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SUMMARY
Membraneless organelles formed by phase separation of proteins and nucleic acids play diverse cellular func-
tions. Whether and, if yes, how membraneless organelles in ways analogous to membrane-based organelles
also undergo regulated fusion and fission is unknown. Here, using a partially reconstituted mammalian post-
synaptic density (PSD) condensate as a paradigm, we show that membraneless organelles can undergo phos-
phorylation-dependent fusion and fission. Without phosphorylation of the SAPAP guanylate kinase domain-
binding repeats, the upper and lower layers of PSD protein mixtures form two immiscible sub-compartments
in a phase-in-phase organization. Phosphorylation of SAPAP leads to fusion of the two sub-compartments into
one condensate accompanied with an increased Stargazin density in the condensate. Dephosphorylation of
SAPAP can reverse this event. Preventing SAPAP phosphorylation in vivo leads to increased separation of pro-
teins from the lower and upper layers of PSD sub-compartments. Thus, analogous tomembrane-based organ-
elles, membraneless organelles can also undergo regulated fusion and fission.
INTRODUCTION

Eukaryotic cells are highly compartmentalized. Historically, it is

generally understood that cellular compartmentalization is

achieved by forming various sub-cellular organelles demarcated

by lipid membranes. These membrane-enclosed organelles are

dynamic and can undergo extensive remodeling, including

organelle fusion or fission, in response to specific cellular sig-

nals. Recent work has revealed another category of cellular or-

ganelles that are formed via phase separation or phase transition

of proteins and nucleic acids.1–7 These recently recognized

cellular organelles formed via phase separation are either devoid

of or not enclosed by lipid membranes, and thus such organelles

are frequently referred to as membraneless organelles. Mem-

braneless organelles are now known to function in broad spec-

trums of cellular processes including gene transcription and

translation, cell growth and proliferation, inter- and intra-cellular

signaling, etc.6,8–10 Membraneless organelles can also interact

with membrane-based organelles to orchestrate numerous
Mole
cellular processes such as cell polarization, cellular autophagy,

neuronal- or immune-synapse formation, etc.5,11–13 It is well

accepted that membraneless organelles, upon contact, can un-

dergo spontaneous homotypic fusion to minimize surface ten-

sions of the organelle droplets.4,14 It is also well accepted that

formation and dispersion of membraneless organelles are regu-

lated processes.15,16 However, little is known about whether

membraneless organelles, in a way analogous to membrane-

based organelles, may also undergo fusion or fission in response

to specific cellular signals.

The postsynaptic density (PSD) of excitatory neuronal synap-

ses is an example of a membraneless organelle formed by scaf-

fold proteins and their interacting neurotransmitter receptors and

synaptic signaling enzymes.17–19 In response to stimulations,

PSDs of neuronal synapses can undergo bidirectional changes

in their sizes (PSDs are disc-shaped molecular assemblies un-

derneath postsynaptic membranes, and their sizes are generally

measured by the areas of PSDs).20–22 The size of the PSD is lin-

early correlated with the electric strength of a synapse, as the
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total number and density of neurotransmitter receptors in the

PSD are proportional to the size of the PSD.23–26 Electron micro-

scopic studies of PSDs revealed that PSDs are sub-compart-

mentalized, containing a denser layer of PSD core with a thick-

ness of �30 nm right beneath the synaptic plasma membrane

(referred to as the PSD core or the upper layer of the PSD) fol-

lowed by a less dense layer of protein assembly with a thickness

of �50 nm (also known as the PSD pallium or the lower layer of

PSD).27 Glutamate receptors and the PSD-95 scaffold are en-

riched in the PSD core sub-compartment, and scaffold proteins

including Shank and Homer are enriched in the PSD pallium.27–32

The SAPAP family scaffold proteins serve as molecular linkers in

connecting the two layers of PSDs forming the PSD assem-

blies3,18,33 (Figure 1A). Fittingly, SAPAPs have been observed

to be present in both the upper and lower layers of PSDs by elec-

tron microscopy (EM).27,33,34 When a synapse is stimulated, the

entire PSD becomes thicker and denser,22,26,35–38 a process

involving addition of proteins to the PSD assembly, which can

enhance phase separation18 and other cellular processes such

as new protein synthesis, altered molecular interaction among

PSD proteins, cytoskeletal structure alterations, etc.39–45 The

boundary between the PSD core and pallium also becomes

less obvious,36 indicating that the two layers of PSD are more

uniform in their molecular densities. Importantly, such activity-

dependent PSD thickening is accompanied with an acute accu-

mulation of calmodulin-dependent kinase II (CaMKII) in

PSD.35,43,46,47 Inhibiting the kinase activity of CaMKII also blocks

the activity-induced synapse and PSD growth,48,49 whereas

blocking the activity of phosphatases prolongs the activity-

induced PSD thickening.50

Among numerous CaMKII substrates in the PSD, the SAPAP

family scaffold proteins are particularly interesting. Each SAPAP

protein contains 2–5 short, PSD-95-binding repeat sequences at

the N-terminal end. Each of these repeats is with �15 amino acid

residues and can bind to the guanylate kinase (GK) domain of

PSD-95 (hence the repeats are also known as GK-binding repeats

or ‘‘GBRs’’ in short).51,52Astriking feature is that the interactionsbe-
Figure 1. CaMKIIa triggers the fusion of two immiscible PSD sub-com

(A) Schematic diagram showing the molecular components of the PSD protein ne

headed lines. Domains drawn in gray are removed from the corresponding prote

(B) Representative images of cultured mice hippocampal neurons transfected w

(C) Quantification of image data in (B) showing increased spine head width in neu

SAPAP3 S2A. Error bars indicate ± SD. ****p < 0.0001. Student’s t test.

(D) DIC/fluorescence microscopy images showing two immiscible PSD sub-com

Alexa 647-labeled (also 2% labeling) Shank3, respectively. The protein labeling

GKAP, SynGAP, Shank3, and Homer1 were all at 10 mM.

(E) Fluorescence intensity line scanning plots showing the segregated distributio

sub-compartments in (D).

