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SUMMARY

Synapses are semi-membraneless, protein-dense,
sub-micron chemical reaction compartments
responsible for signal processing in each and every
neuron. Proper formation and dynamic responses
to stimulations of synapses, both during develop-
ment and in adult, are fundamental to functions of
mammalian brains, although the molecular basis
governing formation and modulation of compart-
mentalized synaptic assemblies is unclear. Here,
we used a biochemical reconstitution approach to
show that, both in solution and on supported mem-
brane bilayers, multivalent interaction networks
formed by major excitatory postsynaptic density
(PSD) scaffold proteins led to formation of PSD-like
assemblies via phase separation. The reconstituted
PSD-like assemblies can cluster receptors, selec-
tively concentrate enzymes, promote actin bundle
formation, and expel inhibitory postsynaptic pro-
teins. Additionally, the condensed phase PSD as-
semblies have features that are distinct from those
in homogeneous solutions and fit for synaptic func-
tions. Thus, we have built a molecular platform for
understanding how neuronal synapses are formed
and dynamically regulated.

INTRODUCTION

Postsynaptic densities (PSDs) of neuronal synapses were initially
recognized by electron microscopy (EM) with observations of
electron-dense thickenings beneath postsynaptic membranes
(Palay, 1956). Subsequent biochemical and EM analyses of pu-
rified PSDs revealed that these structures are composed of
densely packed proteins forming disc-shaped mega-assemblies
with a few hundred nanometers in width and ~30-50 nm thick

(Cohen et al., 1977; Harris and Weinberg, 2012). In response to
diverse neuronal stimuli, PSD proteins undergo assembly/disas-
sembly, which are tightly associated with various forms of syn-
aptic plasticity.

A number of unique properties of synapses have hampered
detailed understandings of synapse formation and regulation
at the molecular level. First, it is hard to find two identical synap-
ses in an entire brain, implying that there is no simple repeating
structural unit within synapses. This has prevented detailed
structural studies of synapses by existing biophysical methods.
Second, synapses are highly compartmentalized, self-assem-
bled reaction machineries with a spine head volume of
~0.1 pm® (Harris and Stevens, 1989; Kubota et al., 2007; Nish-
iyama and Yasuda, 2015). This elaborate and complex compart-
mentalization is necessary for intricate functions/wiring of neu-
rons, but also creates practical difficulties in understanding
each individual synapse. Third, the volume of a spine head is pro-
portional to the size of PSD (Harris and Stevens, 1989; Matsuzaki
et al., 2001). Thus, the morphology of synapses is closely
coupled with synaptic functions, although with a poorly under-
stood mechanism. Fourth, synapses are extremely plastic. A
synapse can undergo chemical component changes on a time-
scale as fast as a few seconds. Two neighboring spines sepa-
rated by <1 um apart can undergo distinct morphology changes
upon differential stimulations (Bartol et al., 2015; Matsuzaki et al.,
2004; Nishiyama and Yasuda, 2015). There is no unifying theory
to explain the molecular mechanisms underpinning the synaptic
plasticity. Fifth, highly dense protein-rich assemblies in synaptic
compartments (i.e., PSDs) are not enclosed by membrane
bilayers and appear to form via certain self-assembling mecha-
nisms (Zeng et al., 2016a). We do not understand how such
dense synaptic assemblies can form and stably exist without
physical barriers.

Here, we demonstrate that mixing purified postsynaptic scaf-
fold proteins at physiological concentrations can form highly
condensed, self-organized PSD-like assemblies via liquid-liquid
phase separation (LLPS). Such PSD scaffold condensates can
cluster glutamate receptors, enrich synaptic enzymes, and pro-
mote actin bundle formation. Importantly, the reconstituted PSD
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Figure 1. PSD Scaffold Proteins Form Phase Transition-Mediated Condensates Enriching Other Synaptic Proteins
(A) Schematic diagram showing the components and the interaction details of the PSD protein network used in the current study drawn in a spatial order. Solid
black lines connecting protein interaction domains/motifs are flexible sequences. Domains drawn in gray and dashed lines are removed from the corresponding
proteins for technical reasons. Black arrows indicate the measured binding affinities of the interactions (raw data in Figure S1). Dark blue arrows indicate the
multimerization status of the indicated domains or complexes. (a) Li et al. (2017); (c) Zeng et al. (2016a); (b and d) from Figure S1; (e) Zeng et al. (2018); (f) Baron

et al. (2006); (g) Hayashi et al. (2009).
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assemblies actively repel Gephyrin. The LLPS-mediated PSD
assembly displays a series of distinct features that are not
possessed by canonical protein interaction networks in homoge-
neous solutions. The reconstituted PSD assemblies may func-
tion as molecular platforms for understanding mechanisms
governing synaptic formation and plasticity.

RESULTS

PSD Condensates Formation by Mixing Major PSD
Scaffold Proteins

We began our reconstitution of PSD assembly using a group of
highly abundant scaffold proteins including PSD-95, GKAP,
Shank, and Homer. These four proteins, in the order of PSD-
95, GKAP (aka SAPAP1 or DLGAP1), Shank, and Homer, serve
to connect ion-channels/receptors on the postsynaptic plasma
membrane with the actin cytoskeleton in the cytoplasm of
PSDs (Figure 1A) (Dosemeci et al., 2016; Petralia et al., 2005;
Valtschanoff and Weinberg, 2001; Zhu et al., 2016). We used
the full-length PSD-95 and Homer3 for the reconstitution exper-
iments. To obtain soluble and well behaving GKAP and Shank3,
we removed part of the sequences of the two proteins (see
Figure 1A and STAR Methods for details). The binding affinities
between PSD-95 and GKAP, between GKAP and Shank3, and
between Shank3 and Homer3 were essentially the same as the
bindings investigated using the isolated domains as reported
previously (Zeng et al., 2016b; Zhu et al., 2017) (Figures 1A and
S1A-S1C). We also confirmed that Homer3 is a homo-tetramer
(Hayashi et al., 2006, 2009). Shank3 had a concentration-depen-
dent homo-oligomerization behavior, and both PSD-95 (Fig-
ure S1F) and GKAP were highly homogeneous monomers
(data not shown).

When mixing fluorescently labeled PSD-95, GKAP, Shank3,
and Homer3 at a 1:1:1:1 molar ratio at indicated concentrations
(defined as the monomeric unit concentration of each protein
throughout the entire study), we readily observed phase separa-
tion under light microscopy. Differential interference contrast
(DIC) microscopic images revealed that micron-sized, phase-
separated droplets had spherical shapes (Figure 1B), and
some of the droplets were undergoing fusion process (Figure 1C).
Fluorescence images showed each droplet was highly enriched

with all four scaffold proteins. Each protein exchanged rapidly
between the condensed phase and the surrounding aqueous so-
lution, as revealed by fluorescence recovery after photobleach-
ing (FRAP) analysis (Figure 1D; Video S1). The level of phase
transition of the scaffold protein mixtures was correlated to their
concentrations. When the concentration of each protein
decreased, the amount of the condensed droplets also progres-
sively decreased (Figure 1B). The above results demonstrate
that mixing the four major PSD scaffold proteins leads to the for-
mation of self-assembled, highly co-enriched protein networks
that appear as liquid condensates.

The PSD Condensates Enrich Glutamate Receptors and
Synaptic Enzymes
In addition to interacting with each other, the four scaffold pro-
teins contain a number of domains/motifs capable of binding
to the other PSD components. We tested whether the PSD scaf-
fold condensates could incorporate other PSD proteins. We first
tested NMDA receptor (NMDAR). To partially mimic the tetra-
meric nature of NMDAR, we fused the last 5 residues of NR2B
to the tail of a tetrameric GCN4 coiled-coil domain (GCN4-
NR2B, simply referred as NR2B hereafter) (Harbury et al.,
1993). Isothermal titration calorimetry (ITC) assay confirmed
that the purified NR2B directly binds to PSD-95 PDZ1-2 (Figures
1A and S1D). We demonstrated that GCN4-NR2B is a homo-
tetramer and its binding can induce multimerization of the full-
length PSD-95 (Figure S1F). SynGAP is a GTPase activating pro-
tein (GAP) highly enriched in PSD (Cheng et al., 2006). We used
the C terminus of SynGAPa1 containing a trimeric coiled-coil and
a PDZ-binding motif (CC-PBM) domain (referred to as SynGAP
hereafter) for this study (Figures 1A and S1E) (Zeng et al., 2016a).
Upon mixing with the four PSD scaffold proteins, both NR2B
and SynGAP underwent LLPS and were highly concentrated in
the condensed droplets (Figure 1E). The distributions of all six
proteins between the aqueous phase (represented by proteins
in “supernatant”) and the condensed droplets (the “pellet” frac-
tion) were quantified by a sedimentation-based assay. Individu-
ally, all six PSD components were highly soluble and did not
show any sign of condensed phase formation (Figure S2A). At
the concentration of 20 uM (to maximize PSD-95 PDZ1-2 bind-
ing, two PSD-95 molar equivalent of NR2B was used here and

(B) DIC and fluorescence images showing that the mixtures of the four PSD scaffold proteins formed phase transition at indicated concentrations. The images
were acquired at room temperature with 1% of each protein labeled by the indicated fluorophores. This protein labeling ratio was used throughout the study
unless otherwise stated. The dashed box is selected for zoom-in analysis in (C).

(C) Zoom-in analysis of the droplet formation and fusions in the 4x PSD system. The arrow heads highlight those droplets in the process of coalescence into
larger ones.

(D) FRAP analysis assaying the exchange kinetics of each protein between the 4 x PSD condensates and dilute solution. The concentration of each protein was
20 pM. Related to Video S1.

(E) DIC and fluorescence images showing SynGAP and NR2B were concentrated into droplets in the 6 x PSD system. The concentration of each component was
20 uM. GKAP and Shank3 were not labeled and thus not visible.

(F) Representative SDS-PAGE and quantification data showing the distributions of the six PSD components recovered in the dilute phase/supernatant (S) and
condensed phase/pellet (P) at indicated protein concentrations. Results were from 3 independent batches of sedimentation assays and represented as
mean + SD.

(G) FRAP analysis showing that SynGAP enriched in the condensed 6 x PSD droplets dynamically exchanges with those in the dilute phase. The concentration of
each component was at 20 pM.

For all FRAP analyses in this figure, only the protein to be analyzed was Cy3-labeled. The curves represented the averaged signals from 12 droplets with a
diameter ~17 pm. All data are presented as mean + SD.

