 1, Yu Wang1 and Mingjie Zhang 1,2

Inhibitory synapses are also known as symmetric synapses due to their lack of prominent postsynaptic densities (PSDs) under a
conventional electron microscope (EM). Recent cryo-EM tomography studies indicated that inhibitory synapses also contain PSDs,
albeit with a rather thin sheet-like structure. It is not known how such inhibitory PSD (iPSD) sheet might form. Here, we demonstrate
that the key inhibitory synapse scaffold protein gephyrin, when in complex with either glycine or GABAA receptors, spontaneously
forms highly condensed molecular assemblies via phase separation both in solution and on supported membrane bilayers.
Multivalent and specific interactions between the dimeric E-domain of gephyrin and the glycine/GABAA receptor multimer are
essential for the iPSD condensate formation. Gephyrin alone does not form condensates. The linker between the G- and E-domains
of gephyrin inhibits the iPSD condensate formation via autoinhibition. Phosphorylation of specific residues in the linker or binding
of target proteins such as dynein light chain to the linker domain regulates gephyrin-mediated glycine/GABAA receptor clustering.
Thus, analogous to excitatory PSDs, iPSDs are also formed by phase separation-mediated condensation of scaffold protein/
neurotransmitter receptor complexes.
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INTRODUCTION
Highly condensed and dynamically regulatable clustering of ion
channels at specific plasma membrane sites is crucial for efficient
and accurate neuronal signal transmissions. Specialized structures
of presynaptic boutons and postsynaptic dendritic spine protru-
sions of excitatory synapses provide spatial constraints to facilitate
condensed localization of molecular components including
scaffold proteins and ion channels in these micron-sized
compartments.1–3 The excitatory synapse typically contains a
thick and disc-shaped postsynaptic density (PSD) that is likely
formed by major scaffold proteins via phase separation.4,5 Most of
inhibitory synapses are formed on cell soma or dendritic shafts,
thus inhibitory synapses lack obvious postsynaptic membrane
protrusions. Accordingly, inhibitory synapse does not contain disc-
shaped PSD assembly. Instead, inhibitory synapse contains a thin
sheet-like structure beneath the postsynaptic membrane.6 None-
theless, neurotransmitter receptors in inhibitory synapses are
highly clustered.7,8 Compared to excitatory postsynaptic densities
(ePSDs), much less is known about how the neurotransmitter
receptors in inhibitory synapses are clustered and how such
clusters are dynamically regulated.
As one of the most extensively studied proteins at inhibitory

synapses, gephyrin is a master organizer which links transmem-
brane receptors with downstream signaling proteins for synaptic
signal transmissions.9,10 Interestingly, gephyrin can directly inter-
act with the cytoskeleton.11–13 Whereas in excitatory synapses,
several layers of distinct scaffold proteins interface glutamate
receptors and the cytoskeleton.3,14 The above difference may
explain why the inhibitory synapse lacks a thick layer of
postsynaptic density as in ePSD. Gephyrin was initially identified

as a 93-kDa glycine receptor (GlyR)-associated protein co-
fractionated with tubulin.11,15 It is highly conserved in vertebrates
and contains two structured domains: an N-terminal trimerization
G-domain (GPHN-G) and a C-terminal dimerization E-domain
(GPHN-E) linked by a flexible C-domain (Fig. 1a). GlyR and GABAA

receptors (GABAARs), via their intracellular loops, bind to the E-
domain of gephyrin16 (Fig. 1a). Considering the oligomerization
state of the G- and E-domains, a hexagonal gephyrin lattice model
has been proposed17 and regarded as a popular framework for
gephyrin-mediated molecular organizations in inhibitory
synapses.9,10 However, the hexagonal lattice structure model has
not been observed for gephyrin in vitro or in synapses. It is
possible that the flexible C-domain prevents gephyrin from
forming the highly regular lattice structure.18 In addition to
functioning as a linker of the two structured domains, the C-
domain is known to regulate gephyrin function by binding to
target proteins or through post-translational modifications.9,10,19

Loss of gephyrin causes mice to die within 1 day after birth. In
neurons of gephyrin-deficient mice, synaptic clustering of both
GlyRs and GABAARs are markedly reduced,20 indicating the
essential role of gephyrin in receptor accumulation at inhibitory
synapses. A number of gephyrin mutations have been associated
with neuronal disorders including autism, schizophrenia, and
epilepsy.21–23 However, the molecular basis underlying gephyrin-
mediated GlyRs and GABAARs organization and clustering remain
largely unclear.
Cells are highly compartmentalized. In addition to classical

membrane-enclosed cellular compartments, increasing evidence
in recent years is revealing a diverse class of cellular compart-
ments that either lack or are not enclosed by membranes. These
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compartments can autonomously form via liquid-liquid phase
separation and are frequently referred to as membraneless
compartments or biological condensates. Formation of membra-
neless compartments is increasingly recognized as a general
strategy for diverse cellular processes including cell polarity
establishment and maintenance, cell signaling, cell and organ
development, cell survival, and aging.24–26 Neurons take cellular
compartmentalization to the extreme due to their elaborate
morphologies and a high degree of polarity. Formation of
membraneless compartments by phase separation is especially

important both for neuronal development and for proper
functions in adult neurons.27

In this study, we demonstrate that gephyrin, upon binding to
GlyR or GABAAR, can autonomously form highly condensed and
dynamic assemblies via phase separation. The phase separation of
the gephyrin/receptor complex is driven by highly specific and
multivalent interactions between the two proteins. Importantly,
the C-domain inhibits the phase separation capacity of gephyrin,
and this autoinhibition is regulated by post-translational modifica-
tions. Our study, together with a recent cryo-electron tomography

Fig. 1 Phase separation of the GPHN-E/GlyR-βLD complex. a Schematic diagrams showing the pentameric subunit assembly of GlyR or
GABAAR. The gephyrin binding core sequences in the cytoplasmic TM3–4 loops of the receptors are highlighted by an orange line and the
amino acid sequences are shown. The figure also shows the domain organization of gephyrin. The positions of mutations introduced into the
recombinant receptor loops and gephyrin proteins, as well as three potential phosphorylation sites in the gephyrin C-domain are indicated. b
Representative SDS-PAGE of sedimentation experiments (upper panel) and quantification of relative (line graph, left y-axis) and absolute (bar
graph, right y-axis) amount of proteins recovered in the supernatant (S, gray columns) and pellet (P, blue columns) (lower panel) in the assay.
Proteins were mixed at the indicated concentrations. Data from three different batches of experiments were presented as means ± SD. c DIC
and fluorescence images showing that mixtures of Cy3-GPHN-E and 488-GlyR-βLD at the 1:1 molar ratio and indicated concentrations formed
phase-separated droplets. The boxes show a 5× zoom-in analysis of a droplet at the 5 μM of the protein concentration. Scale bars, 10 μm. d
Time-lapse imaging showing the fusion of two small droplets into a larger one. The concentration of the protein mixture was 20 μM. Scale
bars, 5 μm. e Time-lapse imaging showing that membrane-tethered 488-GlyR-βLD gradually formed clusters on lipid bilayers upon the
addition of 100 nM Cy3-GPHN-E. Scale bars, 2 μm. f Fluorescence images showing that the clustering patterns of membrane-tethered 488-
GlyR-βLD on lipid bilayers depended on the concentration of Cy3-GPHN-E. Cy3-GPHN-E was added at the indicated concentrations. Scale bars,
2 μm. g Top panel: representative fluorescence images showing that co-expression of mCherry-GPHN-E with GFP-GlyR-βLD in HeLa cells led to
the formation of many puncta with the two proteins colocalized together in each punctum. These puncta are not enriched with membranes
(Fig. S4a). The dashed box is magnified and shown at right. Scale bars, 20 μm. Scale bars for the zoomed-in images are 2 μm. Bottom panel:
fluorescence intensity line-scanning plots showing that both proteins were concentrated and colocalized together in the two bright puncta
shown in the zoomed-in images.
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study of inhibitory synapses in situ,28 provide compelling evidence
showing that inhibitory synapses contain thin-sheet like PSDs
primarily formed by gephyrin via receptor binding-induced phase
separation.

