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Phase separation drives compartmentalization of intracellular contents into various 
biomolecular condensates. Individual condensate components are thought to differen-
tially contribute to the organization and function of condensates. However, how inter-
molecular interactions among constituent biomolecules modulate the phase behaviors 
of multicomponent condensates remains unclear. Here, we used core components of 
the inhibitory postsynaptic density (iPSD) as a model system to quantitatively probe 
how the network of intra-  and intermolecular interactions defines the composition and 
cellular distribution of biomolecular condensates. We found that oligomerization- driven 
phase separation of gephyrin, an iPSD- specific scaffold, is critically modulated by an 
intrinsically disordered linker region exhibiting minimal homotypic attractions. Other 
iPSD components, such as neurotransmitter receptors, differentially promote gephyrin 
condensation through distinct binding modes and affinities. We further demonstrated 
that the local accumulation of scaffold- binding proteins at the cell membrane pro-
motes the nucleation of gephyrin condensates in neurons. These results suggest that 
in multicomponent systems, the extent of scaffold condensation can be fine- tuned by 
scaffold- binding factors, a potential regulatory mechanism for self- organized compart-
mentalization in cells.

phase separation | biomolecular condensate | synapse | polyphasic linkage

Biomolecular phase separation has been increasingly recognized as a key organizational 
principle for various biological processes, including transcriptional and translational regu-
lation, signal transduction, cell polarity, and protein quality control (1, 2). Unlike 
membrane- bound organelles, membrane- less condensates lack a physical barrier limiting 
material transports across their boundary, often allowing dynamic molecular exchange with 
the surroundings. Condensates in living cells are inherently multicomponent systems har-
boring diverse molecular species, where each component is thought to play different roles 
in the organization and function of the condensates. For example, scaffolds, often proteins 
harboring intrinsically disordered regions (IDRs) or tandem interaction domains, display 
adhesive motifs that drive phase separation and condensate assembly (1, 3–5). In contrast, 
clients are not major drivers of biomolecular condensation, although they exhibit heterotypic 
interactions with scaffolds to define condensate composition and function (3, 6).

The thermodynamic basis of the phase separation of single- component systems, such 
as solutions of purified proteins, has been extensively studied including their phase diagrams 
and the contributions of different amino acids (7, 8). However, the phase behaviors of 
multicomponent systems are poorly understood. A recent study demonstrated that het-
erotypic intermolecular interactions often dominate over the homotypic ones in the phase 
separation of intracellular condensates (9, 10). Separate coarse- grained simulation studies 
showed that the phase separation of scaffolds could be differentially modulated depending 
on the manner in which scaffolds and clients associated with one another (11), a behavior 
described with the polyphasic linkage formalism (12, 13). In this view, the scaffold archi-
tecture can be represented using the stickers- and- spacers framework (14, 15): Stickers are 
motifs mediating scaffold–scaffold interactions, while spacers are linkers connecting stick-
ers. It has been suggested that features such as the types of client binding sites in scaffolds 
as well as the valency of clients can strongly influence scaffold phase separation: Binding 
of monovalent clients to stickers may hinder phase separation, whereas binding of multi-
valent clients to spacers can promote the thermodynamic stability of scaffold phase sepa-
ration (11, 16). However, systematic live- cell investigations probing the role of clients in 
modulating the phase separation of self- associating scaffolds are lacking.

Neuronal synapses, in which various functional condensates with distinct compositions 
coexist within small subcellular volume, represent an ideal model system for studying 
multiphase behaviors of multicomponent systems (17, 18). Several previous studies have 
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shown that many protein complexes involved in synapse organi-
zation undergo phase separation (17). For example, a subset of 
active zone- enriched proteins forms liquid condensates, together 
with voltage- gated Ca2+ channels and synaptic vesicles (19–23). 
Similarly, highly abundant excitatory postsynaptic density (ePSD) 
scaffolds, including PSD- 95, Shank, Homer, and SynGAP, undergo 
liquid–liquid phase separation through their network of intermo-
lecular interactions, further concentrating glutamate receptors and 
membrane proteins in support of excitatory synaptic transmission 
and plasticity (24–26). Intriguingly, it was recently shown that 
phase separation also plays a role in the organization of the inhib-
itory postsynaptic density (iPSD). Purified recombinant gephyrin, 
an inhibitory synapse- specific scaffold (27), was shown to undergo 
phase separation, together with the cytoplasmic loops of glycine 
receptors and GABAA (γ- amino butyric acid- A) receptors (28, 29). 
However, how different gephyrin- binding proteins modulate the 
thermodynamics of gephyrin phase separation and the mechanisms 
by which the phase behaviors of gephyrin might be exploited for 
proper assembly and localization of the iPSD in neurons remain 
to be determined.

Here, we used a subset of iPSD components, including gephy-
rin, as a model to study the thermodynamic phase behaviors of 
multicomponent systems. Unlike the ePSD, in which multiple 
components collectively act together as scaffolds, gephyrin is con-
sidered a single major scaffold in the iPSD (30), providing the 
attractively simple model for the study of multicomponent sys-
tems. Using this model, we first characterized the overall phase 
behaviors of gephyrin in cells as well as the contribution of indi-
vidual gephyrin domains to condensation. We found that in addi-
tion to oligomerization domains, the gephyrin central IDR linker 
is critical for gephyrin condensation. Linker- swapping experiments 
and atomistic Monte Carlo (MC) simulations further revealed that 
the linker- mediated phase separation is not attributable to IDR–
IDR interactions, but rather originates from the conformational 
collapse of the linker as well as electrostatic interdomain interac-
tions. We found that other iPSD components act as clients to 
differentially modulate the stability of gephyrin condensation, a 
behavior we analyzed using polyphasic linkage formalism. We also 
demonstrated that local enrichment of gephyrin- binding proteins 
can induce the nucleation of gephyrin condensates at the neuronal 
membrane. Our findings suggest that the formation and spatial 
distribution of multicomponent condensates can be thermody-
namically regulated through a network of intermolecular interac-
tions between condensate components in living cells.