(F) Quantification of co-localization of two sub-compartments in (D). Pearson’s co

for two phases totally immiscible and value 1 meaning the two phases are comp

(G) DIC/fluorescence microscopy images showing the localization of Cy3-labele

densates. Stg, PSD-95, GKAP, SynGAP, Shank3, and Homer1 were all at 10 mM

(H) Confocal microscopy images showing that dropout of GKAP from the recon

condensate from the Shank3/Homer condensate. Stg, PSD-95, SynGAP, Shank

(I) Time-lapse images showing that adding 1 mMCaMKIIa into segregated conde

PSD-95 sub-compartment with the Shank3 sub-compartment (left). In contrast,

with the PSD-95/Stg condensate, even in the presence of active CaMKIIa (right)

(J) Statistic Pearson’s correlation coefficient (PCC) measuring the de-mixing of PS

indicate ± SD. *p < 0.05 and **p < 0.01, using Student’s t test.
tween the native GBRs and PSD-95 GK are extremely weak (KD

>100 mM).18,51 Upon phosphorylation of a completely conserved

Ser in any one ormore of the repeat sequences, the interaction be-

tween phospho-SAPAP and PSD-95 is enhanced by�1,000-fold,

leading to the formation of very stable SAPAP/PSD-95 com-

plexes51,53,54 (Figure 1A). The same Ser residues in SAPAP GBRs

can also be phosphorylated by protein kinase C (PKC) in vitro.51

Thus, we hypothesized that phosphorylation of SAPAP may serve

as a molecular switch in connecting the upper core and the lower

pallial layersofPSDsub-compartments, together formingan intact,

thickened PSD upon synaptic stimulation.

Here, we partially reconstitute the upper layer of the PSD with

the Stargazin (Stg) tail and PSD-95 and the lower layer of the

PSDwith truncatedShank3, a simplified formofSAPAP andHom-

er1. The reconstituted PSD protein mixture formed two distinct

sub-compartments via phase separation. The two sub-compart-

ments are arranged in a phase-in-phase pattern with SAPAP

evenly distributed in both sub-compartments. Phosphorylation

of SAPAP leads to fusion of the two distinct sub-compartments

into a uniform condensate. Dephosphorylation of SAPAP

induces fission of the single PSD assembly into two sub-compart-

ments. We designed a genetically encodable and stable PSD-95-

binding SAPAP mutant that can effectively mimic constitutively

phosphorylated SAPAP. We demonstrate that the enhanced

SAPAP/PSD-95 interaction induced by SAPAP phosphorylation

supports synaptic growth in cultured neurons. Strikingly, prevent-

ing the two sub-compartments of PSD from interacting with each

other in vivo by blocking SAPAP phosphorylation leads to separa-

tion of scaffold proteins from the two layers of the PSD sub-

compartments.

RESULTS

Phosphorylation of SAPAP modulates synaptic growth
To test potential roles of SAPAP phosphorylation on synaptic

growth, we transfected GFP-SAPAP3 wild type (WT) or a

GFP-SAPAP3 S2A mutant, in which the CaMKII-targeting Ser
partments

twork. The interaction details among PSD proteins are indicated by two arrow-

ins.

ith GFP-SAPAP3 WT or GFP-SAPAP3 S2A.

rons expressing SAPAP3 WT, when compared with neurons expressing GFP-

partments enriched with iFluor-488-labeled (at 2% sparse labeling) PSD-95 or

ratio was used throughout the study, unless otherwise stated. Stg, PSD-95,

n of iFluor-488-labeled PSD-95 and Alexa 647-labled Shank3 into two distinct

rrelation coefficient (PCC) is with a range from 0 to 1, with the value 0 standing

letely mixed. Error bar indicates ± SD.

d Stg, SynGAP, GKAP, and Homer1, respectively, in the two segregated con-

.

stitution system in (G) led to complete separation of the Stg/PSD-95/SynGAP

3, and Homer1 were all at 10 mM.

nsates formed by PSD-95, GKAP WT, Shank3, and Homer1 led to the fusion of

segregated condensates formed by GKAP AAA/Shank3/Homer1 failed to fuse

.

D-95 from Shank3 before and 12 min after CaMKIIa activation in (I). Error bars
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residues in each of its two GBR sequences were replaced with

Ala (see Figure 2A for the GBR sequences), to the cultured hip-

pocampal neurons and measured the spine developments of

transfected cells. Consistent with our previous findings,51 neu-

rons expressing SAPAP3 S2A displayed a significantly impaired

synaptic maturation when compared with neurons expressing

SAPAP3 WT (Figures 1B and 1C). Since the size of a dendritic

spine is proportional to the electric strength of a synapse,24–26

we reasoned that phosphorylation and dephosphorylation of

SAPAPs might bidirectionally modulate synaptic transmission.

Reconstituted PSD contains two distinct sub-
compartments linked by unphosphorylated SAPAPs
The sizes of dendritic spinesposed technical challenges to inves-

tigating themechanistic roles of SAPAP phosphorylation on PSD

enlargement and consequent synapse maturation in living neu-

rons. We resorted to the biochemically reconstituted PSDs that

can serve as a unique platform for dissecting the molecular

mechanisms underlying PSD formation and regulation.18,19 We

reconstituted a definedPSDassembly bymixing fourmost abun-

dant PSD scaffold proteins (PSD-95, SAPAP1 also known as

GKAP, Shank3, and Homer1), a synaptic-enriched enzyme

SynGAP, and the cytoplasmic tail of Stg serving as a proxy of

AMPA receptors (Figure 1A). We used a simplified version of re-

combinant SAPAP1 for our reconstitution studies. This version

of SAPAP1 contained the first threeGBRs fused to theC-terminal

PDZ domain binding motif (PBM) (Figure 2B; we named this

simplified protein GKAP to differentiate it from the native form

of SAPAP1 in our following cellular and in vivo studies). Shank3

and SynGAP used in this study were also truncated with detailed

boundary information specified in the key resources table. These

recombinant proteins have been extensively characterized in our

earlier studies.18,19 Interestingly,mixing of these six PSDproteins

(each at 10mM) resulted in coexistence of two types of immiscible

liquid droplets organized in a phase-in-phase pattern with clear

boundaries under differential interference contrast (DIC) micro-

scopy (Figure 1D). Fluorescence microscopic imaging revealed

that PSD-95 (iFluor-488-labeled) was enriched in the inner con-

densates, and Shank3 (Alexa 647-labeled) was concentrated at

the outer condensates, indicating that the reconstituted PSD as-

sembly formed two distinct sub-compartments (Figures 1D and

1E; quantified in Figure 1F).
Figure 2. CaMKIIa regulates the interaction between SAPAP and PSD-

(A) Schematic diagram showing the domain organizations of SAPAP family protei

SAPAPs is also shown. The absolutely conserved and conserved residues are col

A- is shown beneath the alignment. S0 is the CaMKIIa phosphorylation site.

(B) Schematic diagram showing the experimental steps for making different pho

(C) Fast protein liquid chromatography (FPLC) coupled with static light scattering

PSD-95 PSG. The fitted molecular mass of each complex peak matching the corr

above the peak.