RESULTS
Binding of dimerized GlyR β subunit cytoplasmic loop triggers
phase separation of GPHN-E
GlyRs, encoded by four α subunits (α1–α4) and one β subunit, are
abundantly expressed in spinal cords, brain stems, and in different
brain regions.29 GlyRs in the spinal cord of adult mammals are
heteropentamers generally composed of three α and two β
subunits29,30 (Fig. 1a). The α subunits harbor critical determinants
for ligand binding and allosteric modulation and thus control
GlyRs’ function. The β subunit alone cannot form GlyRs. The two β
subunits in GlyRs mainly play structural roles as well as mediate
the intracellular trafficking and postsynaptic clustering of the
receptor through binding to gephyrin.31,32 The large cytoplasmic
TM3–4 loop of GlyR β (GlyR-βL) interacts with GPHN-E.33 The
crystal structure of GPHN-E/GlyR-βL (aa 400–448) complex reveals
that each GPHN-E dimer binds to two GlyR-βL molecules. A 13-
residue core sequence of GlyR-βL (aa 420–432) is responsible for
binding to GPHN-E34,35 (Fig. 1a). A recent study indicated that
residues flanking the 13-residue core also contribute to GlyR
synaptic trapping by gephyrin.36

We purified the entire GlyR-βL (aa 349–474) fused to the tail of a
dimeric GCN4 coiled-coil domain (referred to as GlyR-βLD) to
partially mimic the dimeric nature of the β subunits in the
heteropentameric GlyRs (3α:2β; Fig. 1a). GlyR-βLD (aa 349–474)
exhibited a similar binding affinity in binding to GPHN-E
compared with GlyR-βLD (aa 400–448) (Supplementary informa-
tion, Fig. S1a, b). Careful inspection of the isothermal titration
calorimetry (ITC) traces revealed that the longer form of GlyR-βLD
showed an obvious dip when the molar ratio of GlyR-βLD to
GPHN-E was in 0.5–1.0, which was caused by additional heat
releases due to phase separation of the complex (Fig. 2d, e;
Supplementary information, Fig. S1a, b). Mixing purified GlyR-βLD
and GPHN-E at low µM concentrations led the solutions to
become opalescent. Using a sedimentation-based assay, we
separated and quantified the amount of proteins in the
condensed and the bulk dilute phases. The percentage of
the GPHN-E/GlyR-βLD complex recovered in the pellets (i.e., the
condensed phase) reached the saturation level when the
concentration of each protein was at ~5 μM or above (Fig. 1b).
Differential interference contrast (DIC) and fluorescence images
showed that the GPHN-E/GlyR-βLD mixtures at the concentrations
~5 μM or above readily formed spherical droplets with both
proteins highly enriched within (Fig. 1c). At lower concentrations
such as 2 μM in Fig. 1c, the GPHN-E/GlyR-βLD mixtures formed
very small droplets and these droplets did not immediately settle
to the surface of the glass slide. We had to wait for a long time for
very fine droplets to coarsen and settle on the slide surface for
imaging. Upon contact with each other, small droplets fused with
each other forming larger droplets over time (Fig. 1d). Neither
GlyR-βLD nor GPHN-E alone at concentrations up to 500 μM tested
showed any sign of phase separation. Fluorescence recovery after
photobleaching (FRAP) experiments showed that both compo-
nents could dynamically diffuse between the condensed phase
and the dilute phase (Supplementary information, Fig. S2a, b).
Thus, we conclude that the formation of the GPHN-E/GlyR-βLD
complex triggers phase separation-mediated condensation of
both proteins.
Since gephyrin clusters GlyRs on the postsynaptic membranes

at inhibitory synapses,20,37 we next tested whether GPHN-E could
induce clustering of GlyR-βLD tethered to supported lipid bilayers
(Supplementary information, Fig. S3). Upon the addition of GPHN-
E, we observed submicron-sized GlyR-βLD cluster formation and

time-dependent cluster coarsening (Fig. 1e), indicating that the
GPHN-E/GlyR-βLD complex formed condensed clusters via phase
separation. The threshold concentration required for the GPHN-E/
GlyR-βLD complex to undergo phase separation on lipid bilayers
was as low as 25 nM (Fig. 1f). When the concentration of the
GPHN-E/GlyR-βLD complex on lipid bilayer gradually increased,
the phase separation changed from binodal nucleation to
spinodal decomposition, a process also observed for the phase
separation of ePSD condensates on lipid bilayers.5 FRAP assays
also showed that GPHN-E could exchange between the con-
densed phase and the dilute phase on lipid bilayers (Supplemen-
tary information, Fig. S2c, d).
We also co-expressed mCherry-tagged GPHN-E (mCherry-

GPHN-E) with GFP-tagged GlyR-βLD (GFP-GlyR-βLD) in HeLa cells
and observed many bright membraneless puncta with both
proteins perfectly co-localized (Fig. 1g; Supplementary informa-
tion, Fig. S4a). No puncta formed in cells when only mCherry-
GPHN-E or GFP-GlyR-βLD was expressed (Supplementary informa-
tion, Fig. S4b). Taken together, the results in Fig. 1 demonstrate
that binding of GlyR-βLD to GPHN-E triggers the GPHN-E/GlyR-βLD
complex to form condensed clusters in solution and on
membranes via phase separation.

Multivalent interactions between GlyR-βL and GPHN-E are
required for the phase separation
We next used sedimentation assays to evaluate the impact of
various mutations of GlyR-βLD and GPHN-E on the condensate
formation of the complex. Compared with the wild-type (WT)
proteins, mutations (F420A/I422A on GlyR-βLD, termed as “βFI”;
F330A or P713E on GPHN-E) reducing or abolishing the binding
between GlyR-βLD and GPHN-E35 prevented the condensate
formation (Fig. 2a; Supplementary information, Fig. S1e–g),
indicating that the direct binding is required for the phase
separation of the GPHN-E/GlyR-βLD complex to occur.
Phosphorylation of S425 within the GlyR-βL core binding

sequence has been reported to perturb its binding to GPHN-E
and to cause reduced GlyR synaptic clustering.38 Surprisingly,
compared to the WT protein, the affinity of the GlyR-βLD_S425D
mutant in binding to GPHN-E was only slightly reduced (KD values
of 230 nM for WT vs. 389 nM for the mutant; Supplementary
information, Fig. S1b, h), but the mutant lost the phase separation
capacity when in complex with GPHN-E (Fig. 2a). Correspondingly,
the ITC curve of GlyR-βLD_S425D binding to GPHN-E was smooth
(i.e., lacking a dip corresponding to the phase separation of GlyR-
βLD_WT binding to GPHN-E) (Supplementary information, Fig. S1b,
h). This finding suggests that the phase separation of the GPHN-E/
GlyR-βLD complex is highly sensitive to the charge properties of
the complex, phosphorylation of S425 can modulate gephyrin-
mediated synaptic clustering of GlyR without obviously altering
their binding.
Next, we assessed the role of GlyR-βL and GPHN-E oligomeriza-