Results

Phase- Separation Behaviors of Gephyrin in Cells. To probe the 
phase behaviors of gephyrin, we first transiently expressed enhanced 
green fluorescent protein- tagged gephyrin (EGFP- gephyrin) in 
human embryonic kidney 293T (HEK293T) cells and monitored 
its subcellular distribution. We started image acquisition from 
relatively early time points, approximately 5 h after transfections, to 
capture concentration- dependent behaviors. When EGFP- gephyrin 
was expressed at low levels, gephyrin was uniformly distributed 
throughout the cytoplasm (Fig.  1A). As the EGFP- gephyrin 
expression increased, bright EGFP- gephyrin puncta appeared in 
the cytoplasm, in line with previous observations (31, 32). Gephyrin 
puncta formation appeared to occur when gephyrin concentration 
reached a similar concentration range (SI  Appendix, Fig.  S1), 
suggesting that gephyrin clustering occurs via phase separation (33). 
To test this idea, we examined the presence of gephyrin clusters in 
individual cells over a broad range of expression levels. Consistent 
with phase separation processes, we found a clear concentration 

threshold segregating the cell population into two groups: those 
with and without gephyrin clusters (Fig. 1B). When monitored 
over time, gephyrin clusters gradually grew, frequently reaching up 
to a few micrometers in diameter, and exhibited occasional fusion 
events between clusters (Fig.  1C), which are typical behaviors 
of intracellular condensates. After fusion, gephyrin condensates 
exhibited a rapid relaxation in shape, but they did not fully relax 
into a round morphology, indicating that gephyrin condensates 
are not purely in a viscous liquid state. To further characterize the 
material properties of gephyrin condensates, we next analyzed the 
diffusive mobility of gephyrin using fluorescence recovery after 
photobleaching (FRAP) assays. Intriguingly, we found a time- 
dependent change in the internal mobility of gephyrin, with clusters 
at ~5 h after transfection exhibiting ~40% of fluorescence recovery 
and those at ~18 h showing much reduced recovery (Fig. 1D). This 
increase in the immobile fraction of gephyrin condensates suggests 
that after initial phase separation, individual gephyrin molecules 
within clusters undergo time- dependent rearrangements that likely 
involve a change in the network of intermolecular interactions 
toward tighter bindings and less liquidity (34, 35).

To further probe the internal rearrangement process in gephyrin 
condensates, we monitored temporal changes in gephyrin con-
centration within condensates during their growth. Interestingly, 
we found that the fluorescence intensities of gephyrin condensates 
gradually increased over time until reaching a plateau (Fig. 1 E 
and F). Since the fluorescence intensity of small subcellular struc-
tures can be underestimated owing to diffraction limits, we exam-
ined the effect of condensate size on brightness. As a control, we 
imaged light- inducible FUSN- Corelet condensates (36), which 
behave as a binary phase- separating system, where the ferritin core 
particles of IDR oligomers undergo phase separation into two 
coexisting phases with well- defined component concentrations 
(36). We found that under our imaging conditions, the dense- phase 
concentration of the Corelet system can be reliably quantified 
when the radius of condensates was larger than ~0.75 μm (Fig. 1 
E and G). In contrast, gephyrin condensates exhibited a fluores-
cence increase even above this size limit (Fig. 1 F and G), indicat-
ing that the observed increase in gephyrin concentration during 
condensate growth is not an artifact of diffraction- limited imag-
ing, but instead is an intrinsic property of gephyrin condensates. 
These results, together with the FRAP data, suggest that the initial 
molecular configuration immediately after gephyrin phase sepa-
ration might represent a state corresponding to the local thermo-
dynamic minimum of the system and that the system slowly 
relaxes into a lower energy state with higher packing densities.

The Role of the Disordered C Domain in Gephyrin Phase 
Separation. Gephyrin consists of two globular domains, G and 
E, and a central linker region, termed the C domain (27, 37, 38). 
The G and E domains are known to undergo homotrimerization 
and homodimerization, respectively (39, 40) (Fig. 2A). Previous 
studies showed that homo- oligomerization of G and E domains 
is required for gephyrin clustering (39, 41). Thus, in context of 
the stickers- and- spacers framework (14), the G and E domains 
harbor stickers that drive associative interactions between gephyrin 
scaffolds, whereas the disordered C domain appears to act as a 
spacer that connects stickers. To probe the role of the C domain 
in gephyrin phase separation, we generated a gephyrin- deletion 
construct lacking the C domain, termed G- E, and examined its 
clustering behavior in HEK293T cells. Unexpectedly, we found 
that deletion of the C domain completely abolished gephyrin 
phase separation (Fig. 2B). Similarly, replacing the C domain with 
a short linker (four repeats of GGS tripeptide) strongly hindered 
gephyrin clustering (SI Appendix, Fig. S2A).

http://www.pnas.org/lookup/doi/10.1073/pnas.2313236121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313236121#supplementary-materials
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These observations prompted us to investigate the mechanism 
by which the C domain of gephyrin facilitates phase separation. 
Many of the proteins with IDRs are known to undergo phase 
separation through homotypic associations (4, 35, 42). We thus 
sought to probe the self- association capacity of the C domain 
using a well- established optoDroplet system (33). The optoDrop-
let system, comprising a fusion protein and mCherry- tagged 
Arabidopsis cryptochrome 2 (mCh- Cry2), enables the control of 
intracellular phase separation using external light input and has 
been widely used to study the phase- separation capacity of several 
protein domains (9, 33). Notably, the saturation concentration of 
the specific optoDroplet construct is a strong indicator of the 
strength of the homotypic interaction exhibited by the fusion 
protein domain (33, 43) (SI Appendix, Fig. S2B). We used the 
gephyrin C domain as an IDR fusion to the optoDroplet and 
probed its light- dependent phase- separation behaviors. 
Surprisingly, we found that the optoDroplet with the gephyrin 
C- domain fusion exhibited little clustering, a behavior drastically 
different from that of self- associating FUS or DDX4 IDR fusions 

(Fig. 2C). These results suggest that the requirement of the C 
domain for gephyrin phase separation reflects the operations of 
mechanisms that do not involve IDR–IDR self- association.