See also Figures S1, S2, and S3.
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throughout the rest of the study), ~50% of PSD-95/SynGAP/
NR2B and ~70% of GKAP/Shank3/Homer3 proteins were
recovered from the condensed phase (Figure 1F). Consistent
with the imaging-based analysis (Figure 1B), the amount of pro-
teins in the condensed droplets gradually decreased with low-
ered protein concentrations (Figure 1F). After photobleaching,
the Cy3-SynGAP intensities in the condensed droplets recov-
ered within minutes (Figure 1G). It indicates that SynGAP enrich-
ment in the condensed droplets is also dynamic, as observed for
the enzyme in PSDs of living neurons (Araki et al., 2015). We have
also tested phase transition properties of the 6x PSD system
with its component stoichiometry matching those derived from
proteomic studies and from fluorescence imaging studies
(Cheng et al., 2006; Sugiyama et al., 2005) and confirmed that
all six components underwent phase separation under these
conditions (Figure S2B). In summary, the condensed phase
formed by the four PSD scaffold proteins can dramatically enrich
NMDA receptors and SynGAP.

Multivalent and Specific Protein-Protein Interactions
Drive PSD Condensates Formation via LLPS

Specific and multivalent protein-protein interactions among PSD
components are thought to promote PSD formation (Hayashi
et al., 2009), although direct experimental evidences supporting
this conclusion are difficult to acquire in living neurons. There-
fore, we tested such hypothesis using our reconstituted PSD
system.

First, we used Cy3-labeled full-length PSD-95 to investigate
concentration- and network complexity-dependent phase tran-
sition of the PSD assembilies (red panels, Figure 2A). At 40 uM,
PSD-95 alone was highly homogeneous and did not form any
condensed droplet in solution. Both NR2B and SynGAP are
capable of inducing PSD-95 multimer formation (Figure S1F)
(Zeng et al., 2018). Upon addition of NR2B and SynGAP,
condensed droplets appeared though with small sizes and low
in numbers. Next, we added GKAP, Shank3, and Homer3 in a
stepwise manner following their order along the axonal-dendritic
axis of PSD (from right to left in Figure 2A). Addition of GKAP,
which contains three PSD-95 GK domain-binding repeats
(GBRs), dramatically increased the condensed droplet forma-
tion and lowered the threshold concentration required for
LLPS. Addition of Shank3, which contains a self-oligomerizing
SAM domain, further promoted phase transition and lowered
threshold concentration of LLPS. This trend was further mani-
fested by the addition of the tetrameric Homer3 (Figure 2A).
With all of the six components present, formation of the
condensed droplets was readily observed at individual protein
concentration of 1 uM or lower (Figure 2A), indicating that PSD
condensates could form at the physiological concentrations of
PSD proteins in dendritic spines.

We next reversed the assembly order of the six PSD proteins
using Alexa 488-labeled tetrameric Homer3. Homer3 alone was
uniformly distributed in the solution (Figure 2B). The threshold for
the Homer3 and Shank3 mixture to undergo LLPS was ~80 uM
(Figure S2C). Stepwise additions of GKAP, PSD-95, SynGAP,
and NR2B progressively increased the phase transition effi-
ciency and lowered the threshold concentration to undergo
LLPS (Figure 2B).

4 Cell 174, 1-16, September 6, 2018

Material Properties of the Reconstituted PSD
Condensates

PSD assembly in vivo may have semi-solid and gel-like features
instead of being a totally fluid-like dilute solution. However, direct
measurement of the material properties of PSDs in living neurons
is difficult. Additionally, there are limited methods available to
study the material properties of biological condensates formed
via LLPS, although LLPS is increasingly recognized to be impor-
tant in diverse cell biology-related processes (Alberti, 2017; Ba-
nani et al., 2017; Brangwynne et al., 2009; Feric et al., 2016; Shin
and Brangwynne, 2017). Here, we used atomic force microscopy
(AFM) to characterize the mechanical properties of PSD drop-
lets. A colloidal probe with a glass bead was adhered under
the tip of a triangular AFM cantilever. The AFM probe was grad-
ually lowered with a constant speed toward a condensed droplet
in solution (Figure 2C). AFM measured the force generated by
the condensed droplet deformation after the probe compressed
the droplet. By fitting the slope of the approach curves using the
Hertz model, an elastic modulus (E) of the contacted condensed
droplet was measured (Figure 2D).

We measured the elastic modulus of droplets formed by
6x PSD and by 2x PSD (SynGAP CC-PBM&PSD-95 PDZ3-
SH3-GK) (Zeng et al., 2016a). The droplets formed by 6x PSD
showed a sharper approach curve (Figure 2D) and hence a larger
measured elastic modulus (E = 3.5 kPa) than the droplets formed
by 2x PSD (E = 2.5 kPa) (Figure 2E), indicating that the 6 x PSD
droplets are more elastic. We also compressed the droplets with
different probe indentation speeds. The measured elastic
modulus of droplets formed by 6x PSD exhibited a weak power
law dependence on the speed (Figures S3A and S3B), which is
characteristic of soft glassy materials as a consequence of dis-
order and metastability of their internal structures (Kollmanns-
berger and Fabry, 2011). The power law exponent of o = 0.345
indicates that the droplets formed by 6 x PSD are more toward
solid-like material, as the o value for pure-elastic solid and totally
fluid solution is 0 and 1, respectively. The measured elastic
modulus was not related to the size of droplets measured (Fig-
ure S3C). These results indicate that the expanded multivalent
protein-protein network not only reduces the threshold concen-
tration required for LLPS (Figures 2A and 2B), but also changes
the material properties of the formed condensates. Because the
valency of PSD assembilies in real synapses are higher than our
in vitro system, the PSDs in neurons are likely to be more toward
gel- or glass-like structures as implied by EM observations (Pe-
tersen et al., 2003). Finally, we found that the 6x PSD system
displays obvious aging and hardening over the time (see Figures
S3D-S3G and legends for details).

Quantification of Protein Concentration in the
Condensed Phase

Although formation of condensed phase can dramatically
concentrate molecules in biological condensates, determining
the exact concentrations of components in the condensed drop-
lets has been difficult. Here, we developed a simple confocal
microscope imaging-based method for accurately quantifying
protein concentrations within the PSD droplets. We illustrate
the method using Homer3 concentration quantification in the
4x PSD system as the examples (Figure 3A). Droplets formed
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Figure 2. Multivalent Interactions between Scaffold Proteins Drive PSD Condensates Formation

(A and B) Valency- and protein concentration-dependent PSD condensates formation. In (A), only PSD-95 was Cy3-labeled. In (B), only Homer3 was Alexa 488-
labeled. In the “95+Syn*+NR2B” group in (A), SynGAP:PSD-95 ratio was set at a molar ratio of 3:1 as one SynGAP trimer to one full-length PSD-95. In all other
groups, components were mixed at equimolar concentration with the exception that NR2B was at doubled molar ratio of the rest of the components. For each
group of the mixtures at a given protein concentration, the fluorescence imaging settings were identical for easy comparison. Images were acquired at ~5 min
after injecting the mixture into the chamber.

(C) Top-on view image of the condensed droplets under the indentation of an AFM probe.

(D) The force-indentation curves measured on the PSD droplets with the approach curves in sloid lines and the retraction curves in dotted line. The green dashed
lines show the fitting of the Hertz model to the approach curves.

(E) The distribution of the measured elastic modulus E of the PSD droplets. The total number of the measured droplets (n) is 25 for each type of PSD droplets. The
solid lines show the fit to the normal distribution with the peak value E = 3.5 kPa for the 6 x PSD droplets and E = 2.5 kPa for 2x PSD droplets.

See also Figures S2 and S3.
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in flow chambers were imaged by a confocal microscope in a
z stack mode with a step interval of 1.0 um and an optical section
thickness of ~0.9 um. The peak fluorescence intensities of opti-
cal layers that are completely within the z-dimension of a droplet
(e.g., layers 2—4 in Figure 3A and layers 2-7 in Figure 3B) were
averaged for determining the concentration of Homer3 in the
4x PSD and 6x PSD condensates (Figures 3B-3D). A standard
calibration curve using a Cy3-labeled protein was constructed to
convert the Cy3 fluorescence intensity into absolute protein con-
centration (Figure S4A; see STAR Methods for details).

Using this method, we quantified concentrations of each
component (PSD-95/GKAP/Shank3/Homer3) in the 4x 20 pM
PSD droplets. In each measurement, only one component
was Cy3-labeled to avoid possible signal cross-talk (Figure 3E).
The concentrations for GKAP, Shank3, and Homer3 in the
condensed phase are similar and at ~2.5 mM, whereas PSD-
95 has a ~6-fold lower concentration (Figures 3E and 3G). We
also quantified the intensities for these four scaffold proteins in
the 6x 20 uM PSD droplets. The concentrations for GKAP,
Shank3, and Homer3 in the 6x PSD condensed phase are still
similar (~1.3 mM) but reduced to around half of that as those
in the 4x PSD droplets (Figures 3E and 3G). The PSD-95 con-
centration in the 6x PSD droplets is approximately double of
that in the 4x PSD droplets (Figures 3E and 3G).

We next compared Homer3 concentrations in various droplets
composed of (1) 3x 20 uM PSD (H + S + G), (2) 4x 20 uM PSD
H+S+G+95),Q4x 30 yM PSD H + S + G + 95), and (4)
6x 20 uM PSD (H + S + G + 95 + Syn + NR2B) (Figures 3F and
3G). This quantification data showed: (1) Homer3 concentration
in 3x PSD droplets is slightly higher than that in 4x PSD droplets
and is about twice as that in 6x PSD, and (2) higher initial con-
centration of each component (30 uM versus 20 pM) does not
change the final concentration in the droplets in 4x PSD. This
means that once a system reaches the phase separation
threshold, the component concentration in the condensed
phase does not increase but the volume will grow when the initial
material concentration further increases, (3) combining the
data in Figure 2, the phase separation threshold concentration
became lower and lower when the components in the PSD sys-
tem gets more complicated. It is noted that the final concentra-
tion of each component in a more complicated system does not
increase continuously. It appears that the total material concen-

tration in a condensed phase will have a limit, and this limit may
be determined by the solubility of the assembled condensates,
(4) the concentrations of each protein component in droplets
with different sizes in a given system are same (Figure S4B).