tion in the phase separation of the complex.39 The monomeric
GlyR-βL (GlyR-βLM) retained the high-affinity binding to GPHN-E
(i.e., GlyR-βLM and GlyR-βLD display similar binding affinity to
GPHN-E; Supplementary information, Fig. S1c, i). However, GlyR-
βLM could hardly trigger phase separation after mixing with
GPHN-E (Fig. 2b), suggesting that the presence of multiple β
subunits in GlyR is critical for gephyrin-mediated receptor
clustering. Consistently, co-expression of GFP-tagged monomeric
GlyR-βLM with GPHN-E resulted in a much lower number of the
GlyR-βLM/GPHN-E puncta and dramatically reduced enrichment of
GlyR-βLM in the puncta in HeLa cells (Supplementary information,
Fig. S4c). Since some evidence are suggesting that each GlyR may
contain three β subunits,40,41 we also examined a trimerized GlyR-
βL (GlyR-βLT; Supplementary information, Fig. S1j) in inducing
phase separation of GPHN-E. The sedimentation assay showed
that the dimeric and trimeric versions of GlyR had no differences
in inducing phase separation of GPHN-E (Fig. 2b), presumably
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Fig. 2 Multivalent interactions between GlyR-βL and GPHN-E are required for the phase separation of the complex. a Representative SDS-
PAGE of sedimentation experiments (upper panel) and quantification of protein distributions in the supernatant (S, gray columns) and pellet
(P, blue columns) (lower panel) showing the phase separation capacities of different mutant proteins. Data from three different batches of
experiments were presented as means ± SD. b Representative SDS-PAGE of sedimentation experiments (upper panel) and quantification of
protein distributions in the supernatant (S, gray columns) and pellet (P, blue columns) (lower panel) showing the phase separation capacities
of proteins with different oligomerization states. Data from three different batches of experiments were presented as means ± SD. c
Fluorescence images showing the phase separation of the Cy3-GPHN-E/488-GlyR-βLD mixtures at the indicated protein concentrations/ratios.
Scale bars, 10 μm. d Turbidity assay of the phase separation of the GPHN-E/GlyR-βLD complex. GlyR-βLD (100 μM) was titrated into a 10 μM
GPHN-E solution in a 1 cm cuvette with 100mM NaCl (black) or 200mM NaCl (blue) in the assay buffer solution, the absorbance at 350 nm at
each titration point was measured. e Representative high-resolution ITC titration isotherms showing the titrations of 100 μM GlyR-βLD into the
reaction cell containing 10 μM GPHN-E with 100mM NaCl (black) or with 200mM NaCl (blue) in the binding buffer. The red curve is derived by
subtracting the blue isotherms from the black isotherms and represents the enthalpy changes resulted from the phase separation of the
GPHN-E/GlyR-βLD complex during the titration. f Phase diagram showing the phase separation of the GPHN-E/GlyR-βLD complex as functions
of buffer NaCl concentration and protein concentrations. The degree of phase separation at each data point was derived from the turbidity
assay as described in d. g Time-lapse DIC and fluorescence imaging showing the dispersion of the GPHN-E/GlyR-βLD complex droplets by the
addition of NaCl to the sample buffer. Proteins were initially mixed at 20 μM at the 1:1 ratio. Scale bars, 5 μm.
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because that each GPHN-E dimer contains only two specific
binding sites for the GlyR β subunit. A triple mutation of GPHN-E
(G483R/R523E/A532R, termed as “GPHN-E_RER”), which is known
to disrupt its dimer formation42 and also largely decreases its
binding to GlyR-βL (Supplementary information, Fig. S1k), could
not phase separate with GlyR-βLD (Fig. 2b).
We further found that the phase separation of the GPHN-E/

GlyR-βLD mixture was sensitive to the molar ratio of two proteins.
Starting at 5 µM for both proteins, increasing the amount of GlyR-
βLD only slightly increased the phase separation of the complex,
and the system quickly reached saturation. Conversely, the
addition of excess amounts of GPHN-E gradually dispersed the
condensates formed by the GPHN-E/GlyR-βLD complex (Fig. 2c;
Supplementary information, Fig. S5a, b), presumably because
when GPHN-E is in excess, each GPHN-E dimer no longer always
binds to the two peptide fragments from the same GlyR-
βLD dimer.
We adopted a turbidity-based assay to specifically monitor the

phase separation of the GPHN-E/GlyR-βLD complex. We titrated
GlyR-βLD into a GPHN-E solution (10 μM in buffer containing 100
mM NaCl), and monitored the light scattering by A350. Obvious
phase separation was observed when the concentration of GlyR-
βLD reached 5 μM (i.e., the GlyR-βLD to GPHN-E ratio at 0.5:1) and
phase separation became saturated when the GlyR-βLD to GPHN-
E ratio reached ~1:1 (Fig. 2d, black curve). Taken together, the
results presented above demonstrated that the formation of the
GPHN-E/GlyR-βLD condensates requires specific and multivalent
interactions between the two proteins. Additionally, due to the
highly specific interaction between the two proteins, the phase
separation of the complex is also sensitive to the relative ratio of
the two proteins.

Phase separation of the GPHN-E/GlyR-βLD complex is highly
sensitive to salt concentrations
The binding between GlyR-βL and GPHN-E is mainly mediated by
hydrophobic interactions.35,43 Consistent with structural analysis,
increasing NaCl concentration in the binding buffer from 100mM
to 200mM did not weaken the interaction between GlyR-βL and
GPHN-E (KD values of 230 nM at 100 mM NaCl vs. 181 nM at 200
mM NaCl; Supplementary information, Fig. S1b, l). Strikingly, the
GPHN-E/GlyR-βLD complex was incapable of undergoing phase
separation when the buffer NaCl concentration was raised to 200
mM (Fig. 2d, e; Supplementary information, Fig. S5c, d). By
subtracting the ITC curve of the titration in 100 mM NaCl with that
in 200 mM NaCl, we obtained a concentration-dependent
enthalpy change profile for the phase separation of the GPHN-E/
GlyR-βLD complex (the red curve in Fig. 2e; original curves in
Supplementary information, Fig. S1c, d). The result showed that
the formation of the GPHN-E/GlyR-βLD condensates is an
enthalpy-driven process. We further constructed a phase diagram
showing the protein concentration- and buffer salt concentration-
dependent phase separation of the GPHN-E/GlyR-βLD complex
(Fig. 2f). The result showed that the phase separation of the GPHN-
E/GlyR-βLD complex is very sensitive to the buffer salt concentra-
tion. Time-lapse fluorescent images also showed that GPHN-E/
GlyR-βLD droplets can be readily dispersed by raising salt
concentration in the mixture (Fig. 2g). The hypersensitivity of
the GPHN-E/GlyR-βLD complex phase separation to salt concen-
tration suggests that the clustering of GlyR by gephyrin may be
readily regulated by factors such as activity-induced ion influx in
synapse and/or phosphorylation of either/both proteins.

Molecular determinants of GlyR-βL governing its phase separation
with GPHN-E
Though sharing a similar binding affinity with GlyR-βLD (aa
349–474) to GPHN-E, GlyR-βLD (aa 400–448, defined as “Core” in
Fig. 3a) did not undergo phase separation with GPHN-E
(Supplementary information, Figs. S1a, b, and S6a), suggesting

that amino acids outside of this core sequence play essential roles
in the phase separation of the GPHN-E/GlyR-βLD complex.
Sequence analysis of GlyR-βL revealed that, although unstruc-
tured, the sequence of the entire loop is extremely conserved
among vertebrates. The fragments flanking both ends of the core
are enriched with charged residues (Fig. 3a). Deletion analysis
showed that removal of the C-terminal fragment (“ΔC”) did not
affect, but the removal of the N-terminal fragment (“ΔN”)
abolished the phase separation of the GPHN-E/GlyR-βLD complex
(Fig. 3a; Supplementary information, Fig. S6a). We substituted
some of the charged residues in part of the N-terminal fragment
(aa 354–383; Fig. 3a) with serine (“+ve6S”, short for substituting 6
Arg and Lys residues with Ser; “−ve4S”, short for replacing 4 Glu
and Asp with Ser; “+/−veS”, short for replacing all 10 charged
residues with Ser). Both imaging and sedimentation assays
showed that removing positive charges (i.e., “+ve6S”) dramatically
reduced phase separation, removing negatively charged residues
(i.e., “−ve4S”) promoted phase separation, and replacing all 10
charged residues with Ser (i.e., “+/−veS”) had a negligible impact
on the phase separation of the complex (Fig. 3b, c; Supplementary
information, Fig. S6a). We further showed that the reduced phase
separation of the GlyR-βLD_“+ve6S” mutant with GPHN-E was not
because of the interruption of the binding introduced by the
mutation (Supplementary information, Fig. S6b). The above
results, combined with the salt concentration-dependent forma-
tion of the GPHN-E/GlyR-βLD condensates (Fig. 2d–f), indicated
that charge-charge interactions are important for the phase
separation of the GPHN-E/GlyR-βLD complex.