To better understand the role of the central IDR linker in gephy-
rin condensation, we investigated whether other types of IDRs 
could substitute for the gephyrin C domain in driving phase sepa-
ration. To this end, we employed IDRs from FUS (residues 5 to 
164), DDX4 (residues 2 to 161), and G3BP1 (residues 143 to 334), 
which have all been extensively characterized with respect to their 
phase- separation behaviors (4, 8, 44) (SI Appendix, Fig. S2 C–F). 
Notably, unlike FUS and DDX4 IDRs, G3BP1 IDR is known to 
be dispensable for phase separation (44). The gephyrin variants 
G- FUSIDR- E, G- DDX4IDR- E, and G- G3BP1IDR- E, in which the 
C domain was replaced with the corresponding IDR, were expressed 
and their phase- separation behaviors were examined (Fig. 2D). 
Interestingly, these variants exhibited drastically different clustering 
tendencies, with G- DDX4IDR- E and G- G3BP1IDR- E showing a 
phase- separation capacity as strong as that of WT gephyrin and 
G- FUSIDR- E remaining diffusely distributed in most cells (Fig. 2D). 
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Fig. 1.   The concentration- dependent phase separation of gephyrin. (A) Inverted black and white time- lapse images of EGFP- tagged gephyrin in the HEK293T cell. 
The cell was transfected with EGFP- gephyrin around 5 h prior to imaging. (Scale bar, 6 μm.) (B) (Top) Fluorescence images of EGFP- tagged gephyrin in HEK293T 
cells. (Scale bar, 6 μm.) (Bottom) Cytosolic fluorescence intensity of individual EGFP- gephyrin expressing cells. Data points are color- coded for the presence of 
condensates. n = 3 experiments (total 105 cells). Data points are randomly scattered along the vertical axis for better readability. (C) (Top) Fluorescence time- lapse 
images of two gephyrin clusters undergoing fusion. (Scale bar, 2 μm.) (Bottom) Mean aspect ratios of the fused clusters as a function of time. A red curve denotes 
an exponential fit to data. Error bars ± SD; n = 8 (from five cells). (D) (Top) FRAP images of gephyrin clusters at the indicated time points after transfection. Cluster 
boundaries are indicated with dashed lines. (Scale bar, 1 μm.) (Bottom) FRAP recovery curves of gephyrin clusters at the indicated time points after transfection. 
Error bars ± SD; n = 5 (from five cells) for each condition. (E) Fluorescence images of gephyrin and FUS Corelet clusters over time. Schematic for the maturation 
of condensates that accompanies an increase in component concentration is shown. Scale bar, 2 μm (gephyrin); 1 μm (Corelet). (F) Examples of fluorescence 
intensity changes within gephyrin (Left) and Corelet (Right) cluster over time. Data points are moving- averaged over every three values. Time points at which 
condensate radius first exceeds 0.75 μm are indicated as arrowheads. (G) Fluorescence intensities of individual gephyrin and Corelet clusters, normalized based 
on maximum values within individual cells, are plotted against cluster radius. Clusters at several time points were measured from multiple cells for each sample 
type. Solid lines and shaded areas indicate the average and SD of data points located within a 0.3- μm window. Data points located within 0.6 to 0.9 μm interval 
are compared using Welch’s t test, ***P < 0.0001. Corelet, n = 325 (12 cells); gephyrin, n = 410 (16 cells).

http://www.pnas.org/lookup/doi/10.1073/pnas.2313236121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313236121#supplementary-materials


4 of 12   https://doi.org/10.1073/pnas.2313236121 pnas.org

These results underscore the fact that the presence of oligomerization 
domains such as G and E is not sufficient for gephyrin phase sepa-
ration and that the central IDR linker serves important roles beyond 
simply connecting G and E domains. Moreover, our findings further 
confirm that the capacity of the central linker for homotypic asso-
ciations is not required for gephyrin phase separation. Notably, 
gephyrin variants with different IDR linkers, including even the 
poorly phase- separating FUS IDR replacement, exhibit similar 
maturation behaviors (SI Appendix, Fig. S3), suggestive of a distinct 
maturation mechanism from condensation.

A comparison of the sequences of different IDRs tested here 
revealed a correlation between the fraction of charged residues in the 
IDR and its phase separation capacity in the context of gephyrin 
substitution (SI Appendix, Fig. S2 C–G). Specifically, FUS IDR is 
composed mostly of uncharged and polar residues, whereas the other 
IDRs that support robust phase separation of gephyrin harbor a high 
fraction of charged residues (SI Appendix, Fig. S2 G and H). Thus, 
the central IDR of gephyrin critically contributes to phase separation 
of the full- length protein via a mechanism likely involving charged 
residues, yet independent of homotypic associations of the IDR.

The Network of Electrostatic Interactions Around the Gephyrin 
C Domain. We then sought to probe the relative contribution of 
different segments along the C domain to the phase separation 
of gephyrin. To this end, we divided the gephyrin C domain into 
four subregions (C1 to C4) of equal length (40 amino acids each) 
and generated a series of gephyrin variants in which the C domain 
was replaced with the individual subregions (termed “G- Ci- E”) 
(Fig. 3A). Notably, each subregion differed in terms of its charge 
distribution such that C1 and C2 contained abundant negatively 
charged residues, C3 was slightly positively charged, and C4 contained 
significantly more positively charged residues. Interestingly, we 
found that each gephyrin variant exhibited markedly different 
phase- separation behaviors, with the G- C4- E variant showing phase 
separation capacity as strong as that of WT gephyrin (Fig. 3B). In 

contrast, clustering was significantly reduced in the G- C3- E variant, 
and phase separation was completely abolished in both G- C1- E and 
G- C2- E variants (Fig. 3B). Consistent with the critical role of the 
C4 subregion, deletion of the C4 subregion (ΔC4) from full- length 
gephyrin caused approximately a fourfold increase in saturation 
concentration compared with WT (Fig. 3B).

To study the roles of positively charged residues in the C4 subre-
gion in phase separation, we generated full- length gephyrin variants 
in which four or all eight positively charged residues in the C4 
subregion were mutated to negatively charged ones, termed KR/
DE4 and KR/DE8, respectively, and examined their phase- separation 
behaviors (Fig. 3C and SI Appendix, Fig. S4A). We found that as 
the number of positively charged residues decreased, the saturation 
concentrations progressively increased (Fig. 3C). To further validate 
the importance of positively charged residues, we tested whether 
adding positively charged residues rescued the otherwise poor 
phase- separation behavior observed in the G- FUSIDR- E variant 
(Fig. 2D). To this end, we replaced a total of eight amino acids (four 
glycine and four serine residues) near the C- terminal end of FUSIDR 
with positively charged lysine or arginine residues (SI Appendix, 
Fig. S4B). Strikingly, the G- FUSIDR(GS/KR8)- E construct showed 
robust phase- separation capacity comparable to that of WT gephy-
rin (Fig. 3D). Thus, our findings indicate that positively charged 
residues positioned near the C- terminal end of the C domain are 
key determinants driving gephyrin phase separation.