“Drivers” versus “Clients” in Forming PSD Condensates
We adopted the sedimentation assay to further evaluate the
contribution of each protein to the condensate formation in the
6x PSD system. To do this, we dropped out one component
at a time and measured the dilution phase versus condensed
phase distributions (or S/P ratios) of the rest five components
(Figures 4A and 4B). The normalized decreases of PSD compo-
nents resulted from dropout of one protein in each experiment
were plotted in Figure 4C. Deletion of any component in the
6x PSD system resulted in decreases of one or more other pro-
teins, with direct binder(s) as the largest affected component.
For instance, the removal of PSD-95 resulted in obvious de-
creases of its direct binders (NR2B, SynGAP, and GKAP) from
being incorporated into the condensed phase; whereas little
changes were detected for Shank3 and Homer3 (Figures 4A-
4C). When Shank3 was deleted, the alterations on the GKAP
and Homer3 were very obvious (larger than 50%), but the
changes to NR2B, SynGAP, and PSD-95 were smaller.

Overall, removal of a “riding” protein such as SynGAP had
smaller impact on the rest five PSD proteins from entering the
condensed phase. In contrast, removing a scaffold protein tends
to have larger and overall changes on the PSD condensate for-
mation. The most dramatic example is the removal of GKAP,
which led to the overall reduction of all other five components
in the condensed phase (Figure 4C). This may be related to the
organization feature of the PSD assembly in that GKAP is in
the middle layer serving to connect the NR2B/SynGAP/PSD-95
sub-group and the Shank3/Homer3 sub-group in forming the
large PSD network (Figure 1A). We further tested the role of
GKAP in synergizing the phase transition of the rest 5 PSD pro-
teins by keeping the 5 PSD components at 4 uM and gradually
increased GKAP concentration from 0 uM to 8 puM. Increasing
GKAP concentration increased the PSD condensates formation
in parallel (Figure 4D). Correlated with what was observed,
Sapap3 (the major member of the GKAP/SAPAP family ex-
pressed in mouse striatum) knockout mice showed prominently
reduced PSD thickness in synapses from striatal neurons (Welch

Figure 3. Confocal Imaging-Based Method to Quantify Concentrations of PSD Components in the Condensed Droplets
(A) Fluorescence intensity analysis of Cy3-Homer3 in each layer of a 4 x PSD droplet (20 uM, as in Figure 1C). The top of the panel shows a schematic diagram of
moving the confocal plane from near the cover glass to the surface of the droplet (i.e., layer 1 to layer 6). Cy3 fluorescence intensity along the dashed line in each

layer is plotted below each image layer.

(B) Fluorescence intensity analysis of Cy3-Homer3 in each layer of a 6x PSD droplet (20 uM, as in Figure 1E).
(C) Plot of measured peak intensity as a function of the layer number for the images from (A) and (B).

(D) llustration of the droplet intensity quantification. In the 4x PSD system, layers 2—4 are used to calculate the mean peak intensity of Homer3. In the 6x PSD
system, layers 2-7 are used to calculate the mean peak intensity of Homer3.

(E) Cy3 fluorescence intensity of each PSD scaffold protein in 4x or 6x PSD droplets. Data for each protein were collected from 10 droplets in each group and
presented as mean + SD. Both the composition and concentrations of 4x PSD droplets (in blue) and 6 x PSD droplets (in red) are the same as in Figures 1C and
1E, respectively.

(F) Cy3-Homer3 fluorescence intensity analysis from four different groups (with different composition and concentration between each groups). Data for each
protein were collected from 6 droplets in each group and presented as mean + SD.

(G) Summary of the fluorescence intensities in each group in (E) and (F) and the corresponding protein concentrations calculated by converting fluorescence
intensities to molar concentrations using the calibration curve in Figure S4A. Values are represented as mean + SD.

See also Figure S4.
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et al., 2007). Based on the above observations, we propose that
the four scaffold proteins are key “drivers” for the condensed
PSD assemblies, whereas SynGAP is a “client” protein recruited
by the scaffold proteins.

We also investigated the roles of direct interactions between
paired components or valency of selected proteins in PSD
condensate formation. Homer1c shares a similar domain organi-
zation with Homer3 and also exists as a tetramer (Hayashi et al.,
2009). Accordingly, the phase transition efficiency of the 6 x PSD
system with Homer1c replacing Homer3 is highly similar to that
containing Homer3 (Figure 4E). Homer1ia is a short splice variant
of Homer1 that contains the N-terminal EVH1 domain followed
by a ~60-residue Homer1a-specific sequence with no defined
structure but lacks the tetrameric CC domain (Hayashi et al.,
2006; Sala et al., 2003) (Figure S5F). Replacing Homer3 by
Homer1a dramatically decreased the phase transition efficiency
of all components in the 6 x PSD system (Figure 4E). It is noted
that replacing Homer3 with Homeria caused more dramatic
decrease of condensed phase formation than just removing
Homer3 (Figures 4A and 4E), indicating a dominant-negative ef-
fect of Homer1a on the phase transition of the 6 x PSD system.
We found that the 60-residue Homerla-specific sequence
following its EVH1 domain plays an important role in prevent-
ing the PSD-95/SynGAP/NR2B subgroup from entering the
condensed phase (see Figure S5 for more details). Homer3
LR&LE is a Homer3 mutant in which the Leu338 and Leu343 in
its CC region were replaced by Arg and Glu, respectively.
Homer3 LR&LE binds to Shank3 as the WT protein does, but
the mutant became a dimer (data not shown, also see Hayashi
et al.,, 2009). Replacing WT Homer3 with the LR&LE mutant
also reduced phase transition efficiency of the 6x PSD system
(Figure 4E), underscoring the critical role of Homer tetrameriza-
tion in promoting LLPS.

Another set of manipulations was made on the “client” protein
SynGAP. Deleting the last 4-residue PBM of SynGAP (d4) abol-
ished its interaction with PSD-95 in vitro and resulted in reduced
synaptic enrichment in neurons (Zeng et al., 2016a). Mirroring
this observation, SynGAP d4 exhibited dramatically reduced
enrichment in the condensed phase in the 6 x PSD system (Fig-
ure 4F). An LD&KD mutant of SynGAP, which converted the pro-
tein from trimer to monomer but had minimal impact on the
PSD-95 binding, has a weaker synaptic localization in living neu-

rons (Zeng et al., 2016a). This LD&KD mutant of SynGAP also
had reduced enrichment in the condensed phase (Figure 4F).

Reconstituted PSD Assemblies Undergo Phase
Separation on Lipid Membrane Bilayers

In living neurons, one side of the condensed PSDs is attached to
the postsynaptic plasma membranes and the other side is
exposed to the cytoplasm of dendritic spines, creating a direc-
tional PSD network assembly vital for synaptic signal transmis-
sions. To mimic the semi-open PSD assembly, we reconstituted
the 6x PSD system on a 2D membrane system using supported
lipid bilayers with a defined lipid composition (Figure 5A) (Ban-
jade and Rosen, 2014).

His-NR2B alone captured by the Ni*-NTA-DGS-containing
lipid bilayers was uniformly distributed (Figures 5B and 5C, at
0 min) and freely diffusing on the bilayers as revealed by FRAP
analysis (Figure S4C). Upon the addition of other five PSD com-
ponents (premixed at a concentration of 2 uM each), submicron-
sized clusters appeared within a few minutes. Small clusters
gradually grew on the entire membrane surface and fused into
larger ones with irregular shapes, and finally the majority of clus-
ters coalesced into a mesh-like network (Figure 5C). Meanwhile,
the fluorescence intensity in the dilute phase progressively
reduced (Figures 5B-5D; Video S2). The phase separation of
the 6x PSD system on the lipid bilayers follows the spinodal
decomposition mode as observed recently (Banjade and Rosen,
2014; Su et al., 2016). The irregular shaped laminar structures of
the condensed PSD assembilies on the lipid bilayers are actually
reminiscent of the shapes of PSDs observed in neurons. If the
premixed five PSD components contained 2 mM EDTA in the
buffer, no mesh-like NR2B could be observed. Instead, tiny
spherical shaped condensed droplets were observed in solution
(Figure 5E), indicating that tethering PSD scaffold proteins to
lipid membranes via His-NR2B is essential for the spinodal
decomposition to occur.

Confocal imaging revealed that PSD-95, Shank3, and Homer3
all colocalized within the NR2B-containing clusters (Figure 5F).
FRAP analysis showed that proteins in the condensed clusters
exhibited dynamic exchanges with those in the aqueous solution
(Figure 5G). Mirrored the behavior of the condensates formed in
3D solutions, cluster formation on lipid bilayers also depended
on the specific and multivalent interactions between PSD

Figure 4. Contributions of Each Component to the Phase Transition Efficiency
(A) Representative SDS-PAGE and quantification data showing the distributions of the rest of five PSD components recovered in the dilute phase (S) and
condensed phase (P) after removing one component at a time in the sedimentation-based assays.

(B) Quantifications of the dropout experiments shown in (A).

(C) Heatmap plot showing the normalized changes of each protein recovered in the condensed phase in the component dropout experiments quantified in the (B).
The percentage in 6x PSD group was normalized as 100%. The depleted protein was set as 0%.

(D) Addition of GKAP into other five PSD protein mixture triggers phase separation and formation of PSD condensates. SDS-PAGE and quantitative analysis show
the S/P distribution of each component upon addition of increasing amount of GKAP when the rest of the proteins are kept at 4 uM.

(E) Sedimentation-based assay showing the S/P distributions of six PSD components when the tetrameric Homer3 was replaced by the tetrameric Homer1ic, the

dimeric Homer3 LR&LE mutant, and monomeric Homer1a, respectively.

(F) Sedimentation-based assay showing the S/P distributions of six PSD components when the wild-type SynGAP was replaced by binding deficient SynGAP d4

or monomeric SynGAP LD&KD mutant.

In all sedimentation assays, protein concentrations were set at 20 M except in (D). Statistic data were presented as mean + SD with results from 3 independent
batches of sedimentation experiments. ns, not significant; *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001 using one-way ANOVA with Dunnett’s multiple

comparisons test.
See also Figure S5.
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Figure 5. PSD Condensates Formation and NR2B Clustering on Lipid Membrane Bilayers

(A) Schematic diagram showing the principle of PSD phase transition and NR2B clustering on supported lipid membrane bilayers.

(B) Time-lapse confocal images showing that homogeneously distributed Cy3-His-NR2B on membrane bilayers gradually clustered upon addition of the rest of
five unlabeled PSD proteins. Related to Video S2. Dashed box and lines are analyzed in (C) and (D) below.