(D) Table summarizing the measured molecular mass of each GKAP/PSGmixture

respectively.

(E) Schematic diagram showing the preparation of GKAP* for clean and optimize

(F) Phos-Tag SDS-PAGE assay showing the stoichiometric phosphorylation of G

(G) FPLC coupled with static light scattering analysis measuring the complex fo

stoichiometry of each PSD-95 PSG/phosphor-GKAP* complex formed is indicat

(H) ITC measurements showing a high binding affinity between GKAP*-1P with P

PSD-95 PSG (orange curve). 200 mM GKAP* was titrated to 20 mM PSG.
By assigning the third fluorophore (Cy3) individually to Stg,

SynGAP, GKAP, or Homer1, we mapped the localizations of all

other proteins inside the immiscible condensates using fluores-

cence microscopy. This imaging assay revealed that PSD-95-

positive phase selectively enriched Stg and SynGAP, which are

direct binders of PSD-95, whereas Shank3-positive phase spe-

cifically recruited Shank3-binding partner Homer1 (Figures 1G

and S1). Interestingly, unphosphorylated GKAP was uniformly

distributed in both phases (Figure 1G, the far-right panel). It is

noted that the proteins in the PSD-95-positive phase are in the

core layer of the PSD, and the proteins in the Shank3-positive

phase match the pallial layer of the PSD. GKAP functions to con-

nect and keep the two distinct phases together in a phase-in-

phase pattern. Consistent with the tethering role of GKAP in

keeping the two PSD sub-compartments in a phase-in-phase

pattern, dropout of GKAP from the six-protein reconstituted

PSD system led to complete separation of the Stg/PSD-95/

SynGAP condensate from the Shank3/Homer1 condensate

(Figure 1H).

CaMKIIa phosphorylation of GKAP triggers fusion of the
two PSD sub-compartments
We then asked whether CaMKIIa might be able to modulate

the PSD assembly organization via phosphorylation of GKAP.

We mixed active CaMKIIa kinase domain (1 mM) with the six

PSD proteins (each at 10 mM). Time-lapse imaging showed

that the PSD-95-positive and Shank3-positive sub-compart-

ments were initially immiscible in the absence of CaMKIIa,

but they rapidly coalesced and became homogeneous after

the addition of CaMKIIa. The fusion between the PSD-95-pos-

itive and Shank3-positive droplets could be observed at 2 min,

and the fusion was essentially completed, and the conden-

sates became uniform at 12 min after the CaMKIIa injection

for a very large droplet (Figure 1I, left panel; quantified in

Figure 1J).

The recombinant GKAP protein contained three different

GBRs that are thought to be the substrates of CaMKIIa. We

mutated the conserved Ser that is known as the CaMKII phos-

phorylation site in each GKAP GBR with Ala. The resulting CaM-

KIIa phosphorylation-null mutant was termed GKAP AAA. The

six-PSD-proteinmixture withGKAPAAA replacingGKAPWT still

formed two immiscible condensates. However, such segregated
95

ns (SAPAP1–4). The amino acid sequence alignment of GBR repeats of human

ored in red and blue, respectively. The consensus GBRmotif -R-X-X-S0-Y-X-X-

sphor-GKAPs by in vitro CaMKIIa phosphorylation.

analysis measuring the complex formation of different phosphor-GKAPs with

esponding stoichiometric PSD-95 PSG/phosphor-GKAP complex is indicated

in (C). The theoretical molecular masses of PSG and GKAP are 47 and 19 kDa,

d in vitro CaMKIIa phosphorylation.

KAP* by CaMKIIa in vitro.

rmation between each of the three phosphor-GKAP*s and PSD-95 PSG. The

ed above the peak.

SD-95 PSG (blue curve). No interaction was detected between GKAP*-NP and
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condensates could no longer fuse upon addition of active CaM-

KIIa (Figure 1I, right panel; quantified in Figure 1J). Thus, these

imaging data indicate that CaMKII-mediated phosphorylation

of the GBR sequences of GKAP is essential for the fusion of

two PSD sub-compartments into a homogeneous condensate

in this reconstitution system.

Characterization of phosphorylation-dependent
interaction between PSD-95 and GKAP
The SAPAP family members contain highly conserved GBRs

with different repeat numbers (Figure 2A). CaMKIIa phosphory-

lates the conserved Ser at the center of the GBRs, leading to

a dramatically enhanced binding to the GK domain of PSD-

9551,53–55 (Figure 2A).

There are threeGBRs inGKAP, andweaskedwhether all three

GBRs on GKAP could be simultaneously phosphorylated by

CaMKIIa to generate a multi-valent PSD-95-binding phosphor-

GKAP. To achieve this goal, we generated eight GKAP mutants

carrying all possible combinations of Ser-to-Ala substitutions on

its GBRs (Figure 2B): GKAPWT containing three potential phos-

phorylation sites (GKAP SSS); the three single substitutions

(GKAP SSA, SAS, and ASS), the three double substitutions

(GKAP AAS, ASA, and SAA), and a triple substitution (GKAP

AAA) (see Figure 2B for the schemes). Next, each of these eight

purified GKAP variants was incubated with active CaMKIIa (at a

20:0.5 mM molar ratio) to allow for complete phosphorylation.

CaMKII was then removed from each reaction mixture by a

step of size exclusion chromatography (SEC). Each phosphory-

lated GKAP variant was mixed with the PDZ3-SH3-GK tandem

of PSD-95 (PSG) at the final concentration of 40 mM GKAP and

160 mM PSD-95 PSG. The resulting complex formed between

PSD-95 PSG and each GKAP variant was assayed by analytical

SEC coupled with static light scattering analysis (Figure 2C).

This in vitro phosphorylation and complex formation assay

clearly revealedaphosphorylation-dependent interactionbetween

PSD-95 and GKAP. Phosphorylated GKAPWT formed the largest

complex with PSD-95, with a fitted molecular weight of�130 kDa

that approximately equals 1 GKAP bound to 3 copies of PSG

(Figures 2C, blue curve and 2D). Phospho-GKAP variants carrying

single Ser-to-Ala substitution on GBRs (SSA, SAS, and ASS) each

also formed complexeswith PSG, but the resulting complexes are

with a molecular mass matching 1 GKAP bound to 2 PSG

(Figures 2C, orange curve and 2D) (also see Figure S2). Phospho-

GKAP variants with double Ser-to-Ala substitutions (SAA, ASA,

and AAS) formed stable complexes with PSG, each with a molec-

ularmasscorresponding to a 1:1GKAP/PSGcomplex (Figures 2C,

green curve, 2D, and S2). As expected, no complex formationwas

detectedwhenPSGwasmixedwith theGKAPvariantwithall three

Ser replaced with Ala (Figures 2C, red curve and 2D). Thus, we

concluded that all three GBRs on GKAP can be phosphorylated

by CaMKIIa. Our biochemical data also hint that the GBR repeats

of SAPAPsmay serve as a detector for sensing the level and dura-

tion of CaMKII or PKC activation in synapses.