To further understand the molecular mechanism through which 
positively charged residues in the C domain contribute to phase 
separation, we next performed atomistic MC simulations with the 
ABSINTH implicit solvation model (45, 46). In this simulation, 
we considered the dimerized form of two E domains, with one 
linked to the C domain, allowing us to probe intradomain inter-
actions within the C domain as well as interdomain ones between 
the C and E domains (Movies S1, S2, and S3). We removed the 
G domain in simulation to reduce the computational cost of IDR 
conformational sampling and froze the geometry of the dimerized 
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Fig. 2.   The role of the C domain in gephyrin phase separation. (A) (Left) Schematic of the domain organization of gephyrin. PONDR, prediction of intrinsic disorder. 
(Right) Gephyrin G and E domains undergo homotrimerization and dimerization, respectively. (B) (Left) Fluorescence images of EGFP- tagged gephyrin WT and 
gephyrin G- E in HEK293T cells. (Scale bar, 8 μm.) (Right) Cytosolic fluorescence intensities of HEK293T cells expressing gephyrin WT or G- E. (C) (Left) Fluorescence 
images of various optoDroplet constructs in HEK293T cells after activation of identical blue- light conditions. (Scale bar, 6 μm.) (Right) Cytosolic fluorescence 
intensities of HEK293T cells expressing different optoDroplet constructs. (D) (Left) Fluorescence images of EGFP- tagged gephyrin variants with different IDR 
substitutions. (Scale bar, 8 μm.) (Right) Cytosolic fluorescence intensities of HEK293T cells expressing gephyrin variants with different IDR substitution.
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E domains (Fig. 4A). We first compared thermal fluctuations of 
WT, KR/DE4, and KR/DE8 variants of the gephyrin C domain 
(Fig. 4B). Interestingly, we found that, as the number of positively 
charged residues near the C- terminal end increased, the C domain 
adopted more collapsed configurations (Fig. 4 B and C). This 
behavior also manifested as more well- defined subpopulations in 
the structural ensemble of WT gephyrin than in those of mutant 
systems (SI Appendix, Fig. S5 A and B). Similar behaviors were 
observed in the simulation of the C- domain variants in isolation 
(SI Appendix, Fig. S5 C and D).

To map the specific residues that mediate intra-  and interchain 
interactions, we then computed pairwise contact frequencies 
between individual residues in the C and E domains (SI Appendix, 
Fig. S5 E and F). A comparison of the contact frequencies of the 
WT with those of the charge mutant, KR/DE8, revealed several 
hotspots of intra-  and interchain interactions (Fig. 4 D and E and 
SI Appendix, Fig. S5G). Overall, we found that the removal of pos-
itively charged residues in the C4 subregion led to a decrease in 
interdomain interactions; residues involved in interdomain inter-
actions were clustered at the C- terminal half of the C domain (i.e., 
C3 and C4 subregions); and hotspots of intrachain interactions 
involved residues 580 to 610 of the E domain (region 1, Fig. 4 D 
and E). Interestingly, this latter region corresponds to vertebrate-  
specific loops containing several aspartic acids that were previously 
reported to be important for gephyrin clustering (47). Our simu-
lation predicts that multiple contacts between the C4 subregion 
and these loops are lost when the positively charged residues in C4 
are replaced with negatively charged ones. It also predicts that inter-
actions between the C domain and residues 420 to 440 of the 
neighboring E domain are largely lost in the KR/DE8 variant 
(region 2, Fig. 4 D–F). Notably, the corresponding subregion of 
the E domain is spatially proximal to the C domain of the neigh-
boring chain and largely negatively charged (Fig. 4F). Consistent 
with our simulation results, a gephyrin variant, with its six 

negatively charged residues in this subregion of E domain replaced 
with positively charged ones, showed impaired clustering behaviors 
(SI Appendix, Fig. S5H). Because the intrachain transient interac-
tions that cause single- chain collapse can be utilized to create inter-
chain transient interactions that lead to phase separation (48), we 
conclude that the positively charged residues near the C- terminal 
end of the C domain act as a hub for mediating a network of intra-  
and interchain interactions.

The Gephyrin C Domain Is Essential for GABAergic Synaptic 
Targeting and Function in Cultured Hippocampal Neurons. We next 
examined whether deletion of the gephyrin C domain also affects 
gephyrin- mediated GABAergic synaptic targeting in hippocampal 
cultured neurons. To this end, we transfected cultured hippocampal 
neurons at 10 days in vitro (DIV10) with EGFP- tagged gephyrin or 
the G- E variant and immunostained the transfected neurons using 
antibodies against VGAT (vesicular GABA transporter) and the 
postsynaptic GABAA receptor γ2 subunit (GABAARγ2) at DIV14. 
This analysis showed that gephyrin WT was primarily localized to 
GABAergic synaptic sites, whereas the gephyrin G- E variant was 
diffusely distributed along the dendrites of transfected neurons (Fig. 5 
A–D). Moreover, overexpression of gephyrin WT, but not gephyrin 
G- E, significantly increased VGAT+GABAARγ2+ puncta density 
without changing puncta size. These results suggest that the gephyrin 
C domain is critical for the GABAergic synapse- promoting effects 
of gephyrin. To corroborate the anatomical results, we performed 
whole- cell patch- clamp recordings of cultured hippocampal neurons 
expressing gephyrin WT or G- E. The frequency, but not the 
amplitude, of miniature inhibitory postsynaptic currents (mIPSCs) 
was significantly reduced in neurons expressing gephyrin G- E, 
compared with those expressing control (EGFP alone) or gephyrin 
WT (Fig. 5 E–G). Collectively, these data suggest that the gephyrin 
C domain is critical for the gephyrin- mediated GABAergic synapse 
organization in cultured hippocampal neurons.
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To corroborate the role of the positive charges in the gephyrin 
C domain in regulating inhibitory synapses, we also examined 
whether the ΔC4 variant of gephyrin, which lacks the positively 
charged region of the C domain, acts similarly to the gephyrin 
G- E variant. Immunocytochemistry experiments revealed that the 
extent of GABAergic synaptic targeting was significantly reduced 
in cultured hippocampal neurons overexpressing gephyrin ΔC4 
compared with those overexpressing gephyrin WT (Fig. 5 H and 
I). Furthermore, overexpression of gephyrin ΔC4 significantly 
decreased the density of GABAergic synapses (Fig. 5 J and K) and 
the frequency (but not amplitude) of mIPSCs (Fig. 5 L–N), com-
pared with gephyrin WT. Thus, the positive charges on the C 
domain are crucial not only for gephyrin phase separation but also 
for gephyrin- mediated maintenance of GABAergic synapses.