(legend continued on next page)
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proteins. Under the assay condition shown in Figure 5B, removal
of any one of the four scaffold proteins completely prevented the
formation of PSD clusters. In contrast, removal of SynGAP had
little impact on the cluster formation of the NR2B (Figure 5H).
The above results reveal that the formation of PSD condensates
on the lipid bilayers also occur via LLPS. Additionally, formation
of the PSD condensates by the major scaffold proteins can
massively cluster NR2B receptor on the membrane bilayers
and enrich enzymes such as SynGAP.

Network-Level Scaling of the PSD Assembly in the
Condensed Phase

We next explored whether the LLPS-mediated PSD assemblies
could be modulated by regulatory mechanisms mimicking
neuronal activity events, and whether the PSD condensates
might contain properties that are distinct to the protein interaction
networks commonly studied in dilute aqueous solutions. We
picked Homer proteins to study these questions. Overexpression
of Homer1a exhibited broad inhibitory effects on dendritic spine
morphogenesis, synaptic targeting of PSD scaffold proteins, sur-
face expression of AMPARSs, and synaptic transmissions (Sala
et al,, 2003). Recently, it was shown that sleeping induced
massive elevation of Homer1a in excitatory synapses (Diering
et al., 2017). Interestingly, EM studies observed global down-
scaling of PSD sizes of motor and sensory cortical synapses in
mice during sleep (de Vivo et al., 2017).

We tested whether Homer1a might be able to regulate PSD
condensate formation. ITC assay showed that Homer1a and
Homer1c displayed the same Shank3 binding affinity as Homer3
does (Figures 6A and S1C). In the solution system, we observed
progressive droplets dispersions accompanied by gradually
increased Cy3-PSD-95 signal in the dilute aqueous phase upon
injection of Homeria into a chamber containing pre-formed 6 x
PSD droplets (Figure 6B; Video S3). In the sedimentation-based
assays, addition of increasing amounts of Homer1a into a fixed
amount of Homer1c-containing 6 x PSD system (20 uM) progres-
sively prevented all six components from entering the condensed
phase (Figure 6C). On the 2D lipid bilayers, addition of Homeria
also disassembled the condensed 6x PSD clusters (Figure 6D;
Video S4). An interesting feature is that, although Homer proteins
only specifically interact with Shank3 in the 6 x PSD system, the
formation of the condensed PSD assembly via LLPS allows the
entire PSD network to be regulated by alterations of a single pro-
tein Homer1a (see Figure S5 for more details). Our observation

nicely correlates with the global down-scaling of the PSD sizes
in mice induced by sleep (de Vivo et al., 2017). It also indicates
that the formation of PSD condensates may allow the PSD
network to have distinct properties that are not achievable by
the dilute homogeneous solutions.

Reconstituted PSD Condensates Promote Actin
Polymerization

Shank is localized in the deep layer of PSD facing dendritic cyto-
plasm (Petersen et al., 2003; Petralia et al., 2005). It is also known
to directly interact with actin cytoskeleton regulatory proteins
like cortactin (Naisbitt et al., 1999) and Arp2/3 complex subunits
(Han et al., 2013). In Shank3 overexpression transgenic mice,
F-actin levels of excitatory synapses increased significantly
compared to the wild-type littermates (Han et al., 2013). We
next explored whether the reconstituted PSD condensates could
also recruit actin-related proteins.

Cortactin has an N-terminal acidic domain that binds to and
stimulates Arp2/3 complex, followed by tandem cortactin re-
peats (CR) that associate with F-actin and a C-terminal SH3
domain binding to the Shank3 (Figures 7A and 7B) (Naisbitt
et al., 1999; Weed et al., 2000). Purified cortactin interacted
with Shank3 with a K4 ~4.4 uM (Figure 7A). As shown by both
sedimentation-based assay and fluorescence imaging assay,
cortactin could also be enriched to the condensed phase formed
by the 6x PSD system (Figures 7B and 7C). We then added cor-
tactin, Arp2/3 complex together with G-actin into the 6x PSD
system assembled on the lipid bilayers. Both G-actin and His-
NR2B were initially homogeneously distributed. After adding
the other five PSD components, His-NR2B clusters appeared
within a few minutes. At ~15 min after phase transition started,
polymerized F-actin structures started to emerge in the
condensed PSD assemblies. The actin bundles co-localized
with the PSD condensates gradually became thicker and longer
(Figure 7D; Video S5). Phalloidin staining confirmed that the fluo-
rescence signals of actin represent bundled actin filaments (Fig-
ure 7E). Without adding the five PSD components but with the
presence of cortactin, Arp2/3 complex, and G-actin, neither
His-NR2B clusters nor actin bundles were observed (Figure S6A).
We further showed that the PSD can also promote actin bundle
formation on the lipid bilayers when Arp2/3 was removed
(Figure S6B) and G-actin can be enriched in 6x PSD droplets
(Figure S6C), suggesting that PSD condensates can promote
F-actin assembly through enriching G-actin and cortactin.

(C) Zoomed-in images of the dashed yellow box in (B) showing the time-dependent clustering of His-NR2B during the spinodal decomposition. Small yellow arrow
heads in images at 10-14 min highlight the clusters that were undergoing fusion process. Scale bar, 2 um.
(D) Fluorescence intensity line-plots showing that the NR2B underwent from originally evenly diffused state (O min, blue curve) to clustered state (14 min, red

curve) after the addition of the PSD scaffold proteins.

(E) Confocal images showing that in the presence of EDTA no NR2B clusters were formed on the lipid bilayers, but instead spherical shaped small droplets were

observed in solution.

(F) Co-localization of the PSD scaffold proteins with the NR2B clusters on lipid bilayers (GKAP and SynGAP were not labeled and thus invisible).

(G) FRAP analysis showing the dynamic nature of PSD clusters on lipid bilayers as both Shank3 and SynGAP rapidly exchanged with their counterparts in the
dilute phase. The FRAP curves represent averaged results from 20 bleached regions with a squared-shape size of 7.6 um?. Data were presented as mean + SD.
(H) Representative images showing that NR2B failed to be clustered when any one of the four scaffold proteins (PSD-95, GKAP, Shank3, and Homer3) was
dropped out from the assay. The clustering of NR2B did not appear to change when SynGAP was omitted. In this assay, only His-NR2B was Cy3-labeled.
The starting concentration of the proteins in solutions (PSD-95, GKAP, Shank3, Homer3, and SynGAP) was at 2 uM each. Cy3-labeled His-NR2B:unlabeled His-
NR2B was at 2:100. Experiments were performed in room temperature.

See also Figure S4.
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Figure 6. Homeria Can Globally Scale down PSD Condensates Formation

(A) ITC-based measurement comparing Shank3 binding to Homer1a and Homer1c. Shank3 at 300 uM was titrated into Homeria or Homer1c at 30 uM in the cell.
(B) Time-lapse DIC and fluorescence images showing that spherical droplets in solution gradually diminished and Cy3-labeled PSD-95 dispersed back to
aqueous solution after the injection of purified Homer1a into the chamber. The direction of injection was indicated with an arrow. Related to Video S3.

(C) Sedimentation assay showing that Homeria prevented the PSD condensates formation in a dose-dependent manner. Indicated concentrations of Homer1a
were added into the 6 x PSD mixture with each component at the 20 uM concentration. Pellets recovered under the condition without Homer1a were normalized
to 100%. Data are presented as mean + SD with results from 3 independent batches of sedimentation experiments.

(D) Time-lapse confocal images showing that PSD condensates on lipid bilayers dissolved after addition of purified Homre1a. In this 6 x PSD de-clustering assay,
only His-NR2B was Cy3-labeled and the PSD condensates were pre-formed as indicated in Figure 5B. Related to Video S4.

See also Figure S5.

Reconstituted PSD Condensates Repel Inhibitory
Postsynaptic Protein

Finally, we asked whether the reconstituted PSD condensates
are driven by a specific mechanism for building up a functional
synaptic assembly or a non-specific protein concentration phe-
nomenon capable of gathering any proteins.
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The PSD protein condensates should allow small and non-in-
teracting proteins to diffuse in and out freely. We first assayed
thioredoxin (TRX), a synapse unrelated protein, on its possible
enrichment in PSD condensate. When included at a doubled
concentration as the rest of the 6x PSD components, a faint
band of TRX existed in the condensed phase (Figure S7A).
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Fluorescence imaging-based assay also showed that the PSD
condensates is permeable to TRX (Figure S7B). We next investi-
gated the distribution of gephyrin, a master scaffold protein of
inhibitory PSDs capable of forming homo-oligomers by itself
(Tyagarajan and Fritschy, 2014). Very interestingly, full-length
gephyrin showed no condensed phase enrichment at all in the
6x PSD system (Figure 7F), suggesting that it is actively
excluded by the 6 x PSD condensates. We investigated this pos-
sibility further using fluorescence microscopy. It was striking to
observe that gephyrin was indeed excluded from the condensed
6% PSD droplets (Figure 7G). It is further noted that such mutual
exclusion appeared to only occur in the condensed PSD assem-
bly, as gephyrin and the six excitatory PSD proteins in the dilute
phase inter-mixed homogenously (Figure 7G).

A trivial explanation for the gephyrin exclusion from the 6x
PSD condensates is that the matrix pore of the 6 x PSD network
in the condensed phase is too small for gephyrin to enter. To test
this possibility, we used a series of FITC-labeled dextran with
different molecular weights (10-2,000 kDa). We found by sur-
prise that all forms of dextrans were excluded from the droplets
(Figures 7H and S7C), likely due to the highly hydrophilic nature
of dextrans. We then used a major excitatory PSD component
CaMKlla for subsequent study. Purified CaMKlla. holoenzyme
exists as a dodecamer (Figure 7I). It does not directly interact
with any of the six PSD components and thus serves as a “client”
to the system. We found that the PSD condensates is also
permeable to CaMKlla (Figure 7J), indicating that the 6x PSD
droplet pore size is larger than the diameter of the CaMKlla ho-
loenzyme. The above data indicate that the exclusion of gephyrin
from the 6x PSD condensates is due to the specific molecular
features of gephyrin.