A negatively charged surface away from the GlyR-βL core binding
site on GPHN-E participates in binding to GlyR-βL and is critical for
the phase separation
The GPHN-E dimer contains a highly negatively charged surface in
its subdomain II (highlighted with a dashed circle in Fig. 3d). We
substituted 6 negatively charged residues clustered on the surface
of this subdomain with Ser (“ED6S”). The “ED6S” mutation had a
negligible impact on GPHN-E’s binding to GlyR-βLD (Supplemen-
tary information, Fig. S6c). Strikingly, the “ED6S” mutation greatly
reduced the phase separation capacity of the GPHN-E/GlyR-βLD
complex (Fig. 3e–g). Interestingly, a missense mutation (p.G375D)
of GPHN identified in a patient with Dravet-like syndrome is in the
subdomain II.44 Though the G375D mutation does not alter the
binding of GPHN-E to GlyR-βLD (Supplementary information,
Fig. S6d), the GPHN-E_G375D mutant lost the ability to form
condensates with GlyR-βLD (Fig. 3g). Thus, we conclude that a
second binding site formed between the positively charged
residue N-terminal to the core sequence of GlyR-βL and the
negatively charged subdomain II of GPHN-E is critical for the
phase separation of the GPHN-E/GlyR-βLD complex. This second
binding site may allow one GlyR-βL to cross-link two molecules of
the GPHN-E dimer and thus promote the phase separation of the
GPHN-E/GlyR-βLD complex.

Gephyrin C-domain inhibits its E-domain-mediated phase
separation with GlyR-βLD
Full-length gephyrin expressed in heterologous cells forms large
intracellular puncta in ~20% of cells (Fig. 4a, b).33,42 Co-expression
of GFP-tagged monomeric or dimeric GlyR-βL with mCherry-
tagged full-length gephyrin (mCherry-GPHN) led to the formation
of puncta in nearly all cells with the two proteins perfectly
colocalized and a dramatic increase in the number of puncta in
each cell (Fig. 4a, b). A lipophilic dye staining experiment showed
that these puncta are not membrane demarcated (Supplementary
information, Fig. S7a). Additionally, FRAP assay showed that both
GPHN and GlyR-βL in the puncta could exchange with their
counterparts in dilute cytoplasm (Supplementary information,
Fig. S7b, c). Thus, the GPHN/GlyR-βL puncta observed in Hela cells
are likely membraneless condensates.
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Fig. 3 Charge–charge interactions are critical for the phase separation of the GPHN-E/GlyR-βLD complex. a Heat maps showing the net
charge distributions of the TM3–4 loop of the GlyR β subunit. The schematic diagrams also show the deletion or mutation constructs used in
the study. In the diagram, “−ve4S” is short for replacing 4 Glu and Asp with Ser; “+ve6S” stands for substituting 6 Arg and Lys residues with
Ser. Mutations of GlyR-βL that led to failed phase separation with GPHN-E are indicated by (−), and the mutations that retained the ability to
phase separate with GPHN-E are indicated by (+). See also Supplementary information, Fig. S6a. b DIC and fluorescence images showing the
enhanced phase separation of the Cy3-GPHN-E/488-GlyR-βLD_“−ve4S” complex at 5 μM and abolished phase separation of the Cy3-GPHN-E/
488-GlyR-βLD_“+ve6S” complex at 20 μM compared to the WT protein complex in solution (Fig. 1c). Scale bars, 10 μm. c Fluorescence images
showing the enhanced clustering of membrane-tethered 488-GlyR-βLD_“−ve4S” and weakened clustering of 488-GlyR-βLD_“+ve6S” induced
by Cy3-GPHN-E on lipid bilayers (compared with Fig. 1f). Cy3-GPHN-E was added at the indicated concentrations. Scale bars, 2 μm. d Surface
charge potential map of the GPHN-E dimer (PDB: 5ERQ) in complex with GlyR-βL (shown in the yellow ribbon and tube model). The highly
negatively charged surface of the GPHN-E subdomain II is highlighted with a red circle and enlarged to show the clustering of 6 negatively
charged residues and the position of G375 in the domain. The corresponding amino acid sequences are shown at the bottom. The physical
dimensions of GPHN-E dimer are indicated at the upper right corner. e DIC and fluorescence images showing the weakened phase separation
of the Cy3-GPHN-E_ED6S/488-GlyR-βLD complex at 20 μM compared to the WT protein complex (Fig. 1c). Scale bars, 10 μm. f Fluorescence
images showing that membrane-tethered 488-GlyR-βLD could not be clustered by Cy3-GPHN-E_ED6S on lipid bilayers. Cy3-GPHN-E_ED6S was
added at the indicated concentrations. Scale bars, 2 μm. g Quantification of protein amounts recovered in the supernatant (S, gray columns)
and pellet (P, blue columns) showing that GPHN-E_ED6S and GPHN-E_G375D showed decreased capacities in forming condensates with GlyR-
βLD. GPHN-E or its mutant was mixed with GlyR-βLD at the indicated concentrations. Data from three different batches of experiments were
presented as means ± SD.
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Fig. 4 The C-domain inhibits the E-domain-mediated phase separation of gephyrin with GlyR-βLD. a Top: representative fluorescence
images showing the co-expression of GFP-tagged monomeric or dimeric GlyR-βL with gephyrin in HeLa cells. The region shown with the
dashed box in each image is magnified and shown at right. Scale bars, 20 μm. Scale bars for the zoomed-in images, 2 μm. Bottom:
fluorescence intensity line-scanning plots of the dashed lines in the magnified images showing that an increase of the GlyR-βL valence led to
enhanced co-clustering of GFP-GlyR-βL with mCherry-GPHN. b Quantification of the number of puncta with two proteins colocalized in
puncta-positive cells and the percentage of cells containing such puncta over the total co-transfected cells. Data from three batches of
cultures were presented as means ± SD. ns, not significant; ****P < 0.0001. c DIC and fluorescence images showing the phase separation of the
Cy3-GPHN-FL/488-GlyR-βLD mixture at different molar ratios. Proteins were mixed at indicated concentrations in 50mM NaCl solution. Scale
bars, 10 μm. d Time-lapse imaging showing the fusion of small droplets of the Cy3-GPHN-FL/488-GlyR-βLD complex into larger ones. Proteins
were mixed at indicated concentrations in 50mM NaCl solution. Scale bars, 5 μm. e Representative SDS-PAGE of sedimentation experiments
(upper panel) and quantification of protein amounts in the supernatant (S, gray columns) and pellet (P, blue columns) (lower panel) showing
that the gephyrin C-domain plays an inhibitory role in the phase separation of the gephyrin/GlyR-βLD complex. 20 μM gephyrin or its variants
were mixed with 40 μM GlyR-βLD. Data from three different batches of experiments were presented as means ± SD. f Schematic diagrams
showing the regions of the gephyrin C-domain responsible for inhibiting E-domain-mediated phase separation with GlyR-βLD. The C-domain
is separated into three segments (CI, CII, and CIII). Two phase separation inhibitory regions (“Inhibitory Region 1” and “Inhibitory Region 2”) are
marked. The locations and sequences of two DLC1 binding regions (“DLC1 BR1” and “DLC1 BR2”) are also indicated. The three previously
identified phosphorylation sites (S268, S270, S305) are highlighted in red. See also Supplementary information, Fig. S8.
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The enrichments of the dimeric GlyR-βLD in gephyrin puncta
are significantly higher than the monomeric GlyR-βL (Fig. 4a),
presumably due to the increased valency of GlyR-βLD. However,
heterologous cells are not best suited for detailed mechanistic
analysis of gephyrin-mediated phase separation, as gephyrin may
undergo different levels of self-aggregation in cells. We resorted
to purified recombinant full-length gephyrin (GPHN-FL) for study-
ing its phase separation with GlyR-βL. We predicted that GPHN-FL
would have a higher capacity in forming phase-separated droplets
upon binding to GlyR-βLD as the trimerization G-domain could
significantly increase the valency of the GPHN-FL/GlyR-βLD
complex. Surprisingly, GPHN-FL displayed a much more reduced
capacity in forming phase-separated droplets with GlyR-βLD (e.g.,
no phase separation occurred when both proteins were at
concentrations as high as 20 μM; Fig. 4c; Supplementary informa-
tion, Fig. S8a). When fixing GPHN-FL at 20 μM, increasing the
concentration of GlyR-βLD led to a progressive increase of phase
separation of the mixtures (Fig. 4c, d; Supplementary information,
Fig. S8a).
Consistent with earlier studies,34,42,45 GPHN-FL purified from E.