Design of phospho-GKAP for phase separation studies
of PSD assembly
GKAP is a largely disordered protein. During our in vitro CaM-

KIIa-mediated phosphorylation experiments, we detected
314 Molecular Cell 84, 309–326, January 18, 2024
different levels of spurious phosphorylation of Ser or Thr residues

outside the conserved Ser in GBRs (data not shown). This non-

specific phosphorylation did not interfere with the interaction be-

tween GKAP and PSD-95 (Figures 2C and 2D). However, such

non-specific phosphorylation was difficult to control and caused

instabilities in subsequent in vitro phase separation experiments,

as phase separation is sensitive to the charge properties of

involved proteins. To perform clean and repeatable phase sepa-

ration assays, we designed an improved version of GKAP

(named GKAP*) in which no amino acids other than the Ser res-

idue in the GBR sequences could be phosphorylated by CaM-

KIIa by the following two steps (Figure 2E). First, the first and

the third GBRs were changed to GBR2 as GBR2 only contains

one Ser residuewithin the consensusGBR sequence (Figure 2A).

We then substituted all remaining Ser/Thr residues outside

GBRs on GKAP (except for the Thr residue at the C-terminal

PBM motif for the specific GKAP/Shank interaction56) with Gly.

The resulting GKAP* WT (SSS), GKAP* ASS (with Ser-to-Ala mu-

tation on first GBR2), and GKAP* AAS (with Ser-to-Ala mutation

on first and second GBR2) contain three, two, and one CaMKII

phosphorylation sites, respectively. These GKAP* variants

were individually and fully phosphorylated by CaMKIIa. The pu-

rity and the level of phosphorylation of the three phospho-GKAP*

variants were confirmed by Phos-Tag coupled with SDS-PAGE

analysis (Figure 2F). Analytical SEC assay showed that GKAP*-

3P, -2P, and -1P could bind to 3, 2, and 1 copies of PSD-95

PSG, respectively (Figure 2G). Isothermal titration calorimetry

(ITC) experiments showed a strong binding of PSD-95 PSG to

GKAP*-1P but no binding to unphosphorylated GKAP*

(GKAP*-NP) (Figure 2H). Together, the above biochemical data

reveal that the GKAP* variants designed can achieve clean and

complete phosphorylation by CaMKII, and these GKAP variants

exhibit the same phosphorylation-dependent interactions with

PSD-95 as GKAP WT does.

Phosphorylation of single GBR of GKAP causes
formation of single-phase PSD assembly that can fission
into two sub-compartments by PP2A
We then askedwhether single phosphorylated GKAP*-1P, which

has an enhanced binding affinity to PSD-95, is sufficient to cause

PSD-95-positive and Shank3-positive condensates to coalesce

together. As shown by imaging data, the designed GKAP*-NP

behaved like GKAP WT in forming two distinct PSD-95-positive

and Shank3-positive sub-compartments (Figures 3A and 3B;

quantified in Figure 3E). However, replacing GKAP*-NP with

GKAP*-1P completely abolished immiscibility of the two PSD

sub-compartments (Figures 3C and 3D; quantified in Figure 3E),

indicating that phosphorylation of single GBR of GKAP is suffi-

cient to cause two PSD sub-compartments to fuse into one ho-

mogeneous compartment. This result hints that even when only

a fraction of SAPAPs is phosphorylated, the phosphorylated

SAPAPs can assemble stable PSD assembly containing perhaps

a portion of key scaffold proteins including PSD-95, Shank,

and Homer.

We used single-molecule tracking to measure the dynamics

of PSD-95 and Shank3 in the PSD mixtures before and after

GKAP phosphorylation, following the procedure described in

our recent study.57 For each single-molecule tracking



Figure 3. Phosphorylation on the GBR of GKAP is sufficient to achieve the fusion of two immiscible PSD sub-compartments

(A) DIC/fluorescence microscopy images showing two immiscible PSD sub-compartments were formed by 10 mM Stg, PSD-95, GKAP*-NP, Shank3, and

Homer1.

(legend continued on next page)
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experiment, only one protein was very sparsely labeled with Cy3

(at 0.01%). We used GKAP*-NP or GKAP*-1P to mix with Stg,

PSD-95, Shank3, and Homer1 to represent the system before

and after CaMKIIa-mediated phosphorylation of GKAP. As

shown in Figures 3F and 3G, the diffusion coefficient of PSD-

95 andShank3 became significantly lower after GKAPwas phos-

phorylated. The GKAP phosphorylation-induced mobility de-

creases of PSD-95 and Shank3 can be explained by increased

network complexity and stability of the PSD protein assembly

due to the enhanced interaction between PSD-95 and phosphor-

ylated GKAP.57

PSD is an efficient signal-transduction machinery containing a

vast pool of protein kinases and phosphatases, and the coordina-

tion of protein phosphorylation/dephosphorylation provides mo-

lecular bases for bidirectional modulations of PSD formation and

synaptic strengths.58–60We wondered whether GKAP phosphory-

lation-induced condensate fusion could be reversed by PP2A, a

proteinphosphataseknowntobeenriched in thePSD.61Weadded

1 mM purified PP2A to the single-phase PSD assembly formed by

the five PSD proteins, among which GKAP was replaced with

GKAP*-1P. DIC imaging showed that the PSD assembly was

initially homogeneous but became progressively heterogeneous

in the presence of PP2A (Figure 3H, left panel). Fluorescence

microcopy imaging revealed that PSD-95 and Shank3 became

gradually segregated into two immiscible sub-compartments (Fig-

ure 3H, right three panels). These imaging data revealed that

dephosphorylation of GKAP can cause fission of the single-phase

PSD assembly into two distinct sub-compartments.