DISCUSSION
Via a biochemical reconstitution approach, we have demon-

strated here that four major scaffold proteins (PSD-95, GKAP,
Shank, and Homer) can form PSD protein condensates at phys-

iological concentrations. The results indicate that the highly
condensed PSD assemblies in living neurons might autono-
mously form and stably exist via LLPS. It provides a likely answer
to the mechanism of synapse-based cellular compartmentaliza-
tion of neurons, a striking morphology that is critical for the func-
tions of neurons. Because the reconstituted PSD condensates
are simple and chemically defined, the system could be used
to investigate the roles of other PSD proteins in regulating PSD
assembly formation and dynamics. The information derived
from such a reconstitution system, when combined with experi-
ments performed in living neurons, may offer valuable insights in
understanding roles of these proteins in synaptic formation and
functions. Additionally, given that a very large proportion of brain
disorders may be caused by mutations on genes encoding syn-
aptic proteins, the reconstitution system may also be attractive
in investigating how such mutations may alter PSD structure
and function.

We observed that the ePSD condensates selectively expel
inhibitory postsynaptic (iPSD) scaffold protein gephyrin from
entering the condensates. This observation may have implica-
tions in understanding the mutual exclusive organization of excit-
atory and inhibitory synapses on dendrites. A large proportion of
inhibitory synapses are localized on dendritic spines (Kubota
et al., 2007; Villa et al., 2016). Among those inhibitory synapses,
a considerable proportion co-exist with excitatory synapses.
However, iPSD and ePSD within a single spine do not inter-mix
(Kubota et al., 2007). We speculate that gephyrin and ePSD pro-
teins weakly repel each other. Such weak repulsion forces, when
manifested in the highly concentrated condensed phase, causes
active exclusion of gephyrin. Such active exclusion of one type of
molecule(s) from another functionally distinct type of molecular
assembly via formation of biological condensates highlights
important roles of weak repulsions in organizing specific func-
tional compartments in living cells.

In summary, the in vitro reconstituted ePSD condensates
studied here recapture many of the hallmark features observed
for these major postsynaptic scaffold proteins in organizing

Figure 7. Reconstituted PSD Condensates Promote Actin Polymerization and Repel Gephyrin
(A) ITC-based measurement showing the binding between cortactin and Shank3. Shank3 at 400 uM was titrated into cortactin at 40 uM in the cell.
(B) Sedimentation assay showing the S/P distribution of cortactin (10 uM) in the 6x PSD (with each component at 30 uM).

(C) DIC and fluorescence images showing that cortactin (10 uM) was recruited to the 6 x PSD condensed droplets (with each component at 20 uM). Cortactin and
PSD-95 were labeled by Alexa 488 and Cyb5, respectively. The rest of the proteins were not labeled. Fluorescence intensities along the dashed line are plotted.
(D) Time-lapse images showing that PSD condensates (indicated by Alexa 488-labeled His-NR2B) on lipid bilayers promoted actin (5% Rhodamine-labeled)
polymerization. Time points indicate the time after the rest of 5 unlabeled PSD components (2 pM) together with G-actin (0.5 uM), cortactin (0.2 uM), and Arp2/3
complex (0.03 uM) were added to the NR2B-anchored lipid membrane bilayers. Related to Video S5.

(E) Co-localization of the bundled F-actin with NR2B cluster and the PSD condensates. Bundled F-actin were stained by Alexa 633-phalloidin, and actin was
labeled with Rhodamine as in (D). Images were acquired at ~100 min after addition of PSD proteins as indicated in (D).

(F) Sedimentation assay showing that gephyrin (20 uM) was not recovered in the pellet fraction in the 6x PSD (20 uM) phase transition assay. To maximize the
resolution, PSD-95 and gephyrin were resolved by 8% SDS-PAGE, and the rest of the proteins were resolved by 4%-15% gradient SDS-PAGE.

(G) DIC and fluorescence images showing that gephyrin (20 uM) was excluded from the 6x PSD (20 uM) condensed droplets. Instead, gephyrin was evenly
distributed in the dilute phase. Gephyrin and PSD-95 were labeled by Alexa 488 and Cy5, respectively. Other proteins were unlabeled. Fluorescence intensities
along the dashed lines are plotted below.

(H) Both 10 kDa and 2,000 kDa dextrans were excluded by the 6x PSD droplets. 2 uM FITC-labeled dextrans were added to 6x PSD mixtures (20 uM, only
PSD-95 was labeled by Cy5). Droplet morphologies were captured by DIC imaging.

() FPLC-coupled static light scattering analysis showing the column behavior and detected molecular weight of the purified CaMKlIla. holoenzyme. 25 uM purified
CaMKlla holoenzyme was loaded to a Superose 6 size-exclusion column.

(J) PSD condensates are permeable to and can slightly enrich CaMKlla. holoenzyme. 10 uM Alexa 488-labeled CaMKlla holoenzyme was added to 6x PSD
mixtures (20 uM, only PSD-95 was labeled by Alexa 647). Fluorescence intensities along the dashed lines are analyzed at right.

See also Figures S6 and S7.
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synaptic signaling complex, promoting synaptic development
and maturation, and regulating synaptic plasticity. Although still
vastly simplified, this well-defined biochemically traceable sys-
tem provides a platform and a new paradigm for studying excit-
atory PSD formation and regulation as well as for elucidating
mechanisms of a range of brain disorders caused by mutations
of synaptic genes in the future. In a broader sense, principles
and mechanisms revealed in the reconstituted PSD condensates
here, together with methods developed in this work, may also be
applied to other biomolecular condensates.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Recombinant protein: PSD-95 Full length WT
(aa 1M-724L, UniProt: P78352-1)

Recombinant protein: PSD-95 PDZ 1-2 WT
(aa 60E-247S, UniProt: P78352-1)

Recombinant protein: PSD-95 PDZ3-SH3-GK WT
(@aa 309R-724L, UniProt: P78352-1)

Recombinant protein: PSD-95 SH3-GK WT
(aa 422S-724L, UniProt: P78352-1)

Recombinant protein: GKAP 3GBR-CT WT
(aa 328Q-421S + 916Q-992L, UniProt: Q9D415-1)

Recombinant protein: GKAP 3GBR-CT d15
(@aa 328Q-421S + 916Q-977S, UniProt: Q9D415-1)

Recombinant protein: Shank3 NPDZ-HBS-CBS-SAM
M1718E (aa 533D-665R + 1294D-1323P + 1400A-
1426P + 1654G-1730S, M1718E,UniProt: Q4ACU6-1)

Recombinant protein: SynGAP CC-PBM WT
(aa 1147A-1308V, lacking 1192V-1193K and
1293E-1295G, UniProt: J3QQ18-1)

Recombinant protein: SynGAP CC-PBM LD&KD
(aa 1147A-1308V, lacking 1192V-1193K and 1293E-
1295G, L1202D & K1252D, UniProt: J3QQ18-1)

Recombinant protein: SynGAP CC- d4 (aa 1147A-
1304Q, lacking 1192V-1193K and 1293E-1295G,
UniProt: J3QQ18-1)

Homer3 EVH1-CC WT (aa 1M-361P, Ser342
is an Arg, UniProt: QINSC5-1)

Homer3 EVH1-CC LR&LE (aa 1M-361P, Ser342
is an Arg, L338R & L343E UniProt: QINSC5-1)

Homerla EVH1-linker WT (aa 1M-186K, UniProt: Q92214-3)

Homer1a EVH1-linker W-A (aa 1M-186K, W24A,
UniProt: Q97214-3)

Homer1a EVH1-dCT (aa 1M-118Q, UniProt: Q9Z214-3)
Homer1c EVH1-CC WT (aa 1M-366S, UniProt: Q9Z214-1)

GCN4-NR2B_last 5aa (aa WARMKQIEDKLEE
ILSKLYHIENELARIKKLLGSIESDV*)

TRX-His-GCN4-NR2B (The above protein with an
N-terminal “TRX-His-TEV” tag)

Cortactin full length (without repeats 5&6)
(@aa 1M-472Q, NCBI: NP_001344045)

Gephyrin full length (aa 1M-736L UniProt: Q03555-6)
Thioredoxin 1 full length (aa 1M-109A, UniProt: POAA30-1)
CaMKlle full length (aa 1M-478H, UniProt:P11275-1)
G-Actin

Rhodamine G-Actin

Arp2/3 complex

Alexa Fluor 647 Phalloidin

This paper

This paper

Zeng et al., 2016a

This paper

This paper

This paper

This paper

Zeng et al., 2016a

Zeng et al., 2016a

Zeng et al., 2016a

This paper

This paper

This paper
This paper

This paper
This paper
This paper

This paper

This paper

This paper
This paper
This paper
Cytoskeleton
Cytoskeleton
Cytoskeleton
Invitrogen

N/A (custom-made)

N/A (custom-made)

N/A (custom-made)

N/A (custom-made)

N/A (custom-made)

N/A (custom-made)

N/A (custom-made)

N/A (custom-made)

N/A (custom-made)

N/A (custom-made)

N/A (custom-made)

N/A (custom-made)

N/A (custom-made)
N/A (custom-made)

N/A (custom-made)
N/A (custom-made)
N/A (custom-made)

N/A (custom-made)

N/A (custom-made)

N/A (custom-made)
N/A (custom-made)
N/A (custom-made)
Cat#AKL99
Cat#AR05

Cat# RPO1P-A
Cat#A22287
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iFluor 405 succinimidyl ester AAT Bioquest Cat#1021