coli formed multiple forms of oligomers. The prevailing fraction of
GPHN-FL has a molecular mass higher than a dimer but lower than
a trimer (Supplementary information, Fig. S8b), suggesting that
GPHN-FL does not form a hexamer or lattice sheet-like structure in
solution. GlyR-βLD binds to GPHN-FL with a slightly increased
affinity than to GPHN-E (Supplementary information, Fig. S8c).
Thus, the reduced phase separation capacity of GPHN-FL was not
due to the blocking of the interaction between GlyR-βLD and
GPHN-FL.
To figure out why GPHN-FL has a reduced phase separation

capacity, we performed a domain mapping study of the protein.
Under the assay condition with 20 μM gephyrin (or its mutants)
mixed with 40 μM GlyR-βLD, truncating the G-domain (i.e., the
gephyrin mutant containing C- and E-domains; “GPHN-CE”)
abolished its phase separation. In contrast, replacing the C-
domain of gephyrin with a 12-residue flexible linker (four repeats
of the “GGS” tripeptide, denoted as GPHN-G~E) showed a similar
phase separation capacity as GPHN-E (Fig. 4e). This mapping
experiment revealed that the C-domain inhibits the E-domain-
mediated phase separation of gephyrin with GlyR-βLD. The fact
that GPHN-FL had a higher capacity to phase separate with GlyR-
βLD than GPHN-CE did (Fig. 4e) indicated the G-domain
multimerization-promoted phase separation of GPHN-FL. Further
detailed mapping revealed that two peptide fragments in the C-
domain (aa 259–274 in the middle of the C-domain and aa
303–318 immediately preceding the E-domain, Fig. 4f) inhibit the
E-domain-mediated phase separation (see Supplementary infor-
mation, Fig. S8d–f and additional text of the figure for the
mapping details). The stretch of the positively charged residues
immediately preceding the E-domain might interact with the
negatively charged subdomain II of GPHN-E (Fig. 3d), blocking the
second GlyR-βL binding site on the domain (Supplementary
information, Fig. S8g).

DLC1 promotes phase separation of gephyrin/GlyR-βLD complex
Dynein light chains (DLCs) interact with gephyrin C-domain and
exhibit synaptic localization in cultured neurons.13 Thus, in
addition to functioning as a possible cargo adaptor for dynein-
mediated GlyRs transport,46,47 the homodimer property of DLCs
may directly modulate the scaffolding capacity of gephyrin by
promoting dimerization of its E-domain (i.e., increasing the
valency of the E-domain).48,49

We mixed DLC1, GlyR-βLD, and different versions of gephyrin
proteins to test whether DLC1 might promote phase separation of
gephyrin/GlyR-βLD via increasing the valency of the complex. The
addition of 20 µM DLC1 to the mixture of 20 µM GPHN-CE and 40
µM GlyR-βLD led to phase separation of the GPHN-CE/GlyR-βLD
complex and co-enrichment of DLC1 in the condensed droplets

(Fig. 5a). The addition of 20 µM DLC1 to the mixture of 20 µM
GPHN-FL and 40 µM GlyR-βLD significantly promoted the phase
separation of the GPHN-FL/GlyR-βLD complex (Fig. 5b, c). The
DLC1 did not induce or promote phase separation of GPHN-CE or
GPHN-FL in the absence of GlyR-βLD (Fig. 5c; Supplementary
information, Fig. S9a), reinforcing our earlier conclusion that the
direct binding between gephyrin and GlyR-βL is the driving factor
for the phase separation of the complex. The GPHN-C domain
contains a strong (aa 203–212, KD ~0.77 µM) and a weak (aa
246–258, KD ~94 µM) DLC1 binding site (Fig. 4f, with mapping
details presented in Supplementary information, Fig. S9). Remov-
ing one DLC1 binding site (“GPHN-CE_ΔBR1”) lowered and
deleting both DLC1 binding sites (“GPHN-CE_ΔΔBR”) eliminated
DLC1’s capacity in promoting phase separation of the gephyrin/
GlyR-βLD complex (Fig. 5d; Supplementary information, Fig. S9b,
c). As the control, DLC1 had no impact on the phase separation of
the GPHN-E/GlyR-βLD complex (Supplementary information,
Fig. S9d). In sum, the above results indicated that DLC1 binding
to gephyrin promotes phase separation of the gephyrin/GlyR-βLD
complex most likely by increasing the valency of the complex
interaction.

GABAAR via its α3 subunit forms phase-separated condensates
with gephyrin
Several subunits (α1, α2, α3, β2, and β3) of GABAARs have also
been reported to interact with gephyrin, and the structures of
GPHN-E/GABAAR complexes showed that GABAARs share a similar
binding mode with GlyR-βL in binding to GPHN-E.50–53 Although
the bindings between GABAARs and gephyrin are considerably
weaker than the interaction between GlyR and gephyrin, gephyrin
is also essential for the clustering and transmissions of major
GABAAR subtypes.54–57 To test whether GABAARs might also phase
separate with gephyrin, we generated dimeric GCN4-fused full-
length TM3-4 loops of GABAAR α subunits (referred to as GABAAR-
αLD) because each pentameric GABAAR usually contains two α
subunits (i.e., 2α:2β:1γ)58 (Figs. 1a, 6a). The sedimentation assay
showed that only GABAAR-α3LD co-sedimented with GPHN-E at
the protein concentration of 5 µM or below (Fig. 6b; Supplemen-
tary information, Fig. S10c). GABAAR-α1LD and -α2LD at elevated
concentrations could also phase separate with GPHN-E (Supple-
mentary information, Fig. S10a, b). The phase separation of the
GPHN-E/GABAAR-α3LD complex was concentration-dependent
both in solution and on supported lipid bilayers (Fig. 6c, d;
Supplementary information, Fig. S10c). The condensed phase
formed by the GPHN-E/GABAAR-α3LD complex is dynamic, as
formed droplets could fuse with each other (Supplementary
information, Fig. S10d). The phase separation of the GPHN-E/
GABAAR-α3LD complex is also very sensitive to buffer salt
concentrations (Fig. 6e; Supplementary information, Fig. S10e).
Parallel to the observations in the GPHN-E/GlyR-βLD complex, the
phase separation of the GPHN-E/GABAAR-α3LD complex requires
the direct interaction between the two proteins as well as the
multivalent properties of both proteins (Fig. 6f). Neutralization of
the negatively charged surface of the GPHN-E subdomain II
decreased its phase separation with GABAAR-α3LD, further
suggesting that the GPHN-E/GABAAR-α3LD and GPHN-E/GlyR-
βLD complexes share a similar mechanism in phase separation
(Supplementary information, Fig. S10f).
Mirroring the behavior of the gephyrin/GlyR-βLD complex, co-