iPSD Components Modulate Gephyrin Phase Behaviors. Gephyrin 
is a central scaffold at the iPSDs, anchoring diverse postsynaptic 
proteins such as neurotransmitter receptors, adhesion molecules, 
and signaling enzymes (27, 37). These proteins appear to form 
a network of intermolecular interactions (30), as often observed 
in intracellular condensates (10, 16). We thus sought to study 
how other proteins found in iPSDs influence the phase behaviors 
of gephyrin. To this end, we tested three postsynaptic proteins: 
GlyR, GABAAR, and IQSEC3 (27, 49, 50) (Fig. 6A). Both GlyR 
and GABAAR are neurotransmitter receptors exclusively expressed 

at inhibitory synapses that directly interact with the gephyrin 
E domain through their cytoplasmic loops (51–54). Notably, 
the loop- binding site on the E domain is located away from a 
dimerizing interface between E domains (54), indicating that 
loop binding occurs at the spacer region of the gephyrin scaffold. 
To maintain in our experiments the dimeric stoichiometry of 
gephyrin- binding subunits found in native pentameric receptors, 
we fused the cytoplasmic loops of receptors to the GCN4 coiled- 
coil domain. A series of recent studies demonstrated that IQSEC3, 
a guanine nucleotide exchange factor for ADP ribosylation factor 
that binds to the gephyrin G domain (49, 55), is a key component 
that organizes GABAergic synapse density and transmission in 
various hippocampal circuits (56, 57).

To investigate the collective phase behaviors of these postsyn-
aptic proteins, we coexpressed them as clients together with 
EGFP- gephyrin in HEK293T cells. We found that all three tested 
client proteins showed colocalization patterns that were seemingly 
similar to those of gephyrin condensates (Fig. 6 B and C and 
SI Appendix, Fig. S6A). To better visualize client- mediated phase 
modulation, we measured the concentrations of gephyrin and 
clients in the two coexisting phases (dilute and dense- condensate 
phase) in the form of ternary phase diagrams (Fig. 6D). The pro-
tein concentrations obtained in this manner constitute a boundary 
of the coexistence region within which the ternary system under-
goes phase separation (58, 59). Since the shape of ternary phase 
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tem used in simulations. Different colors 
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the domain architecture. (B) Structural 
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diagrams is highly dependent on the type and strength of inter-
molecular interactions between components (59–61), character-
izing the phase diagram can provide critical insights into the 
thermodynamic origin of the phase- separating system.

The resulting ternary phase diagrams revealed differential mod-
ulatory effects of postsynaptic proteins on the phase behaviors of 
gephyrin scaffolds (Fig. 6 D and E). First, we found that the satu-
ration concentration of gephyrin was lowered by the presence of 
inhibitory postsynaptic receptors, an effect that was strongly 
observed for GlyR and less robustly for GABAAR. In contrast, 
IQSEC3 tended to destabilize gephyrin phase separation, as evi-
denced by an increase in the saturation concentration. Notably, 
these observations are consistent with the stickers- and- spacers 
framework, in which binding of divalent clients to the spacer region 
of scaffolds can thermodynamically promote scaffold phase separa-
tion by providing extra intermolecular connectivity between scaf-
folds (11, 16). In line with this view, the binding affinity of GlyR 
for gephyrin is higher than that of GABAAR (54). We also observed 
similar receptor- mediated gephyrin phase modulation for the 
gephyrin variant without the C4 subregion (SI Appendix, Fig. S6 
B–D), suggesting that this effect is independent of gephyrin 
C4- based enhancement of phase separation (Fig. 3B). In addition 
to the changes in saturation concentration, we found that the degree 

of client partitioning also strongly depended on the client proteins: 
GlyR was most strongly concentrated within gephyrin condensates, 
whereas IQSEC3 was still enriched in condensates, albeit to a much 
lesser extent compared with GlyR and GABAAR (Fig. 6E).

To gain further insight into the phase- modulatory effects of 
postsynaptic clients, we employed the polyphasic linkage formal-
ism (11), which incorporates the effect of preferential binding in 
a ternary phase diagram such that clients have different binding 
affinities for scaffold molecules in dilute and dense phases. For the 
sake of theoretical simplicity, we assumed first- order binding pol-
ynomials, which results in a saturation concentration of scaffolds 
upon client addition, csat , as

where co
sat

 is the saturation concentration of scaffold in the 
client- free condition, [L] is the client concentration, and KA and 
KB are the association constants of clients for the scaffold in dilute 
and dense phases, respectively. Combining this relationship with 
the law of mass action and lever rule (Fig. 6F), we obtained a 
system of equations that are numerically solvable (Materials and 
Methods). Using a single assumed value for co