Alexa Fluor 488 succinimidyl ester ThermoFisher Cat#A20000

Cy3 monosuccinimidyl ester AAT Bioquest Cat#271

Cy5 monosuccinimidyl ester AAT Bioquest Cat#151

Alexa Fluor 647 carboxylic acid, succinimidyl ester Invitrogen Cat#A20006

POPC Avanti Cat#850457P

DGS-NTA(Ni) Avanti Cat#790404P

PEG5000 PE Avanti Cat#880230P

FITC-Dextran 10kD Sigma Cat#SLBT4519

FITC-Dextran 40kD Sigma Cat#SLBT8690

FITC-Dextran 70kD Sigma Cat#SLBT8689

FITC-Dextran 150kD Sigma Cat#3BCBV3832

FITC-Dextran 250kD Sigma Cat#SLBR7368V

FITC-Dextran 500kD Sigma Cat#SLBR9842V

FITC-Dextran 2000kD Sigma Cat#SLBW1874

Gradient SDS-PAGE gel BioRad Cat#4561096

Experimental Models: Organisms/Strains

Escherichia coli BL21 (DE3) cells Invitrogen Cat# C600003

Recombinant DNA

Plasmid: 32M3C-PSD95 FL This paper N/A

Plasmid: 32M3C-PSD95 PDZ1-2 This paper N/A

Plasmid: 32M3C-PSD95 PDZ3-SH3-GK Zeng et al., 2016a N/A

Plasmid: 32M3C-PSD95 SH3-GK This paper N/A

Plasmid: 32M3C-GKAP 3GBR-CT This paper N/A

Plasmid: 32M3C-GKAP 3GBR-CT d15 This paper N/A

Plasmid: M3C-Shank3 NPDZ-HBS-CBS-SAM M1718E This paper N/A

Plasmid: MG3C-SynGAP CC-PBM WT Zeng et al., 2016a N/A

Plasmid: MG3C-SynGAP CC-PBM LD&KD Zeng et al., 2016a N/A

Plasmid: MG3C-SynGAP CC-d4 Zeng et al., 2016a N/A

Plasmid: M3C-Homer 3 EVH1-CC WT This paper N/A

Plasmid: M3C-Homer 3 EVH1-CC LR&LE This paper N/A

Plasmid: M3C-Homer1a EVH1-linker WT This paper N/A

Plasmid: M3C-Homer1a EVH1-linker W-A This paper N/A

Plasmid: M3C-Homer1a EVH1-dCT This paper N/A

Plasmid: M3C-Homer1c EVH1-CC WT This paper N/A

Plasmid: 32M3C-GCN4-NR2B This paper N/A

Plasmid: 32MTEV-GCN4-NR2B This paper N/A

Plasmid: M3C-Cortactin full length (without repeats 5&6) This paper N/A

Plasmid: M3C-Gephyrin full length This paper N/A

Plasmid: M3C- CaMKll« full length This paper N/A

Software and Algorithms

Origin7.0 OriginLab https://www.originlab.com/

PyMOL PyMOL https://pymol.sourceforge.net/

ASTRAG Wyatt http://www.wyatt.com/products/
software/astra.html

Imaged NIH https://imagej.nih.gov/ij/

Prism GraphPad https://www.graphpad.com/

scientific-software/prism/

Amino Acid Composition Analysis This paper http://qxcai.people.ust.hk/aaca.html
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mingjie
Zhang (mzhang@ust.hk)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strain
Escherichia coli BL21 cells were used in this study for the production of recombinant proteins. Cells were cultured in LB medium
supplemented with necessary antibiotics.

METHODS DETAILS

Protein expression and purification

Various proteins were generated using standard PCR-based methods, cloned into vectors containing an N-terminal TRX-Hise/ GB1-
Hise/ Hisg-affinity tag followed by an HRV 3C or TEV cutting site. Vector sequences were confirmed by DNA sequencing. Recombi-
nant proteins were expressed in Escherichia coli BL21 cells in LB medium at 16°C overnight and protein expression was induced by
0.25 mM IPTG (final concentration) at ODgog between 0.6-0.8 unless otherwise noted. Recombinant proteins were purified using a
nickel-NTA agarose affinity column followed by size-exclusion chromatography (Superdex 200 or Superdex 75 as see fit) with a col-
umn buffer containing 50 mM Tris, pH 8.2, 100 mM NaCl, 1 mM EDTA, 2 mM DTT. DNA contamination (e.g., in purification of the full-
length PSD-95, Gephyrin, CaMKlla, and the tetrameric Homer) or protein degradation were further separated by mono Q. CaMKilla
was co-expressed with A-phosphatase and protein expression was induced by 1 mM IPTG (final concentration) at ODggp around 1.
10% glycerol was supplied in all buffers during CaMKlla purification process. When needed, recombinant protein tags were cleaved
by HRV 3C protease and separated by another step of size-exclusion chromatography.

We used the full-length PSD-95 and Homer3 for the reconstitution experiments, as both proteins are highly soluble and do not
display concentration-dependent self-association property that would complicate phase transition experiments. To obtain soluble
and well behaving GKAP (aka SAPAP1 or DLGAP1) and Shank3, we removed part of the sequences of the two proteins. Specifically,
we removed part of the sequences on GKAP connecting three PSD-95 GK-binding repeats (GBRs) (Kim et al., 1997; Zhu et al., 2017)
and a C-terminal extended PDZ-binding motif (PBM) required for stable Shank binding (Zeng et al., 2016b). Shank3 is a very large
scaffold protein that is difficult to obtain a highly purified, well behaving full-length recombinant protein. Through extensive trials,
we found that a simplified Shank3 protein could be obtained in large quantity, which contains an N-terminal extended PDZ domain,
a Homer-binding sequence (HBS) and a Cortactin-binding sequence (CBS) in the poly-Pro region, followed by a C-terminal SAM
domain mediating self-oligomerization. We further introduced an M1718E mutation in the Shank3 SAM domain to obtain a highly
soluble Shank3 protein (Baron et al., 2006). The major SynGAP isoform, SynGAP«1, contains a conserved trimeric coiled-coil
(CC) domain and a PSD-95 PDZ3-SH3-GK (P-S-G) tandem-binding PBM. Synaptic localization and activity-dependent dispersion
of SynGAPa1 require both its CC domain and PBM (Zeng et al., 2016a). We thus purified the C terminus of SynGAPa1 containing
the CC-PBM domain (referred to as SynGAP in the study) for its PSD assembly study. Cares were taken to keep sufficiently long
connecting sequences between each protein interaction motif/domain to maintain the conformational flexibility of all of the modified
proteins used in this study (Figure 1A).

Protein fluorescence labeling

Highly purified proteins were prepared in NaHCO3 buffer (containing 100 mM NaHCOg, pH 8.3, 100 mM NaCl, 1 mM EDTA and 2 mM
DTT) and concentrated to 5-10 mg/ml. Cy3/Cy5/iFluor 405 NHS ester (AAT Bioquest), Alexa 488 NHS ester (ThermoFisher), and Alexa
647 NHS ester (Invitrogen) were dissolved by DMSO and incubated with the corresponding protein at room temperature for 1 hr
(fluorophore to protein molar ratio was 1:1). Reaction was quenched by 200 mM Tris, pH 8.3. The fluorophores and other small mol-
ecules were removed from the proteins by passing the reaction mixture through a Hitrap desalting column with buffer containing
50 mM Tris, pH 8.2, 100 mM NaCl, 1 mM EDTA, and 2 mM DTT. Fluorescence labeling efficiency was measured by Nanodrop
2000 (ThermoFisher). In imaging assays, fluorescence labeled proteins were further diluted with the corresponding unlabeled pro-
teins in the same buffer. Typically, for components in solution, the final ratio of fluorescence labeled protein: unlabeled protein
was 1:100; for His-NR2B on lipid bilayers, the final ratio was 2:100. When labeling CaMKilla, 10% glycerol was also added in the re-
action buffer.

Phase transition sedimentation and imaging assay
Proteins were prepared in buffer containing 50 mM Tris, pH 8.2, 100 mM NaCl, 1 mM EDTA, and 2 mM DTT (with affinity tags cleaved
and removed) and pre-cleared via high-speed centrifugations. Proteins were then mixed or diluted with buffer to designed combi-
nations and concentrations.

For sedimentation assay, typically, the final volume of each reaction is 100 pl. After 10 min equilibrium at room temperature, protein
samples were subjected to sedimentation at 16,873 g for 10 min at 25°C on a table-top temperature-controlled micro-centrifuge.
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After centrifugation, the supernatant and pellet were immediately separated into two tubes. The pellet fraction was thoroughly re-sus-
pended with the same buffer to the equal volume as supernatant fraction (typically, to 100 ul). Proteins from both fractions were
analyzed by SDS-PAGE (4%-15% gradient gel if not specifically stated) with Coomassie blue staining. Band intensities were quan-
tified using the ImagedJ software.

For imaging assay, protein samples were injected into a homemade flow chamber (comprised of a glass slide sandwiched by a
coverslip with one layer of double-sided tape as a spacer) for DIC and fluorescent imaging (Nikon Ni-U upright fluorescence micro-
scope) at room temperature. Glasses were washed by Hellmanex Il (H&Ima Analytics) and 2 M NaOH sequentially and thoroughly
rinsed with MilliQ H,O before chamber making. During imaging, the chamber was sealed by nail polish to reduce solution evapora-
tion. Image fluorescence intensities were analyzed by the ImageJ software.

Quantification of protein concentration in the condensed phase

Confocal imaging-based fluorescent intensity measurement of proteins in the condensed droplets

The first step toward absolute concentration measurement of individual components in the 4x and 6x PSD condensates was to
determine fluorescence intensities of confocal planes that are completely within the PSD droplets as indicated in Figures 3A and
3B. In each measurement, only one component was Cy3-labeled to avoid any possible signal cross-talk and labeled protein was
adjusted to 1% by diluting a labeled protein into the unlabeled one. The 1% Cy3-labeled protein was further mixed with other unla-
beled proteins to form 4 x or 6 x PSD condensates. Samples containing condensed droplets were injected into homemade chamber
and imaged by a Zeiss LSM880 confocal microscope with a 63 x objective lens in a z stack mode with the step interval as 1.0 um.
Pinhole size was set at 1 Airy unit and the z-dimensional optical section thickness was ~0.9 um (defined by the full width half
maximum of z-dimensional point spread function (FWHM,) using fluorescence beads with diameter of 100 nm). The lowest z-slice
started with the focus in the coverslip layer and the highest z-slice ended with the focus entering the dilute solution layer (usually
with 8-15 slices dependent on the thickness of droplets). As shown in Figure 3A, the signal intensity in the lowest layer (layer 1) of
the droplet is usually lower than the layers above likely because part of the optical section layer overlaps with the coverslip glass.
After the optical section layer goes up into the droplet (layers 2-4 in Figure 3A), the fluorescence intensities within the droplet reach
the peak values and become more or less constant, indicating that Homer3 distribution within the droplet is homogeneous both in the
x-y dimensions and in the z-dimension in these layers. When the optical section layer keeps going up and reaches the top-surface
edge of the droplet, the intensity value decreases. For example, the signal intensity for the layer 6 likely reflects the signal summation
of part of the droplet and part of the dilute phase solution. For quantification, we define that a z-slice with its peak intensity < 10%
deviation from the maximal peak intensity layer (i.e., (Inax-1)/Imax < 10%) is with its imaging plane entirely within the z-dimension of the
droplet (e.g., layers 2-4 in the schematic diagram in Figure 3A and layers 2-7 in Figure 3B). This selection criteria ensured that the
point spread function of each selected z-slice was within the height of each droplet (> 5 um). The fluorescence intensities of these
layers were averaged for absolute protein concentration calculation. Identical parameters (including laser power, detector gain, res-
olution, scanning speed, etc.) were used during the imaging processes. To assure system stability, all measurements, together with
the calibration curve, were completed in one single imaging session. Images were analyzed by the ImageJ software.