expression of mCherry-GPHN with GFP-tagged GABAAR-α3LD led
to perfect colocalization of the two proteins in bright puncta and
consequently dramatic enrichment of GABAAR-α3LD in the
gephyrin puncta (Fig. 6g). GFP-tagged GABAAR-α3L monomer
(GFP-GABAAR-α3LM) had a much lower capacity in phase
separating with GPHN than GABAAR-α3LD (Fig. 6g), indicating
the role of multivalency in the complex phase separation. Again,
like what was observed for GlyR-βLD, GPHN-FL showed a lower
phase separation capacity with GABAAR-α3LD compared to GPHN-
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E (Figs. 6h, 4c). The decreased phase separation of GPHN-FL with
GABAAR-α3LD was also because of the C-domain-mediated
autoinhibition of gephyrin (Supplementary information, Fig. S10g,
h).

Phosphorylation of the C-domain regulates the phase separation
of gephyrin with GABAARs and GlyRs
In inhibitory synapses, activity-dependent phosphorylation of
gephyrin are known to play key roles in synaptogenesis and
synaptic plasticity.9,10 Most of the phosphorylation sites are
located within the C-domain, thus these phosphorylation events
should not directly affect the interactions between gephyrin and
GABAARs/GlyRs. The mechanisms underlying the dynamic regula-
tion of GABAAR/GlyR clustering by gephyrin phosphorylation are
poorly understood.
It is noted that S268 and S270, both in the first autoinhibitory

region of the C-domain of gephyrin (Fig. 4f), could be
phosphorylated by ERKs, GSK3β, or CDK5.59–61 S305 is in the
second autoinhibitory region N-terminal to the E-domain of
gephyrin (Fig. 4f), and this residue has been reported to be a
substrate of Ca2+/calmodulin-dependent protein kinase II.62 Given
that the gephyrin-mediated phase separations of GABAARs/GlyRs
are highly sensitive to the charge-charge interactions between
gephyrin and the receptors, it is likely that phosphorylation of the
residues in the two autoinhibitory segments can regulate phase
separation of the gephyrin/receptor complexes. Satisfyingly, the
substitution of S305 of gephyrin with Glu enhanced its phase
separation with GABAAR-α3LD (Fig. 6i; Supplementary information,
Fig. S10h), likely due to the neutralization of the positive charges
in the autoinhibitory region and consequent weakening of the
autoinhibition. Interestingly, substitutions of S268 or S270 with Glu

were found to further weaken the phase separation of gephyrin
with GABAAR-α3LD (Fig. 6i), possibly due to mutation-induced
enhancement of autoinhibition by this segment. The above results
point to exciting possibilities that phosphorylation of various
residues in the C-domain can bidirectionally modulate gephyrin-
mediated clustering of GABAARs/GlyRs in inhibitory synapses via
phase separation, though detailed additional studies are required
in the future.

DISCUSSION
Phase separation has been implicated as a mechanism for forming
various compartmentalized molecular assemblies in synapses
including ePSDs,4,5 presynaptic active zones,63 and reserve pool
synaptic vesicle clustering.64 In this study, we provide evidence to
show that iPSD may also autonomously form via phase separation.
Due to the relatively low resolution of classical EM-based

imaging, it has been rather elusive whether inhibitory synapses
also contain highly condensed postsynaptic densities beneath
plasma membranes. Recent high-resolution cryo-EM tomography
studies revealed that inhibitory synapses also contain electron-
dense PSD assembly.6,28 In contrast to ePSDs, iPSDs are very thin
and form a quite uniform layer with the thickness ~5 nm right
beneath the condensed GABAARs on postsynaptic plasma
membranes.28 Combining the results from the current study and
the recent cryo-EM tomography study of the inhibitory synapse
in situ,28 a compelling model depicting iPSD formation and iPSD-
mediated receptor clustering readily emerges (Fig. 7). Gephyrin,
via its dimerization E-domain, binds to the cytoplasmic TM3-4
loops of selected subunits from GABAARs or GlyRs. The multivalent
nature of GABAARs or GlyRs can polymerize the gephyrin E-

Fig. 5 DLC1 promotes phase separation of the gephyrin/GlyR-βLD complex. a, b DIC and fluorescence images showing that DLC1 was
enriched in and promoted the phase separation of the Cy3-GPHN-CE/488-GlyR-βLD complex (a) and the Cy3-GPHN-FL/488-GlyR-βLD complex
(b) at the indicated protein concentrations. Scale bars, 10 μm. c Representative SDS-PAGE of sedimentation experiments (left panel) and
quantification of protein amounts in the supernatant (S, gray columns) and pellet (P, blue columns) (right panel) showing that DLC1 co-
sedimented and increased the condensate formation of the GPHN-FL/GlyR-βLD complex. Proteins were mixed at indicated concentrations.
Data from three different batches of experiments were presented as means ± SD. d Quantification of protein amounts in the supernatant (S,
gray columns) and pellet (P, blue columns) in sedimentation experiments showing that deleting “DLC1 binding region 1” or “DLC1 binding
regions 1 & 2” weakened or even abolished DLC1-mediated enhancement of the phase separation of the GPHN-CE/GlyR-βLD complex. See
also Supplementary information, Fig. S9.
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domain dimer into a sheet-like assembly via phase separation. In
inhibitory synapses of spinal cord neurons, the stoichiometry of
the GlyR β subunit to gephyrin has been estimated to be ~1:1,65

matching the sheet-like gephyrin/receptor organization. The
width of a gephyrin E-domain dimer is ~11 nm (Fig. 3d). This

translates into the distance of the receptor binding sites between
the two neighboring E-domain dimers to be ~11 nm if the E-
domain dimers are next to each other. Interestingly, the distance
of the nearest neighbor distribution of GABAARs in inhibitory
synapses measured by EM tomography is also centered at ~11
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nm.28 The thickness of the iPSD sheet also roughly matches the
height of the E-domain dimer (i.e., ~5 nm; Fig. 3d). The G-domain
of gephyrin is likely located beneath the iPSD sheet distal to the
plasma membranes. Since the C-domain of gephyrin is largely
unstructured, the trimerized G-domains do not show up in the EM
tomograms. Nonetheless, the trimerization of the G-domain
promotes the phase separation of the gephyrin/receptor complex
by increasing the valency of the assembly.
Importantly, the phase separation of the gephyrin/GABAAR or

GlyR complexes (and likely clustering of the receptors in inhibitory
synapse) is regulated by the gephyrin C-domain (Fig. 7a), which
inhibits the gephyrin/receptor phase separation via autoinhibition.
Phosphorylation of specific residues in the C-domain may either
strengthen or weaken the autoinhibition of gephyrin, providing a
potential mechanism for bidirectional synaptic activity regulation
by different kinases. Binding of proteins such as DLCs to the C-
domain of gephyrin can also regulate phase separation of the
gephyrin/receptor complexes. In this case, DLCs promote phase
separation also by increasing the valency of the gephyrin/receptor
complexes. It will be interesting to study how other gephyrin C-
domain binders may regulate phase separation of the gephyrin/
receptor complexes.
Analogous to AMPARs in ePSD, recent studies have identified a

number of transmembrane proteins in the complex with native
GABAARs including GARLH4/Lhfpl4 and Shisa7. These transmem-
brane proteins function as auxiliary subunits of GABAARs.