sat
 , we constructed 

csat = c
o
sat

1 + KA[L]
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Fig. 5.   The importance of the C domain in inhibitory 
synapse formation. (A) Triple- immunofluorescence im-
ages of anti- GABAARγ2 (red), anti- VGAT (magenta) and 
anti- EGFP (green) antibodies in cultured hippocampal 
neurons transfected with EGFP- tagged gephyrin WT and 
G- E variant. Yellow arrows mark colocalization of gephy-
rin with both GABAARγ2 and VGAT puncta. (Scale bar, 
10 μm.) (B) Quantification of inhibitory synaptic targeting 
of gephyrin variants in cultured hippocampal neurons 
(2–3 dendrites per transfected neuron were analyzed 
and group- averaged). (WT and G- E ****P < 0.0001). Error 
bars ± SEM. (C) Triple- immunofluorescence images of 
anti- GABAARγ2 (red), anti- VGAT (magenta) and anti- EGFP 
(green) antibodies in cultured hippocampal neurons 
transfected with EGFP alone or co- transfected with EGFP 
and EGFP- tagged gephyrin variants. (Scale bar, 10 μm.) 
(D) Effects of overexpression of gephyrin WT or the indi-
cated variants on GABAARγ2+VGAT+ puncta density (2–3 
dendrites per transfected neuron were analyzed and 
group averaged). (Ctrl and WT **P = 0.0017, WT and G- E 
####P < 0.0001). Error bars ± SEM. (E–G) Representative 
traces and quantification of frequency and amplitude of 
mIPSCs recorded from hippocampal cultured neurons 
transfected with the indicated gephyrin variants. (F) Ctrl 
and G- E *P = 0.0258, WT and G- E ###P = 0.0004; (G) WT 
and G- E #P = 0.0351). Error bars ± SEM; Control, n = 19; 
WT, n = 21; G- E, n = 19. (H) Triple- immunofluorescence 
images of anti- GABAARγ2 (red), anti- VGAT (magenta) and 
anti- EGFP (green) antibodies in cultured hippocampal 
neurons transfected with EGFP- tagged gephyrin WT 
and ∆C4 variant. Yellow arrows mark colocalization of 
gephyrin with both GABAARγ2 and VGAT puncta. (Scale 
bar, 10 μm.) (I) Inhibitory synaptic targeting of gephyrin 
variants in cultured hippocampal neurons (2–3 den-
drites per transfected neuron were analyzed and group- 
averaged). (WT and ∆C4 ****P < 0.0001). Error bars ± SEM. 
(J) Triple- immunofluorescence images of anti- GABAARγ2 
(red), anti- VGAT (magenta) and anti- EGFP (green) anti-
bodies in cultured hippocampal neurons transfected 
with EGFP alone or co- transfected with EGFP and EGFP- 
tagged gephyrin variants. (Scale bar, 10 μm.) (K) Effects of 
overexpression of gephyrin WT or the indicated variants 
on GABAARγ2+VGAT+ puncta density (2–3 dendrites per 
transfected neuron were analyzed and group averaged). 
(Ctrl and WT *P = 0.0365, WT and ΔC4 ####P < 0.0001). 
Error bars ± SEM. (L–N) Representative traces and quan-
tification of frequency and amplitude of mIPSCs record-
ed from hippocampal cultured neurons transfected 
with the indicated gephyrin variants. [(M) Ctrl and ΔC4  
**P = 0.0031, WT and ΔC4 ##P = 0.0015]. Error bars ± SEM; 
Control, n = 23; WT, n = 28; ΔC4, n = 22.
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ternary phase diagrams with different combinations of KA and KB 
(Fig. 6G and SI Appendix, Fig. S6E). As expected, the presence of 
clients modulated scaffold phase separation in a manner depend-
ent on the relative binding affinities in each phase. Preferential 
binding toward the dense phase (high KB∕KA ratio) led to an 
expansion of two- phase regime, lowering the saturation concen-
tration of scaffolds (Fig. 6G). This behavior is accompanied by 

stronger client partitioning into condensates. We note that the 
ratio between association constants, rather than absolute values 
of them, is crucial for determining the overall shape of the ternary 
phase diagram (SI Appendix, Fig. S6E). Predicted phase diagrams 
based on the polyphasic linkage model were largely in good agree-
ment with experimental data (Fig. 6 D–G), suggesting that differ-
ential bindings of clients to scaffolds in each phase are key 
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Fig.  6.   iPSD components thermodynamically modulate gephyrin phase separation. (A) Schematic diagram of iPSD components used in this study and 
intermolecular interactions between them. (B and C) Fluorescence images of HEK293T cells expressing EGFP- tagged gephyrin WT alone (B) or coexpressing 
EGFP- tagged gephyrin and mCh- tagged iPSD components (C). Gephyrin and iPSD component expression levels are similar across these cells. For comparison, 
images are shown at the same brightness level. White dotted lines indicate cell boundary. Insets display gephyrin condensates in individual cells. Note that 
different brightness levels are used between the whole- cell images and insets. (Scale bars, 6 μm.) (D) (Top) Schematic diagram of the ternary phase diagram 
for gephyrin and iPSD components. Fluorescence intensities of molecules inside and outside of condensates constitute right-  and left- hand boundaries of the 
two- phase region, respectively. (Bottom) Experimentally measured ternary phase diagram of gephyrin and individual iPSD components. The concentrations of 
the dilute-  and dense phase were measured for cells containing gephyrin condensates. Data acquired with gephyrin alone are shown for comparison. Imaging 
conditions used in this analysis are different from those in the characterization of saturation concentrations of various gephyrin variants shown in Figs. 1–3. GlyR- β,  
n = 52; GABAAR- α3, n = 73; IQSEC3, n = 88; no client, n = 25. (E) Saturation concentration of gephyrin in the presence or absence of specific iPSD components 
(Left). Partition coefficients of iPSD components, defined as a ratio of the concentration inside gephyrin condensates versus the surrounding cytoplasm (Right). 
Cells with similar expression levels are used in these quantifications. Error bars ± SEM; GlyR- β, n = 37; GABAAR- α3, n = 42; IQSEC3, n = 27; gephyrin alone, n = 17.  
(F) Schematic diagram of the polyphasic linkage model. Preferential binding of clients to scaffolds in one phase over the other leads to a change in scaffold 
saturation concentration (SI Appendix). In each phase, clients exhibit equilibrium binding to scaffolds, characterized by an association constant Ki. (G) (Left) Predicted 
ternary phase diagrams based on the polyphasic linkage model (KA = 106 M−1). To generate the diagrams, six different pairs of total gephyrin/client concentrations 
are used for each condition (Materials and Methods). All concentrations are in molarity. (Right) Changes of normalized saturation concentration and client partition 
coefficient by preferential binding effects. Results are obtained from model calculation using the identical total concentrations of scaffolds and clients.
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determinants of observed ternary phase behaviors. Within inhib-
itory synapses, additional factors such as other macromolecular 
components and changes in protein conformation may further 
contribute to gephyrin phase behaviors. Collectively, our results 
highlight that postsynaptic components can thermodynamically 
modulate the phase separation of gephyrin scaffolds.