Phosphorylation of multiple GBRs of GKAP enhances
the phase separation of the PSD assemblies
Each SAPAP protein contains multiple GBRs with SAPAP1 con-

taining 5 repeats, SAPAP2 and SAPAP4 each containing 3 re-

peats, and SAPAP3 with 2 repeats (Figure 2A). The degree of

SAPAP phosphorylation may correlate with the level and dura-

tion of CaMKII activation in synapses. Additionally, phase sepa-

ration of biomolecular condensates is intimately linked to the va-

lency of the molecular network of the condensates.62 We next

investigated whether the degree of GKAP phosphorylation is

linked to the level of the condensate formation of the reconsti-

tuted PSD assembly. To address this question, each GKAP* pro-

tein with different GBRs phosphorylated (i.e., GKAP*-NP, -1P,

-2P, or -3P) was mixed with four other PSD proteins (Stg, PSD-

95, Shank3, and Homer1), and the resulting condensates were
(B) Fluorescence intensity line plots showing that iFluor-488-labeled PSD-95 and

in (A).

(C) DIC/fluorescence microscopy images of homogeneous single-phase condens

(C) have the same scale.

(D) Fluorescence intensity line plots showing that iFluor-488-labeled PSD-95 and

(E) Quantification of co-localization of two sub-compartments in GKAP*-NP and G

t test.

(F and G) (Left) Mean square displacement (MSD) curves showing that both PSD

were plotted with mean value of MSD with standard error. Results for PSD-95 und

tracks, respectively. Results for Shank under the GKAP*-NP and GKAP*-1P co

diffusion coefficients of PSD-95 (F) and Shank3 (G) derived by fittingMSDs agains

and t is the time duration. The apparent diffusion coefficient of each protein under

condensates. Data were expressed as mean ± SD with ****p < 0.0001 and ***p <

(H) Time-lapse images showing that adding 1 mM PP2A into homogeneous single

Homer1 led to the fission of the condensate into two immiscible sub-compartme
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compared and quantified. In this phase separation assay, the

concentrations of PSD proteins and consequently the ratio of

these proteins followed those quantified in earlier quantitative

proteomic studies63,64: 5 mM Stg, 10 mM PSD-95, 3.3 mM

GKAP*, 6.6 mMShank3, and 6.6 mMHomer1. For totally unphos-

phorylated GKAP*, the resulting condensates contained two

immiscible sub-compartments (Figure 4A, left panel; also see

Figure 3A for an enlarged view). The PSD mixtures containing

each of the three phosphorylated forms of GKAP* (GKAP*-1P,

-2P, and -3P) formed homogeneous condensates, with signals

from Stg, PSD-95, and Shanks completely overlapped with

one another (Figure 4A, right three panels). Importantly, the de-

gree of the condensate formation positively correlated with the

number of GBRs phosphorylated in GKAP* (Figures 4A and

4B). We also performed a centrifugation-based phase separa-

tion experiment to quantify the condensate enrichments of

each PSD protein. The assay result again showed that the

enrichments of Stg and PSD-95 within the PSD assembly are

positively correlated with the number of GBR phosphorylation

sites of GKAP* (Figures 4C and 4D). These observations corre-

late well with previous findings showing that activation of CaM-

KIIa leads to structural long-term potentiation (LTP) with enlarge-

ments of PSD sizes and increased numbers of AMPARs in

synapses.65–70 It is noted that Stg is not a direct binder of

GKAP, but themodifications onGKAP can remotely and robustly

affect Stg to be enriched in the reconstituted condensates. The

results from our phase separation assays provide an explanation

to why Sapap knockout mice display downregulated transmis-

sion of AMPARs in synapses.71–73

PSDs are tethered to the postsynaptic plasma membranes for

anchoring glutamate receptors, ion channels, and synaptic adhe-

sionmolecules.Wethereforequestionedwhetherphosphorylation

ofGBRs inGKAPmightalsochange thePSDassemblyphasesep-

aration onmembrane surface by using the supported lipid bilayers

(SLBs).18,19 Tomimic themembrane attachments of Stg andPSD-

95 in native proteins, both Stg and PSD-95 were tagged at their N

termini with a poly-His tag, which allows their tethering to SLBs

containing DGS-NTA-Ni2+. PSD-95 is considerably more abun-

dant than Stg in PSDs.64 To mimic the physiological relevant stoi-

chiometry of the two proteins, the SLB was first coated with 2 mM

His8-PSD-95 for 1 h. After washing, His6-Stg (0.05 mM), Shank3,

Homer1, aswell as GKAP* (each at 0.5 mM)with different numbers

of GBRs phosphorylated were introduced to the SLBs to trigger

phase separation (Figure 4E). Under this assay condition, GKAP*
Alexa-647-labled Shank3 were localized into two distinct sub-compartments

ates formed by 10 mM Stg, PSD-95, GKAP*-1P, Shank3, and Homer1. (A) and

Alexa 647-labled Shank3 were co-localized in the same condensates in (C).

KAP*-1P groups in (A) and (C). Error bars indicate ± SD. **p < 0.01. Student’s

-95 (F) and Shank3 (G) diffused slower when GKAP was phosphorylated. Data

er the GKAP*-NP or GKAP*-1P conditions were derived using 1,740 and 3,664

nditions were derived from 6,960 and 5,046 tracks, respectively. (Right) The

t time, using linear regression (MSD = 4Dt), where (D) is the diffusion coeeficient

any given condition was derived frommeasurements of four different regions in

0.001. Student’s t test.

-phase condensates formed by 10 mM Stg, PSD-95, GKAP*-1P, Shank3, and

nts, i.e., PSD-95 sub-compartment and Shank3 sub-compartment.
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without any phosphorylation was incapable of inducing the clus-

tering of PSDproteins on themembrane surface (i.e., thePSDpro-

teins have not reached their threshold concentrations under the

assay condition). The clustering of the PSD proteins, including

Stg, PSD-95, and Shank3, progressively increased with the in-

creases of the sites of GBR phosphorylation in GKAP*

(Figures 4F and 4G). Consistent with the finding in Figure 3H, pro-

teinclusterson themembranecouldbedisperseduponadditionof

1 mMPP2A (Figures 4H and 4I). Taking all the above data together,

we concluded that phosphorylation and dephosphorylation of

GKAP can dynamically regulate the assembly of fusion and fission

ofcondensates formedby the reconstitutedPSDmixtures, and the

level of GKAP phosphorylation determines the degree of PSD as-

sembly formation and Stg clustering.