66,67 We
tested whether these GABAAR auxiliary subunits may interact with
gephyrin and thus regulate the trafficking and clustering of the
receptors in a way analogous to the TARP/PSD-95 interaction in
ePSD.68 Unexpectedly, we could not detect any direct interaction
between GARLH4 (or Shisa7) and gephyrin (data not shown),
suggesting that GABAAR auxiliary subunits may regulate the
trafficking, clustering, and the function of GABAARs via binding to
protein(s) other than gephyrin.
The assembly mechanism of the gephyrin/GABAAR or GlyR

complex condensates also provides a possible explanation as to
why iPSD does not grow thicker towards the cytoplasm. Unlike the
multilayer structure formed by a group of major scaffold proteins
such as PSD-95, SAPAP, Shank, and Homer in ePSD,3,5 gephyrin
binding proteins in iPSD are neither highly concentrated in
synapses like gephyrin nor are multi-domain scaffold proteins.
Therefore, these gephyrin binding proteins may function as
regulators rather than drivers of the gephyrin/GABAAR or GlyR
complex condensates. Accordingly, these gephyrin binding

proteins do not significantly promote the thickness of the iPSD
assembly. The observation that the condensed assemblies of the
gephyrin/GABAAR or GlyR complexes are highly sensitive to the
salt concentration in the buffer may have certain implications. In
addition to the possibility that the assembly of iPSD may be
regulated by phosphorylation of gephyrin and receptors (Figs. 2a,
6i), the sensitivity of the assemblies to the buffer condition may be
a reason for not being able to biochemically purify iPSD from brain
extracts (i.e., the iPSD assemblies could easily fall apart during
sample handling). Certainly, the above speculations will need to
be tested experimentally in the future. Nonetheless, the finding
that the gephyrin/GABAAR or GlyR complexes can form condensed
assemblies via phase separation may open new research
directions for understanding the structure and functions of
inhibitory synapses.

MATERIALS AND METHODS
Plasmid constructs
The cDNA encoding full-length gephyrin from Rattus norvegicus
(NM_022865) and DLC1 from Rattus norvegicus (NM_053319) were
amplified from rat brain cDNA libraries. Various mutants of the
proteins used in this study were generated by standard PCR-based
methods and inserted into modified pET vectors with an N-
terminal His6- or TRX-His6-tag followed by an HRV-3C protease
cutting site (pET.M3C/pET.32M3C) for protein purification. The
genes encoding TM3-4 loop fragments of the GlyR β subunit and
its variants were synthesized based on the sequence of
NM_010298. The genes encoding GABAAR α1-3 subunits (from
Addgene plasmid # 49168, # 49169, and custom-synthesized
based on the sequence of NM_000808, respectively) were each
subcloned into pET.32M3C with an N-terminal His6-tag and a
dimeric (or trimeric) GCN4 coiled-coil domain69 (referred to as
His6-GlyR-βLD or His6-GABAAR-αLD). For heterologous expression,
each GlyR β or GABAAR fragment was cloned into modified
pEGFP-C3 or pmCherry-C3 vectors. All constructs were verified by
DNA sequencing.

Purification of recombinant proteins from E. coli
Recombinant proteins were expressed in E. coli BL21 (DE3) cells
(Agilent Technologies) in LB medium at 16 °C for 16–20 h after
IPTG induction. Protein purification was performed using Ni2+-NTA
agarose affinity column followed by size-exclusion chromatogra-
phy (SEC) with a column buffer containing 50mM Tris, pH 8.2,

Fig. 6 Phase separation of the gephyrin/GABAAR-α3LD complex. a Charge distributions of the cytoplasmic TM3–4 loops in the GABAAR α
subunits. The positions of the core binding sequences for gephyrin are highlighted by orange lines. b Representative SDS-PAGE of
sedimentation experiments (left panel) and quantification of protein distributions in the supernatant (S, gray columns) and pellet (P, blue
columns) (right panel) showing the phase separation capacities of different GABAAR α subunit TM3–4 loops. Data from three batches of
experiments were presented as means ± SD. c DIC and fluorescence images showing that mixtures of Cy3-GPHN-E and 488-GABAAR-α3LD at
the 1:1 molar ratio formed droplets at the indicated concentrations. The boxes show a 5× zoom-in analysis of a droplet at the 5 μM of the
protein concentration. Scale bars, 10 μm. d Fluorescence images showing that the clustering patterns of membrane-tethered 488-GABAAR-
α3LD on lipid bilayers depended on the concentration of Cy3-GPHN-E added. Scale bars, 2 μm. e Phase diagram showing the phase separation
of the GPHN-E/GABAAR-α3LD complex as functions of buffer NaCl concentration and protein concentrations. The degree of phase separation
at each data point was derived from the turbidity assay as described in Fig. 2d. f Quantification of protein distributions in the supernatant (S,
gray columns) and pellet (P, blue columns) showing the phase separation capacities of different GPHN-E mutants or GABAAR-α3L in different
oligomerization states. Proteins were mixed at 5 μM at the 1:1 ratio. Data from three different batches of experiments were presented as
means ± SD. g Left and middle panels: representative fluorescence images showing the co-expression of mCherry-GPHN with GFP-GABAAR-
α3LM or with GFP-GABAAR-α3LD in HeLa cells. The region highlighted with a dashed box in each image is zoomed-in at right. Fluorescence
intensity line-scanning plots showing the distribution profile of GFP-GABAAR-α3LM or GFP-GABAAR-α3LD with that of mCherry-GPHN as
indicated by the dashed lines in each zoomed-in image. Scale bars, 20 μm. Scale bars for the zoomed-in images, 2 μm. Right panel:
quantification of the percentage of cells with two proteins colocalized puncta over the total co-transfected cells. Data from three batches of
cultures were presented as means ± SD. *P < 0.05; **P < 0.01; ***P < 0.001. h DIC and fluorescence images showing the phase separation of the
Cy3-GPHN-FL/488-GABAAR-α3LD mixtures at indicated molar ratios. Proteins were mixed at indicated concentrations in the imaging buffer
containing 50mM NaCl. Scale bars, 10 μm. i Representative SDS-PAGE of sedimentation experiments (upper panel) and quantification of
protein amounts in the supernatant (S, gray columns) and pellet (P, blue columns) (lower panel) showing that the phosphorylation of different
sites in the gephyrin C-domain had different effects on the phase separation of the GPHN-CE/GABAAR-α3LD complex. 10 μM GPHN-CE and 20
μM GABAAR-α3LD were mixed in the assay buffer containing 75mM NaCl. Data from three different batches of experiments were presented as
means ± SD.
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100–500mM NaCl, 1 mM EDTA, and 1mM DTT. His6-/TRX-His6-tags
were cleaved by HRV-3C protease at 4 °C overnight and removed
by another step of SEC or ion-exchange chromatography. Purified
proteins were finally exchanged into an assay buffer (used
throughout the study unless otherwise noted) containing 25mM
HEPES, pH 7.4, 100mM NaCl and 1mM DTT.

ITC
ITC measurements were performed using a MicroCal VP-ITC
calorimeter (Malvern). The experiment took place at 25 °C in the
assay buffer with 10–30 μM of each indicated proteins in the
sample cell titrated with its binder at 100–300 μM. Typically, each
titration point contained an injection of 10 μL aliquot delivered in
20 s with a 120 s interval between successive injections. High-
resolution isotherms were obtained by halving each titration to 5
μL without changing other conditions. Data were analyzed using
the Origin 7 software.