Local Accumulation of Neuroligin- 2 (NLGN2) Promotes the 
Nucleation of Gephyrin Condensates. We then examined how 
gephyrin condensation can be spatiotemporally regulated by 
scaffold–client interactions within cells. The spatial distribution 
of phase- separated droplets within cells is influenced by multiple 
factors, including the presence of preferential nucleation sites 
and the degree of supersaturation (62). Thus, for proper synapse 
formation, gephyrin condensation must be tightly regulated in 
neurons. NLGN2, a postsynaptic adhesion protein exclusively 
expressed at GABAergic inhibitory synapses (27, 37, 50) (Fig. 7A), 
directly binds to gephyrin and plays a central role in organizing 
iPSDs (63). In addition, transsynaptic intermolecular interactions 
between NLGN2 and presynaptic neurexins are thought to be 
essential for proper organization of postsynaptic complexes (64).

To explore the possibility of controlling the localization of gephyrin 
condensates at the nucleation stage, we examined whether local accu-
mulation of NLGN2 triggers gephyrin condensation, using the 
optoDroplet system to dynamically concentrate NLGN2 (Fig. 7A). 
The C- terminal intracellular domain of NLGN2, which mediates 
gephyrin- binding, was fused to mCh- Cry2 (NLGN2cy- mCh- Cry2), 
after which its clustering behavior was tested (SI Appendix, Fig. S7 A 
and B). We found that fusing NLGN2cy slightly lowered the satura-
tion concentration of optoDroplets, suggesting the presence of weak 
homotypic interactions between NLGN2cy segments. However, the 
phase separation–promoting effect remained marginal, resulting in 
a significant number of cells with no clustering. Thus, we generated 
an NLGN2 optoDroplet version with additional FUS IDR fusion 
(NLGN2cy- FUSN- mCh- Cry2) and demonstrated that it exhibited 
strong clustering capacity (SI Appendix, Fig. S7B). Using this con-
struct, we asked whether the local accumulation of NLGN2 alters 
the way gephyrin undergoes phase separation. After sequential trans-
fections of HEK293T cells with EGFP- gephyrin and 
NLGN2cy- FUSN- mCh- Cry2, we selected cells exhibiting blue light–
dependent clustering of NLGN2cy- FUSN- mCh- Cry2 but lacking 
gephyrin condensates owing to low levels of expression. Strikingly, 
we found that gephyrin phase separation was strongly influenced by 
preexisting NLGN2 optoDroplets. Specifically, as gephyrin expres-
sion increased, gephyrin condensation tended to occur at the surface 
of NLGN2 optoDroplets (Fig. 7 B and C). Notably, gephyrin formed 
its own condensate phase instead of partitioning into preexisting 
NLGN2 optoDroplets (Fig. 7 B–D). Occasionally, the coalescence 
of two gephyrin condensates appears to be facilitated by intervening 
NLGN2 optoDroplets (Fig. 7D). These physical associations between 
gephyrin and optoDroplet condensates were completely abolished 
in a control construct lacking NLGN2 (Fig. 7B), indicating that the 
association between the two types of condensates is mediated by 
NLGN2. Thus, our findings suggest that subcellular regions in which 
NLGN2 highly accumulates can serve as preferential nucleation sites 
for gephyrin condensation.

In neurons, spatial cues in the form of local NLGN2 enrich-
ments are provided at the cell membrane. To test whether local 
accumulation of NLGN2 at the membrane can still nucleate 
gephyrin condensates, we appended a membrane- localizing myris-
toylation (myr) signal to the NLGN2 optoDroplet construct 
(myr- mCh- Cry2- NLGN2cy). We then expressed this construct 
together with EGFP- gephyrin in cultured hippocampal neurons 
and examined the effect of local enrichment of membrane- tethered 

NLGN2 on gephyrin condensates (Fig. 7E). Upon blue light 
exposure, numerous small foci enriched for the NLGN2 
optoDroplet construct formed at the cell membrane (Fig. 7 F and 
G). Initially, the light- activated foci were highly dynamic, exhib-
iting frequent lateral motions (SI Appendix, Fig. S7 C and D), and 
contained no detectable gephyrin signals (Fig. 7G). However, as 
these foci subsequently grew, gephyrin accumulated at NLGN2 
optoDroplets (Fig. 7G). A closer examination of the intensity 
profiles of gephyrin and NLGN2 optoDroplet construct across 
light- activated foci revealed that the peaks of gephyrin signals 
tended to be positioned toward the inside of cells, compared with 
NLGN2 peaks (Fig. 7H). These observations indicate that gephy-
rin is not merely recruited into membrane- tethered NLGN2 foci, 
but instead are consistent with nucleation of distinct gephyrin 
condensates at the NLGN foci, similar to results obtained in 
HEK293T cells. Taken together, our data demonstrate that gephy-
rin condensation is spatially regulated by the presence of prefer-
ential nucleation sites and likely directs the spatial organization 
of diverse functional complexes across inhibitory synapses.

Discussion

How the formation and localization of biomolecular condensates 
are regulated in cells is a central question. It is particularly relevant 
for condensates of which proper localization is intimately related to 
their cellular functions, such as in postsynaptic densities. Efficient 
signal transmission across neuronal synapses requires proper local-
ization of synaptic components and their alignment between the 
two communicating cells. In this study, through heterologous 
expression in HEK293T cells, we revealed that the major iPSD 
scaffold, gephyrin, undergoes a concentration- dependent phase 
separation and the central IDR linker critically contributes to the 
phase behavior. We found that gephyrin condensation is thermo-
dynamically modulated in the presence of iPSD components, with 
inhibitory postsynaptic receptors lowering the concentration thresh-
old for phase separation. We further demonstrated that a spatial cue 
provided in the form of local accumulation of membrane- spanning 
adhesion protein NLGN2 can trigger gephyrin condensation in the 
cultured neurons, which might help organize transcellular nanodo-
mains (65). Our data support a model in which prelocalized 
scaffold- interacting clients drive condensate formation by promot-
ing nucleation of condensates as well as thermodynamically mod-
ulating scaffold phase behaviors.