Absolute protein concentration calculation

To generate a standard calibration curve for directly converting the measured florescence intensity into absolute protein con-
centration, Cy3-labeled Shank3 at different indicated concentrations (measured by a spectrophotometer as Nanodrop 2000
(ThermoFisher)) were injected into the flow chamber and the fluorescence intensity at each concentration was measured using
the same imaging parameters as for the droplet quantifications. With this calibration curve, the measured fluorescence intensity
for each component in a given condensed PSD system can be converted into absolute molar concentration.

Lipid bilayer preparation and phase transition assay

Small unilamellar vesicle (SUV) preparation:

Phospholipids containing 98% POPC (Avantilipids), 2% DGS-NTA-Ni (Avantilipids) and 0.1% PEG 5000 PE (Avantilipids) were dried
under a stream of nitrogen and resuspended by PBS to a final concentration of 0.5 mg/ml. The lipid solution was repeatedly frozen
and thawed using a combination of liquid N, and 37°C water bath until the solution turned clear. Then the solution was subjected to a
centrifugation at 33,500 g for 45 min at 4°C. Supernatant containing SUVs was collected.

Chambered cover glass wash and lipid coating

Chambered cover glass (Lab-tek) was initially washed with Hellmanex Il (HElma Analytics) overnight, thoroughly rinsed with MilliQ
H.0O. The cover glass was then washed with 5M NaOH for 1 hr at 50°C and thoroughly rinsed with MilliQ H,O, repeated for three times,
and followed by equilibration with the Protein Buffer (50 mM Tris, pH 8.2, 100 mM NaCl, 1 mM TCEP). Typically, 150 uL SUVs were
added to a cleaned chamber and incubated for 1 hr at 42°C, allowing SUVs to fully collapse on glass and fuse to form supported lipid
bilayers (SLBs). SLBs were washed with the Protein Buffer for three times (6-folds dilution per time, 216-folds dilution in total) to re-
move extra SUVs. Then it was blocked with the Cluster Buffer (the Protein Buffer supplied with 1 mg/ml BSA) for 30 mins at room
temperature.

Lipid bilayer phase transition assay

This supported membrane bilayers were doped with DGS lipid with Ni?*-NTA attached to its head. We used GCN4-NR2B with an
N-terminal thioredoxin (TRX)-Hisg tag (referred to as His-NR2B), so that a fluorescence tag (Cy3 or Alexa 488 in this study) can be
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added to the N-terminal end of the fusion protein (on the TRX N-terminus) without affecting the Hisg-tag from attaching to Ni?*-NTA-
DGS embedded in the lipid bilayers (Figure 5A). The thioredoxin-tag also provides a space to separate the chemical fluorophore from
the surface of lipid bilayers to avoid potential non-specific interaction between the dye and the membranes. PSD components were
prepared in the Protein Buffer. Initially, 4 uM His-NR2B was added and incubated with SLBs for 1 hr at room temperature, followed by
washing with the Cluster Buffer for three times to remove unbound His-NR2B. Other PSD components (typically, each at 2 uM) were
premixed in the Cluster Buffer and then added to the His-NR2B-bound SLBs, waiting for phase transition to happen on the lipid bi-
layers. All data were collected within 8 hr after lipid coating started.

Actin polymerization on lipid bilayers

Lipid bilayers and phase transitioned clusters were prepared as above. For actin polymerization assay, 0.5 uM actin (5% Rhodamine
labeled) (Cytoskeleton), 0.2 uM purified Cortactin and 0.03 uM Arp2/3 complex (Cytoskeleton) were premixed with other five PSD
components with each at 2 uM in the Cluster Buffer supplied with 0.5 mM ATP, 1 mM MgCl, and 0.03 uM Alexa 633-phalloidin (In-
vitrogen), and then added into the chamber containing His-NR2B-bound SLBs.

Fluorescence recovery after photobleaching (FRAP) assay

FRAP assay was performed on a Zeiss LSM 880 confocal microscope at 20-25°C. Cy3 signal was bleached using a 561-nm laser
beam. Diameters of the bleached droplets/membrane regions were indicated in each figure legend. The fluorescence intensity dif-
ference between pre-bleaching and at time 0 (the time point right after photobleaching pulse) was normalized to 100%. The exper-
imental control is to quantify fluorescence intensities of similar droplet/ membrane regions without photobleaching. Except the FRAP
assay on aged droplets (Figure S3G), all data were collected within 1 hr after LLPS formation.

Atomic force microscopy (AFM) assay

For mechanical characterization of PSDs, we used an AFM instrument (MFP-3D, Asylum Research) equipped with a colloidal probe.
The cantilevers used in the experiment were triangular micro-cantilevers (BL-TR800PB, Asylum Research) featuring a spring
constant k = 0.6 N/m. The colloidal probe was assembled as described previously by adhering a glass sphere of diameter d =
17.5 um to the front end of the cantilever (Guan et al., 2015). The surface of the probe was coated with a thin layer of PLL-g-PEG
(SuSoS AG.), which provided a high degree of resistance to protein adsorption in the solution and also reduced adhesion on the
PSD surface. Prior to each measurement, we calibrated the in situ spring constant k of the probe using the thermal power spectral
density method (Guan et al., 2015). Protein were prepared in buffer with 50 mM Tris, pH 7.8, 100 mM NaCl, 1 mM EDTA, and 2 mM
DTT and with all affinity tags removed. Protein concentrations for 6 x PSD droplets were at 5 uM and for 2x PSD droplets were at
100 uM to generate droplets sizes comparable to the 6x PSD system.

The AFM measurements were performed in the contact mode by moving the colloidal probe vertically on the top of the PSD droplet.
The z axis piezoelectric actuator of the AFM was controlled to move the probe up or down at a constant speed in the range of 3.5-
50 um/s. AFM measured the force generated by condensed droplets deformation after the probe compressed the droplets. When a
target force (~3 nN) was reached, the AFM probe retracted. The measured approach curves were found to be well described by the
Hertz model (Kuznetsova et al., 2007; Shen et al., 2017), F = 4/3ER"/25%/?, where E is the reduced Young’s modulus of the material,
R =1/(1/R1 + 1/R2) is the effective radius of the probe R1 = d/2 and the droplet R2, and 3 is the indentation depth. In Figure 2D, the
green dashed line shows the validity of the Hertz model for describing the measured approach curves, and the best fitting gives the
elastic modulus E of the PSDs. Except the AFM assay on aged droplets (Figure S3E), all measurements were performed within
70 mins after mixing the PSD components.

Isothermal titration calorimetry (ITC) assay

ITC measurements were carried out on a Microcal VP-ITC calorimeter at 25°C. Proteins used for ITC measurements were dissolved in
an assay buffer composed of 50 mM Tris, pH 8.2, 100 mM NaCl, 1 mM EDTA, and 2 mM DTT. High concentration of protein was
loaded into the syringe and titrated into the cell containing low concentration of corresponding interactors (concentrations for
each reaction were indicated in the figure legends). For each titration point, a 10 uL aliquot of a protein sample in the syringe was
injected into the interacting protein in the cell at a time interval of 2 min. Titration data were analyzed using the Origin7.0 software
and fitted with the one-site binding model.

Fast protein liquid chromatography coupled with static light scattering (FPLC-SLS) assay

The analysis was performed on an AKTA FPLC system (GE Healthcare) coupled with a static light scattering detector (miniDawn,
Wyatt) and a differential refractive index detector (Optilab, Wyatt). Protein samples (concentrations for each reaction were indicated
in the figure legends) were filtered and loaded into a Superose 12 10/300 GL column pre-equilibrated by a column buffer composed of
50 mM Tris, pH 8.2, 100 mM NaCl, 1 mM EDTA, and 2 mM DTT. For CaMKIla. molecular weight detection, the buffer was further sup-
plied with 10% glycerol and a Superose 6 10/300 GL column was used. Data were analyzed with ASTRAG (Wyatt).
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Cell

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters including the definitions and exact values of n (e.g., number of experiments, number of droplets, etc), distri-
butions and deviations are reported in the Figures and corresponding Figure Legends. Data of in vitro phase transition sedimentation
assay and FRAP assay were expressed as mean = SD ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 using
one-way ANOVA with Dunnett’s multiple comparisons test. Statistical analysis was performed in GraphPad Prism.
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Figure S1.
Figure 1

ITC- and FPLC-Based Measurements of the Interactions between the PSD Components Used in the Current Study, Related to

(A) The N-terminal GK binding repeats (GBR) of GKAP binding to PSD-95 SH3-GK tandem with 500 uM GKAP GBR titrated into 50 uM PSD-95 SH3-GK.
(B) GKAP binding to Shank3 with 100 uM GKAP titrated into 10 uM Shank3.

(C) Shank3 binding to Homer3 with 300 uM Shanka3 titrated into 30 uM Homer3.
(D) Tetramerized NR2B binding to PSD-95 with 300 uM TRX-GCN4-NR2B titrated into 15 uM PSD-95 PDZ1-2.

(legend continued on next page)



(E) PSD-95 PDZ3-SH3-GK tandem (P-S-G) binding to SynGAP coiled-coil-PBM trimer (CC-PBM) with 200 uM PSD-95 P-S-G titrated into 20 pM SynGAP
CC-PBM.

(F) FPLC-SLS analysis showing that the full-length PSD-95 (50 uM) is a monomer; TRX-GCN4-NR2B (100 puM) is a tetramer; TRX-GCN4-NR2B (100 M) binding to
the full-length PSD-95 (50 uM) induced multimer formation of the PSD-95/ GCN4-NR2B complexes because the detected molecular weight suggests more than
one PSD-95 molecules exist in the complex peak.
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Figure S2. Phase Transition Properties of the 6 x PSD System, Related to Figures 1 and 2

(A) Sedimentation assay showing each PSD component alone is highly soluble and does not undergo phase transition. In this assay, the concentration of PSD-95,
GKAP, Shank3, Homer3, and SynGAP was each set at 20 uM and NR2B was at 40 M. Statistic data of the background level of the proteins recovered in the pellet
fractions are presented as mean + SD with results from 3 independent batches of sedimentation experiments.