Size-exclusion chromatography coupled with multiangle light
scattering (SEC-MALS)
SEC-MALS assay was performed on an AKTA purifier system (GE
Healthcare) coupled with a static light scattering detector
(miniDawn, Wyatt) and a differential refractive index detector
(Optilab, Wyatt). After ion-exchange chromatography, a homo-
geneous fraction of GPHN-FL was loaded to a Superose 6 10/
300GL column in a column buffer composed of 25 mM HEPES, pH
7.4, 100 mM NaCl and 1mM DTT. Data were analyzed using
ASTRA6 (Wyatt).

Sedimentation and imaging assays of in vitro phase separation
The concentrations of proteins in all assays were determined by
NanoDrop 2000 spectrophotometer (Thermo Scientific) and pre-
cleared by high-speed centrifuging at 25 °C before each phase
separation assay.
For sedimentation assays, proteins were mixed at designated

combinations and conditions in 100 μL final volume. After 10 min
incubation at room temperature, the mixtures were centrifuged at
16,873× g for 10min at 25 °C. Right after centrifugation, the
supernatant and pellet were separated. The pellet was brought to
the same volume as the supernatant. Proteins recovered in
supernatant and pellet were analyzed by the Bradford assays or
SDS-PAGE with Coomassie Blue staining. The band intensities in

SDS-PAGE gels were quantified by ImageJ software. Relative and
absolute amounts of proteins in supernatant and pellet were
calculated based on the input amounts and relative band
intensities. Data of three repeats were presented as means ± SD.
DIC and fluorescence imaging assays were performed on a Nikon

Ni-U upright fluorescence microscope. Proteins were sparsely
labeled with Alexa Fluor 488 NHS ester (ThermoFisher), Cy3 NHS
ester (AAT Bioquest), or Cy5 NHS ester (AAT Bioquest) at the final
labeling ratio of 2% (i.e., by mixing each labeled protein with
unlabeled protein at the ratio of 2:98). The imaging buffer contains
50mM Tris, pH 7.4, 100mM NaCl, and 1mM TCEP. Images were
captured after protein mixtures were injected into and settled onto
the surface of homemade flow chambers4 or at the indicated time.

Sample turbidity assay
The solution turbidity was measured as absorption of each
mixture at 350 nm using a 1 cm path-length cuvette at room
temperature. The sample condition followed those used in the ITC
experiments. Each titration was repeated three times.

Supported lipid bilayer preparation and 2D phase separation assay
Supported lipid bilayers were prepared as described in the
previous studies.5,63 Briefly, POPC (Avantilipids, Cat# 850457), DGS-
NTA-Ni2+ (Avantilipids, Cat# 790404), and PEG 5000 PE (Avanti-
lipids, Cat# 880230) were dissolved in chloroform. To generate
multilamellar vesicles, mixtures of 98% POPC, 2% DGS-NTA-Ni2+,
and 0.1% PEG 5000 PE were dried under a stream of nitrogen gas,
resuspended and hydrated by PBS buffer with a final concentra-
tion of 0.5 mg/mL. After overnight incubation at 4 °C, the lipid
solution was frozen and thawed repeatedly in combination with
sonication to make it clear. The supernatant containing small
unilamellar vesicles (SUVs) after centrifuging at 33,500× g for
45min at 4 °C was collected for use.
Chambered cover glass (Lab-tek) was washed with Hellmanex II

(Hëlma Analytics) overnight followed by immersed in 5 M NaOH
for 1 h at 50 °C and thoroughly rinsed with MilliQ water. Before
use, the cover glass was equilibrated with the imaging buffer (50
mM Tris, pH 7.4, 100mM NaCl, 1 mM TCEP). SUVs (75 μg) were
coated on each glass for 1 h at 42 °C to generate supported lipid
bilayers. Extra SUVs were washed out with the imaging buffer and
the washing was repeated three times. The lipid bilayers were
blocked by incubating the coated cover glass with the imaging

Fig. 7 A schematic model showing GABAAR/GlyR binding-induced iPSD formation by gephyrin. a Clustering of GABAAR/GlyR on the
synaptic plasma membrane and formation of the gephyrin sheet beneath the synaptic membrane via receptor binding-induced phase
separation. Note that the width of the gephyrin E-domain dimer is ~11 nm, and the distance between the two GABAAR receptors in iPSD is
also ~11 nm.28 b A top-down view from the extracellular side of the synaptic membranes showing the phase separation-mediated GABAAR/
GlyR clustering and organization by the gephyrin condensates. c A schematic diagram showing progressive steps of zoomed-in views of an
inhibitory synapse to show the formation of the iPSD sheet via phase separation.

Article

323

Cell Research (2021) 31:312 – 325



buffer containing 1mg/mL BSA for 30 min at room temperature.
After blocking, Alexa Fluor 488-labeled His6-GlyR-βLD or His6-
GABAAR-α3LD dissolved in the imaging buffer containing 1mg/mL
BSA solution was incubated with lipid bilayers for 1 h at room
temperature. Unbound proteins were washed away with the
imaging buffer containing 1mg/mL BSA solution. Different
concentrations of test proteins were then added to induce phase
separation on the lipid bilayers.

FRAP assay
FRAP experiments were carried out on a Zeiss LSM 880 confocal
microscope at room temperature. To analyze condensates in
solution, after 10min settling down, a square region containing
one droplet with the side length of 3.95 μm was assayed. For the
phase separation on lipid bilayers, a square region with a side length
of 6.59 μm was selected for FRAP analysis. Cy3 and 488 signals were
bleached using 561 nm or 488 nm laser beam at 100% power,
respectively. All experiments were completed within 30min after
initiation of the phase separations. For quantitative analysis, the
average intensity of frames before photobleaching was normalized
to 100%, and the intensity right after the bleaching was set to 0%.
Data were analyzed using GraphPad Prism.

Cell culture and imaging
HeLa cells (from ATCC) were cultured in DMEM media supported
by 10% fetal bovine serum maintained at 37 °C with 5% CO2. The
cells were transfected after 24 h plating at approximately 75%
confluency using ViaFect transfection kit (Promega, Cat# E4982).
After incubating for another 20–24 h, cells were fixed with 4%
paraformaldehyde, 4% sucrose in PBS. Images were captured on a
Nikon Ni-U upright fluorescence microscope or a Zeiss LSM 880
confocal microscope. Quantitative data were derived from three
independent batches of cultures in a blinded fashion. In each
group, at least 500 fluorescence signal-positive cells were counted.
For the FRAP assay, 10 h after transfection, HeLa cells were

incubated in a humidified chamber with 5% CO2 at 37 °C. Images
were captured on a Zeiss LSM 880 confocal microscope. A square
region with a side length of 3.29 μm was performed for FRAP.
mCherry and GFP signals were bleached using 561 nm or 488 nm
laser beam at 100% power, respectively. Images were taken in 5
min at the 2 s/frame and photobleaching was conducted after the
third frame. For quantitative analysis, the average intensity of the
first three frames before the bleach point was normalized to 100%,
and the intensity right after the bleaching was set to 0%. Data
were analyzed using GraphPad Prism.
For the lipid membrane staining by the lipophilic dye, 4 h after

transfection, HeLa cells were incubated with DiD staining medium
(DiD perchlorate, from ATT Bioquest dissolved at 1mM in DMSO and
diluted to the final concentration of 1 μM in DMEM) at 37 °C for 20
min. Cells were then washed three times each with 1mL DMEM for
5min. Washed cells were cultured for another 6 h before fixing with
4% paraformaldehyde, 4% sucrose in PBS for imaging.

Quantification and statistical analysis
Statistical parameters including the definitions and exact values of
n (e.g., number of experiments, number of droplets, etc),
distributions, and deviations are reported in the figures and
corresponding figure legends. Data on in vitro phase separation
sedimentation assay and HeLa cell quantification were expressed
as means ± SD. ns, not significant; *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001 using one-way ANOVA with Tukey’s multiple
comparison test. Statistical analysis was performed in
GraphPad Prism.
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