The phase modulation of clients can be understood in terms of 
the polyphasic linkage formalism (11, 12). Recent theoretical and 
computational studies suggest that scaffold phase separation can 
be differentially influenced by clients with distinct modes of bind-
ing and valency. Monovalent clients, which bind to the sticker 
region of scaffolds, destabilize scaffold phase separation owing to 
competition with other scaffold stickers. In contrast, binding of 
divalent clients to spacer motifs promotes scaffold phase separation 
by increasing the overall stability of physical cross- links between 
scaffolds. In the case of gephyrin, the oligomerization interfaces 
of G and E domains primarily act as stickers, exhibiting homotypic 
association in the form of well- defined trimerization and dimer-
ization, respectively (39, 40). Consistent with the prediction for 
monovalent clients targeting stickers, the coexpression of either 
the G or E domain with full- length gephyrin strongly suppresses 
gephyrin clustering (66). Viewed from this perspective, inhibitory 
postsynaptic receptors are divalent spacer- binding clients that can 
promote scaffold phase separation. Indeed, our experimental 
results based on artificially dimerized cytoplasmic loops fully sup-
port this modulatory role of postsynaptic receptors (Fig. 6D). 
Although we found that IQSEC3 exhibited mild suppressive 

http://www.pnas.org/lookup/doi/10.1073/pnas.2313236121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313236121#supplementary-materials
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effects on gephyrin phase separation, future studies are warranted 
to determine the specific IQSEC3- binding motif in the G domain 
and establish whether knowledge of the oligomerization state of 
IQSEC3 is necessary to further test the predictive power of the 
polyphasic linkage- based model.

Weak, multivalent interactions between self- associating IDRs 
often play a key role in driving phase separation (1, 35). Recently, 
an additional role of IDRs as phase modulators has begun to be 
uncovered (44, 67). In the current study, we found that the gephyrin 
C domain, the central IDR linker connecting G and E domains, 
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serves important modulatory roles in gephyrin phase separation. 
IDR substitution experiments showed that gephyrin phase separa-
tion driven by G/E domain- mediated oligomerization is strongly 
dependent on the nature of the IDR linker (Fig. 2D), raising the 
question on how the linker critically contributes to the oligomeri-
zation process. Purified gephyrin is often found as a trimeric form 
(39, 52), in which three long linkers, containing the E domain at 
the end, extend outward from the trimerized G- domain core. The 
contour length (i.e., fully stretched length) of the linker C domain 
is approximately 50 nm (SI Appendix, Fig. S7E); thus, depending 
on the degree of compactness of the C domain, gephyrin trimers 
can adopt diverse conformers of different relative sizes. Indeed, a 
previous study using small- angle X- ray scattering reported that 
purified gephyrin exhibited highly heterogenous trimer conforma-
tions, with the radius of gyration of trimeric complexes, ranging 
from 5 to 17 nm (68). Notably, the long flexible nature of the C 
domain can lead to the formation of autoinhibited gephyrin trimers, 
in which binding occurs between E domains within a single trimer 
unit (SI Appendix, Fig. S8). This can reduce the effective valence of 
the trimer to one, repressing phase separation. Alternatively, a hex-
amer in which two trimers are stacked on one another can be gen-
erated through a similar mechanism (69). The formation of 
autoinhibited trimers or hexamers may be the origin of poor clus-
tering behaviors exhibited by purified full- length gephyrin (28, 41). 
In this view, gephyrin phase separation can be regulated by altering 
the probability of its having autoinhibitory conformers, for example, 
by controlling the extent of C- domain collapse (SI Appendix, 
Fig. S8). Consistent with this expectation, we indeed found that 
the positively charged C- domain subregion near the C- terminal 
end is critical for promoting gephyrin phase separation (Fig. 3). 
Specifically, the atomistic MC simulation revealed that the C 
domain adopts a highly collapsed conformation through intra-  and 
interdomain interactions; moreover, replacing the positively charged 
residues with negatively charged ones reduced these interactions, 
leading to more expanded conformations of the C domain (Fig. 4).

Intriguingly, the gephyrin C domain harbors multiple sites for 
various posttranslational modifications and sites for binding to 
several iPSD components, including dynein light chain, Pin1, 
GABARAP, and tubulin (27, 37). Our findings suggest that post-
translational modifications that alter the local charge distribution 
can impact the network of intra-  and interdomain interactions 
centered around the C domain, which can ultimately play a role 
in regulating the phase behaviors of gephyrin (30). Indeed, phos-
phorylation of serine residues in the C domain has been shown to 
affect gephyrin clustering (70, 71). In light of the polyphasic link-
age model, factors that bind to the C domain can also influence 
gephyrin condensation. Depending on their valency and affinity, 
accessory factors can either promote or repress phase separation of 
gephyrin scaffolds through their association. It is also possible that 
binding of clients may tune gephyrin phase behaviors in an indirect 
manner by modulating the compactness of the C domain and 
promoting the formation of autoinhibitory complexes.

Focusing on a subset of core iPSD components, our study high-
lighted the fact that apart from directly controlling scaffold con-
centrations, scaffold phase behaviors can be regulated by 
scaffold- binding clients (SI Appendix, Fig. S8). We unequivocally 
demonstrated that both the spatial distribution and the expression 
level of clients can strongly influence the way scaffold phase sep-
aration proceeds. This client- based phase modulation is tightly 
linked to the sticker–spacer arrangement in scaffold architecture 
as well as the binding modes between scaffolds and clients. These 
features can collectively result in complex phase behaviors, as 
exhibited by intracellular condensates (72). Additionally, conden-
sate function, such as synaptic transmission, can further contribute 
to the modulation of scaffold phase separation through feedback 
mechanisms (73, 74). Future studies will explore this interplay 
between condensate form and function in the context of multi-
component phase behaviors.

Materials and Methods

HEK293T (Takara, 632180) cells were cultured in DMEM (Sigma- Aldrich, D6429) 
supplemented with 10% fetal bovine serum (HyClone, SV30207.02) and pen-
icillin/streptomycin antibiotics (Gibco, 15140122) at 37 °C and 5% CO2 in a 
humidified incubator. HEK293T cells were transfected using Lipofectamine 
3000 transfection reagent (Invitrogen, L3000015). Mouse and rat hippocampal 
neurons were transfected using Lipofectamine 3000 and CalPhos Kit (Clontech), 
respectively. A complete description of the Materials and Methods can be found 
in SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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