A designed GKAP-DLS protein mimicking constitutively
phosphorylated GKAP
We next wanted to investigate whether phosphorylation of GBRs

on GKAP is directly correlated with the synapse development

and brain functions in living neurons. However, directly studying

stoichiometric GKAP phosphorylation in living neurons is chal-

lenging due to intrinsic dynamic phosphorylation levels of the pro-

tein. Additionally, we showed that replacing the CaMKII targeting

Ser inGKAPGBRswithGlu cannotmimicGBRphosphorylation.51

Instead, a designed peptide derived from GBR2 of GKAP (‘‘RIR-

REE0YRRAINGQSFDLS,’’ where the sequence underlined repre-

sents the optimizedGBR2with theCaMKII targeting Ser at the po-

sition 0 replaced byGlu, and the peptide is named ‘‘DLS-SE’’) was

shown to be a strong and specific binder of PSD-95.51 Replacing

Glu at the position 0 of the DLS-SE with Ala completely abolished

the peptide’s binding to PSD-95.51 Thus, the DLS-SE peptidemay

mimic the constitutively phosphorylated GKAP GBR in binding to

PSD-95, and the DLS-SA mutant peptide can act as a negative

control of the DLS-SEpeptide.We then examinedwhether substi-

tutions of GBRs on GKAP with the DLS-SE peptide could mimic

the GKAP phosphorylation with in vitro biochemical experiments.

We replaced either one GBR (13DLS-SE) or all three GBRs (33
Figure 4. Phosphorylation of multiple GBRs enhances phase separatio

(A) Confocal images showing the phase separation of 5 PSD proteins, including

Homer1, and differentially phosphorylated GKAP*s (GKAP*-NP, GKAP*-1P, GKA

main text.

(B) Quantification of imaging data in (A) showing the phase separation capability

independent batches of imaging were performed for each group for quantification

using one-way ANOVA with Tukey’s multiple comparison test.

(C) Representative SDS-PAGE showing the distributions of Stg, PSD-95, GKAP*

condensed phase/pellet (P).

(D) Quantification of data in (C). Results were from 3 independent batches of sedim

****p < 0.0001, using one-way ANOVA with Tukey’s multiple comparison test.

(E) Schematic diagram showing the PSD assembly formation via phase separati

(F) Confocal images showing the phase separation of 5 PSD components, inclu

(Alexa 647-labeled), Homer1, and differentially phosphorylated GKAP*s (GKAP

bilayers. The concentration of Shank3, Homer1, and GKAP*s added was at 500

(G) Quantification of image data in (F) showing the surface clustering of Stg is pos

independent batches of imaging assays and are presented asmean ± SD. *p < 0.0

comparison test.

(H) Time-lapse imaging by total internal reflection fluorescence (TIRF) microscope

(iFluor-488-labeled), His6-Stg, GKAP*-1P, Shank3, and Homer1 on SLBs led to dis

disappearance of several prominent PSD-95 clusters by PP2A.

(I) Quantification of image data in (H) showing the dispersion of His8-PSD-95 clu
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DLS-SE) of GKAP with the DLS-SE peptide to mimic a low and a

high level of GKAP phosphorylation, respectively. Designed

GKAPcontaining 13 or 33DLS-SAwas used as the negative con-

trol (Figure 5A). ITC-based binding measurements confirmed that

GKAP-13DLS-SE binds to PSD-95with a KD value of 1.7 mM (Fig-

ure 5B), which is quite strong even though still somewhat weaker

than thatofGKAP*-1Pbinding toPSD-95 (KD�0.2mM) (Figure2H).

As expected, the GKAP-13DLS-SA had no detectable binding to

PSD-95 (Figure 5B).

In the phase separation assay for the PSD assembly with

GKAP WT replaced by the designed GKAP proteins, the con-

densates containing GKAP-13DLS-SE showed coalesced

PSD-95 droplets with the Shank3 droplets (Figure 5C). In

contrast, in the condensate containing GKAP-13DLS-SA, the

PSD-95/Stg droplets were segregated from the Shank3 droplets

(Figure 5C). The condensates containing GKAP-33DLS-SE were

much more robust than the condensates containing GKAP-33

DLS-SA in confocal imaging assays (Figures 5D and 5E). Centri-

fugation-based phase separation assay showed that GKAP-33

DLS specifically enhanced the enrichments of PSD-95 and Stg

in the condensed phase (Figures 5F and 5G). Lastly, we also per-

formed phase separation assays on SLBs and the result showed

that GKAP-33DLS-SE, but not GKAP-33DLS-SA, could effi-

ciently cluster PSD proteins on the membrane surface

(Figures 5H and 5I). Thus, the designed GKAP-33DLS-SE and

GKAP-33DLS-SA proteins can be used to mimic constitutively

phosphorylated and unphosphorylated forms of GKAP, respec-

tively, for subsequent functional studies in probing roles of

GKAP GBR phosphorylation in neurons in culture and in mice.

Phosphorylation of GBRs of SAPAPs is critical for
synaptic development in cultured neurons
For functional assays, we replaced the first three GBRs of the full-

length SAPAP1 with the DLS-SE or DLS-SA sequences (two con-

structs were denoted as SAPAP1-33DLS-SE and SAPAP1-33

DLS-SA) (Figure 6A). To avoid introducing too many foreign amino

acid residues to the designed SAPAP1, we did not replace GBR4
n of PSD proteins

Stg (Cy3-labeled), PSD-95 (iFluor-488-labeled), Shank3 (Alexa 647-labeled),

P*-2P, and GKAP*-3P), in solution; protein concentrations are specified in the

of Stg is positively correlated with the phosphorylation level of GKAP*. Three

. Error bars indicate ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001,

, Shank3, and Homer1 recovered in the dilute phase/supernatant (S) and the

entation assays and are presented as mean ± SD. **p < 0.01, ***p < 0.001, and

on and Stg/PSD-95 clustering on SLBs.

ding His6-Stg (iFluor-555-labeled), His8-PSD-95 (iFluor-488-labeled), Shank3

*-NP, GKAP*-1P, GKAP*-2P, and GKAP*-3P), on supported lipid membrane

nM.

itively correlated with the phosphorylation level on GKAP*. Results were from 3

5, ***p < 0.001, and ****p < 0.0001, using one-way ANOVAwith Tukey’s multiple

showing that adding 1 mM PP2A into preformed PSD clusters by His8-PSD-95

persion of the PSD-95 clusters. The arrows highlight the shrinking or even near

sters on SLBs, mean ± SD, **p < 0.01, Student’s t-test.
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andGBR5with the designed peptide sequence. Instead, the CaM-

KII-targeting Ser in GBR 4 and GBR 5 of the protein were replaced

with Ala to silence its phosphorylation by CaMKII (Figure 6A). GFP-

SAPAP1-33DLS-SE (servedasaPSDphaseseparationenhancer),

33DLS-SA (served as a PSD phase separation inhibitor), GFP-

SAPAP1 WT (the positive control), and GFP (the background con-

trol) were individually co-expressed with mCherry (as a cell filler)

in cultured hippocampal neurons during days in vitro (DIV) 14–17.