(B) Comparison of different stoichiometry of the 6 x PSD system on their phase transitions by the sedimentation-based assays. (Left) The concentrations of the
proteins in the two groups are formulated based on the stoichiometry of native PSD calculated by mass spectrometry-based proteomic studies and imaging-
based experiments. (Right) Sedimentation assay showing the 6x PSD system with different stoichiometry both exhibited phase separations.

(C) A 1:1 mixture of unlabeled Shank3 and 1% Alexa 488-labeled Homer3 at 80 uM underwent phase transition and numerous small spherical droplets were
observed by DIC and fluorescence microscopic imaging.
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Figure S3. Material Properties of PSD Condensates, Related to Figures 1 and 2

(A) The force-indentation curves measured on the 6x PSD droplets by AFM. The measurements were made when the probe moved downward and upward at a
constant speed of 5 um/s (black), 10 um/s (red), and 50 um/s (blue), respectively.

(B) The measured elastic modulus E as a function of the indentation speed. The solid line shows the fitting to a power law model with the best fit exponent a. =
0.345. 9 droplets were measured for each speed and data are presented as mean + SD.

(C) The measured elastic modulus E of the PSD droplets in different sizes. The size of the PSD droplets is expressed as the apparent diameter of the droplet
measured from the top-on view image during the AFM measurements. The plot shows that the measured E at the indentation speed of 10 um/s doesn’t depend on
the size of the PSD droplets, suggesting the material properties of the PSD condensates do not vary significantly with the size of the droplets.

(D) The distribution of the measured elastic modulus E of the PSD droplets in Figure 2E as a function of the time. Time 0 refers to the time point of droplet formation,
and the measurements started at 25 min after the experimental setup. The plot shows that the measured E doesn’t depend on time during the first 70 min during
the AFM measurement, suggesting the material properties of the PSD condensates do not vary significantly during the time period.

(legend continued on next page)



(E) The elastic modulus E of three different 6 x PSD droplets showing a consistent time-dependent hardening over a time period of 5 hr. The symbols in different
colors indicate the results of three individual droplets. Each data point represents the average of four measurements, and the error bars are expressed as the
standard deviation of the measurements.

(F) FRAP curves of Cy3-PSD-95 in the 4 x PSD system from three consecutive photo-bleaches. The top shows the images of a single droplet during the photo-
bleach experiment. The curve below represents an averaged signal from 6 droplets with a diameter ~17 um (as in Figure 1D) and the intensity in each data point is
presented as mean = SD.

(G) Aging of PSD condensates over a long period of time. The Cy3-PSD-95 signal within a 17x17 um square in a large 4x PSD droplet was bleached twice (with
8 min interval). The portion of more mobile fraction decreased as the droplets were aged for 5-6 hr (black versus red curve). Both curves below represent averaged
signals from 5 droplets and are presented as mean + SD. In both F&G panels, the concentration for each component in 4x PSD droplets was 20 uM as in
Figure 1D.

Aging of 6x PSD droplets: Phase separated droplets are known to harden over time, we also measured whether the PSD assembly might also undergo time-
dependent aging using AFM. Instead of finishing all of our measurements at a time window between 25-70 min after mixing the PSD proteins (Figure S3D), we
measured elasticity of 6x PSD droplets over a 5-hr time span. We found that the 6 x PSD droplet has a growth curve-like hardening process (Figure S3E). The
elasticity values of the droplets were stable in the first 80 min or so. The elasticity of droplets increased from the initial value of 3.5 + 1.5 kPa to about 16 + 3 kPa at
the next 120 min time window, and then reached a plateau after 200 min. The Young’s modulus increases ~4.5 times over the 5-hr time window, indicating an
obvious aging and hardening of the 6x PSD system over the time (Figure S3E).

We have also investigated the droplet aging using FRAP-based imaging method. It was noted that the florescence signal in 4x and 6 x PSD droplets did not fully
recover after photo-bleaching (Figures 1D and 1G), suggesting there existed a fraction of less mobile components in both systems. To test this possibility, we
performed three bleaches in a row to the same 4x PSD droplet. After the first bleach, the recovery curve is similar to Figure 1D, with ~60%-70% recovery after
4 min (Figure S3F). We then immediately performed second and third bleaches and we observed near 100% recovery compared to the first bleach (Figure S3F).
This FRAP experiment indicates that the formed PSD droplets contains a mobile fraction and a less mobile fraction. We next examined the formed droplets might
undergo aging in a longer time window. We bleached a square in a bigger 4x PSD droplet. For freshly formed droplets (within 2 hr after formation), the fluo-
rescence intensity recovered to ~75% of the initial value after the first bleach and followed by a 100% recovery after the immediate second bleach (Figure S3G).
However, for “aged” droplets (5-6 hr after formation), only ~40% fluorescence intensity recovered after the first and the second bleaches (Figure S3G), indicating
that a large proportion of materials in the PSD condensates aged over the time window of 5-6 hr.
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Figure S4. Confocal Microscope-Based Imaging Method to Quantify Concentrations of PSD Components in the Condensed Droplets and to
Study His-NR2B Dynamics on Supported Lipid Bilayers, Related to Figures 3 and 5

(A) Standard curve showing the relationship between Cy3 concentration (measured by spectrophotometer) and Cy3 fluorescence intensity (measured by
confocal microscope using the same parameters as in Figures 3A and 3B). The fluorescence intensity for each concentration of Cy3-labeled Shank3 was an
average value of 9 repeated readings and data are presented as mean + SD. Blue curve shows the linear regression analysis of the fluorescence intensities versus
protein concentrations.

(B) Concentrations of PSD-95 in small and large droplets are same. Confocal images of Alexa 647-PSD-95 in condensates formed by the PSD-95 and SynGAP
mixture (30 uM PSD-95 full length, 1% Alexa 647 labeling; 90 uM SynGAP CC-PBM; pH 7.8). Confocal optical section thickness was 0.9 um. Fluorescence
intensities along the dashed lines 1&2 from the same z-dimension layer are plotted at the right. The line plot indicates that PSD-95 in the two droplets with different
sizes has the same concentration, and PSD-95 is uniformly distributed within each droplet.

(C) FRAP analysis showing that membrane anchored His-NR2B were evenly distributed and freely diffusible on the lipid bilayers before addition of the PSD
scaffold proteins. His-NR2B was Cy3 labeled at 2% level. The Cy3 fluorescence signal in the bleached region recovered rapidly after photo-bleaching.
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Figure S5. Mechanisms of Homeria-Induced Dispersion of PSD Condensates, Related to Figures 4 and 6

(A) Sedimentation assay showing the Homer subgroup (GKAP/Shank3/Homer1c) promotes PSD-95 subgroup (PSD-95/SynGAP/NR2B) phase separation when
the two subgroups were mixed at the concentration of 20 pM.

(B) ITC-based measurement comparing Shank3 (300 uM in the syringe) binding to Homer1a W-A and Homer1a dCT (30 uM in the cell). W24 to A mutation in
Homer1a EVH1 domain totally abolished its Shank3 binding (left). Deleting the Homer1a-specific tail following the EVH1 domain had no impact on its binding to
Shanka (right, same as wild-type Homer1a in Figure 6A).

(C) Sedimentation assay showing excess amount of Homeria (WT or dCT) but not Homer1a W-A disperses Homer subgroup phase separation through directly
competing with Homer1c in binding to Shank3.

(D) Sedimentation assay showing excess amount of Homeria (WT or W-A) disperses the PSD-95 subgroup phase separation. In contrast, Homeria dCT en-
hances the PSD-95 subgroup phase separation.

(E) Sedimentation assay investigating different Homer1a proteins on the phase transition of the 6 x PSD system. It is noticed that Homeria dCT can weaken the
Homer subgroup phase transition, but enhance the PSD-95 subgroup to form condensates.

(F) Sequence alignment of Homer1a from different species. B strand and «-helix structures on the EVH1 domain are labeled by green arrow and orange column,
respectively. Negatively and positively charged residues on the C-terminal tail are highlighted by red and blue, respectively. It is noted that Homer1a contains a
highly conserved, unstructured tail sequence with about 60 residues following its EVH1 domain (aa 117-end).

(G) Charge distribution pattern of Homer1a as a function of its residue number showing the prominent negatively charged tail (highlighted in red) of the protein.
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Figure S6. PSD Condensates-Mediated Promotion of Actin Bundle Formation, Related to Figure 7

(A) Without PSD condensates formation, Cortactin and Arp2/3 complex alone failed to promote actin polymerization on lipid bilayers. In this assay, 0.5 uM G-actin
(5% Rhodamine-labeled), 0.2 uM Cortactin, 0.03 uM Arp2/3 complex and 0.03 uM Alexa 633-phalloidin were added to the NR2B-anchored lipid membrane
bilayers (same concentrations as in Figure 7D). The rest of 5 PSD components were dropped out. Images were acquired ~100 min after addition of the actin
polymerization complex.

(B) The 6x PSD condensates can promote actin bundle formation without Arp2/3. F-actin (Rhodamine labeled) polymerization on lipid bilayers overlaid with His-
NR2B clusters (Alexa 488-labeled) in the absence of Arp2/3 (other conditions are identical to Figure 7D).

(C) Confocal imaging showing that 6 x PSD droplets enrich G-actin. 0.5 uM G-actin (5% Rhodamine labeled) was added into 5 uM 6x PSD mixture with Alexa
488-Homer3 as the droplet marker.
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Figure S7. PSD-95 Determining the Gephyrin Exclusion from the Excitatory PSD Condensates, Related to Figure 7
(A) Sedimentation assay showing the S/P distribution of thioredoxin (40 uM) in the 6x PSD (20 nM) phase transition experiment.

(B) The PSD condensates are permeable to and slightly enriches 14 kDa thioredoxin. 20 uM Alexa 488-labeled TRX was added to the 6 x PSD mixtures (20 uM,
only PSD-95 was labeled by Cy5). Fluorescence intensities along the white dashed lines are analyzed at right.
(C) Dextrans with different sizes are all excluded by the 6 x PSD droplets. 2 uM FITC-labeled dextrans with different sizes were added to 6 x PSD mixtures (20 uM,
only PSD-95 was labeled by Cy5). Images with 10 kDa and 2000 kDa dextrans were also presented in Figure 7H. Droplet morphologies were captured by DIC

imaging. Dextran and PSD-95 fluorescence intensities along the white dashed lines above are analyzed below.
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