The expression of GFP-SAPAP1 WT led to a prominent increase

of spine size (as indicated by spine head width), when compared

with the background control group expressing GFP only

(Figures 6B and 6C). Strikingly, GFP-SAPAP1-33DLS-SE also

induced the maturation of dendritic spine to nearly the same level

as GFP-SAPAP1 WT did, whereas no spine enlargement was

observed in the neurons expressing GFP-SAPAP1-33DLS-SA

(Figures6Band6C).Hence,weconcluded that thephosphorylation

of GBRs of SAPAP1 is essential for the spine development medi-

ated by SAPAP1, likely as a result of enhanced PSD-95/SAPAP1

interaction and subsequent promotion of PSDassembly formation.

All SAPAP family proteins contain various repeats of GBR (Fig-

ure 2A). We hypothesized that the phosphorylation-induced

GBR/PSD-95 interaction is a conserved regulatory mechanism

among all the SAPAPs. To generalize this mechanism and to

set up the necessary in vitro mechanistic control for the in vivo

study below, we also probed the synaptic functions of SAPAP3

in cultured neurons by replacing both GBRs on SAPAP3 with

23DLS-SE or with 23DLS-SA (denoted as GFP-SAPAP3-23

DLS-SE and GFP-SAPAP3-23DLS-SA) (Figure 6D). Consistent

with our previous findings, expression of GFP-SAPAP3 WT pro-

moted the spine enlargement51 (Figures 6E and 6F). As ex-

pected, GFP-SAPAP3-23DLS-SE, but not GFP-SAPAP3-23

DLS-SA, could promote enlargement of spine head when ex-

pressed in neurons (Figures 6E and 6F).

Blocking SAPAP3 phosphorylation leads to increased
separation of PSD-95 and Homer1 in synapses of
striatum neurons
We next asked whether blocking SAPAP phosphorylation in neu-

rons in vivo could prevent the fusion of the upper and lower layers

of the two PSD sub-compartments. It is known that SAPAP3 is the
Figure 5. A designed GKAP-DLS protein mimicking constitutively phos

(A) Schematic diagram showing the designs of GKAP-DLS to constitutively mimi

(B) ITC measurements showing that GKAP 13DLS-SE strongly interacts with PSD

GKAP 13DLS-SE or -SA was titrated to 20 mM PSG.

(C) Confocal imaging showing the phase separation of 5 PSD components, includi

Homer1, and GKAP 13DLS-SE or -SA, respectively. PSD-95 and Stg formed imm

DLS-SA group but not in the 13DLS-SE group. All proteins were at 5 mM concen

(D) Confocal imaging showing the phase separation of 5 PSD components, in

labeled), Homer1, and GKAP 33DLS-SE or -SA, respectively. All proteins were i

(E) Quantification of image data in (D) showing the phase separation capability of

Results were from 3 independent batches and are presented as mean ± SD, ***p

(F) Representative SDS-PAGE showing the distributions of Stg, PSD-95, GKA

supernatant (S) and condensed phase/pellet (P). All proteins were in 5 mM conce

(G) Quantification of data in (F) showing Stg and PSD-95 were more enriched in

dependent batches of sedimentation assays and are presented as mean ± SD. *

(H) Confocal imaging showing the phase separation of 5 PSD components, inclu

(Alexa 647-labeled), Homer1, and GKAP (33DLS-SE or -SA), on SLBs. Shank3,

(I) Quantification of imaging data in (H) showing GKAP 33DLS-SE is more capa

independent batches of imaging assays and are presented as mean ± SD. ****p
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dominant SAPAP isoform expressed in striatum in the mice brain,

whereas other brain regions typically simultaneously express

several isoforms of SAPAP proteins.73,74 Thus, neurons in mice

striatumarean idealsystemforassaying rolesofSAPAPphosphor-

ylation on PSD formation by replacing the endogenous SAPAP3

with the SAPAP3 mutants characterized in cultured neurons in

Figures 6E and 6F. To achieve this goal, we generated Sapap3

knockout mice (Figures S3A–3C). The Sapap3�/� mice displayed

typical obsessive-compulsive disorder phenotype as manifested

by over-grooming that caused facial lesions (Figures 3E and

S3D).73,75–77We thenexpressedvarious formsofSAPAP3mutants

in striatum of Sapap3�/� mice using an adeno-associated virus

(AAV)-mediated gene delivery approach. The deletion of endoge-

nous SAPAP3 protein in whole brain of Sapap3�/� mice was

confirmed by western blot using a SAPAP3 antibody (Figure S3C),

and the expression of exogenous SAPAP3 in the striatum of

Sapap3�/� mice was visualized by immunostaining the FLAG tag

fused to the N terminus of SAPAP3 (Figure S3F).

We then assayed the distributions of key synaptic proteins

(PSD-95 as the top-layer PSD marker and Homer1 as the

lower-layer PSD marker) in brain slices of these SAPAP3

variant-expressing mice using stochastic optical reconstruction

microscopy (STORM)-based super-resolution imaging experi-

ments (Figure 7A). The localizations of PSD-95 and Homer1 mol-

ecules in each PSDwere projected along the trans-PSD axis that

is perpendicular to the fitted planes of the PSD-95 and Homer1

localizations (Figure 7B, top panel). The distance between the

peak positions of PSD-95 and Homer1 distributions was defined

as the distance between PSD-95 and Homer1 in each synapse

(Figure 7B). We observed that re-expression of SAPAP3 WT in

the striatum of Sapap3�/� mice could effectively narrow the dis-

tance between PSD-95 and Homer1 from �50 to �35 nm (Fig-

ure 7C). The distance of �35 nm between PSD-95 and Homer1

in SAPAP3 WT-expressing mice is highly consistent with the

value reported by an earlier study78 using the same STORM-im-

aging and analysis methods. Importantly, the constitutive

SAPAP3 phosphorylation mutant (SAPAP3 23DLS-SE) could

also narrow the distribution distance of PSD-95 and Homer1 to

�35 nm, whereas the phosphorylation-defective mutants

(SAPAP3 23DLS-SA and SAPAP3 S2A) could not narrow the
phorylated GKAP

c phosphorylated GKAPs.

-95 PSG (blue curve), but GKAP 13DLS-SA does not (orange curve). 200 mM

ng Stg (Cy3-labeled), PSD-95 (iFluor-488-labeled), Shank3 (Alexa 647-labeled),

iscible sub-compartment with the Shank3/Homer sub-compartment in the 13

tration.

cluding Stg (Cy3-labeled), PSD-95 (iFluor-488-labeled), Shank3 (Alexa-647-

n 5 mM concentration.

Stg in the 33DLS-SE group was much stronger than in the 33DLS-SA group.

< 0.001. Student’s t test.

P (33DLS-SE or -SA), Shank3, and Homer1 recovered in the dilute phase/

ntration.

the condensed phase when using GKAP 33DLS-SE. Results were from 3 in-

**p < 0.001 and ****p < 0.0001. Student’s t test.

ding His6-Stg (iFluor-555-labeled), His8-PSD-95 (iFluor-488-labeled), Shank3

Homer1, and two GKAPs were added at 100 nM.

ble of clustering Stg, PSD-95, and Shank3 on the SLBs. Results were from 3

< 0.0001. Student’s t test.
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gap between PSD-95 and Homer1 induced by the Sapap3

knockout (Figure 7C). Theabove super-resolution imagingexper-

iments provide in vivo evidence showing that phosphorylation of

SAPAP3 is required for thedynamic distributions of thePSDscaf-

fold proteins in synapses. Since PSD-95 is palmitoylated and

thus constitutively attached to the plasma membranes of

PSDs,79 the phosphorylation-induced narrowing of the distance

between PSD-95 and Homer1 may be interpreted as shifting of

Homer1 toward PSD-95, an event consistent with SAPAP3 phos-

phorylation-induced fusion of the lower-layer PSD sub-compart-

ment with the upper-layer PSD sub-compartment.

DISCUSSION

In this study, we demonstrate that the PSD assembly reconsti-

tuted in vitro with unphosphorylated proteins exists as two

immiscible sub-compartments corresponding to the membrane

proximal layer and membrane distal layer via phase separation.

These two sub-compartments are linked by SAPAP, one of the

PSD scaffold proteins that can bind to proteins in both sub-com-

partments. Thus, the two sub-compartments are organized in a

phase-in-phase pattern with the unphosphorylated SAPAP as

the tether of the two phases. Phosphorylation of SAPAP leads

to fusion of the two sub-compartments into a single condensate,

accompanied with increased enrichment of PSD-95 and Stg in

the condensate. Dephosphorylation of SAPAP caused the single

phase of the PSD assembly fission into two sub-compartments

corresponding to the upper-layer and lower-layer PSD sub-com-

partments (see Figure 7D for a model). Super-resolution imaging

studies show that blocking SAPAP phosphorylation prevents

shifting of the lower-layer scaffold protein Homer1 toward the

core of PSD in synapses of mice brain. The above observation

suggests that membraneless organelles formed via phase sepa-

ration (e.g., the PSD assembly studied here), analogous to mem-

brane-based organelles, can undergo regulated fusion and

fission. Such regulated membraneless organelle fusion and

fission, if existing broadly in cells, may have profound implica-

tions on cellular functions exerted by membraneless organelles

via regulating their formation/dissolution, composition, activity,

material property, cellular localization, etc. It should be noted

that the molecular mechanisms underlying fusion and fission of

membraneless organelles and membrane organelles are totally

different. Fusion and fission of membrane organelles involve

membrane fusion and fission and require SNARE protein ma-

chineries.80,81 In contrast, fusion and fission of membraneless

organelles do not require SNAREs and can occur facilely by

modulating molecular interactions between two sub-organelles.
Figure 6. Phosphorylation of GBRs of SAPAPs is critical for synapse m

(A) Schematic diagram showing GFP-SAPAP1 WT, GFP-SAPAP1 33DLS-SE, and

in primary neuron cultures.

(B) Imaging data showing dendritic spines in hippocampal neurons expressing GF

(C) Quantification of spine head width of imaging data in (B). Error bar indicates

Tukey’s multiple comparison test was used. n stands for number of neurons com

(D) Schematic diagram showing GFP-SAPAP3WT, GFP-SAPAP3 23DLS-SE, and

in primary neuron cultures.

(E) Imaging data showing dendritic spines in neurons expressing GFP-SAPAP3 W

(F) Quantification of spine headwidth in imaging data in (E). Error bar indicates ± SD

comparison test was used. n stands for number of neurons compiled from three
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Our findings on the SAPAP phosphorylation-regulated conden-

sate fusion and growth provide a mechanistic explanation to the

activity-dependent PSD assembly growth (also referred to as

sLTP) of synapses (Figure 7D). When CaMKII or other relevant ki-

nase activity is low, the Ser residues in the GBR repeats of

SAPAPs are largely unphosphorylated due to actions of phospha-

tases in synapses.60Under suchcondition, synapsesaregenerally

small in volume and low in electric activity, and their PSDs exist as

two distinct sub-compartments, corresponding to the PSD core

and pallium observed in EM-based studies.27 The sub-compart-

ment right beneath the synaptic plasma membrane (or the PSD

core) contains glutamate receptors and PSD-95, and the lower

layer of PSD (or the PSD pallium) contains scaffold proteins such

as Shank and Homer. Synaptic activity-induced Ca2+ influx acti-

vates CaMKII or other kinases, and subsequent phosphorylation

of SAPAP leads to fusion of the two PSD sub-compartments and

increased enrichment/clustering of Stg (and therefor AMPARs) in

thePSD, resulting in synapsematuration. Sustained kinaseactiva-

tion can result in accumulated phosphorylation of Ser residues in

multiple GBRs of SAPAPs. Such high-level SAPAP phosphoryla-

tion leads to further expansionof thePSDassembly, accompanied

with further increase of the Stg (and AMPARs) density within the

PSD, a process that matches well with the extensively docu-

mented synaptic spine and PSD enlargements under LTP condi-

tions.65–70 It should be noted that processes other than SAPAP

phosphorylation studied here may also participate in the enlarge-

ment or shrinking of the PSD. It is known that events such as pro-

tein synthesis/turnover, protein trafficking, actin cytoskeletal dy-

namic changes, etc. are closely related to PSD size and

consequently synapse volume changes.39–45,82 These processes

may work with SAPAP phosphorylation or function independently

in regulating PSD dynamics and synaptic plasticity.

Limitations of the study
The SAPAP phosphorylation-dependent fusion and fission of the

partially reconstituted PSD condensates demonstrated in this

study are based on an in vitro reconstitution system. In this

study, we had to use truncated Shank3, SAPAP1, and the cyto-

plasmic tail of Stg for our reconstitution study, as such truncated

proteins could be produced and purified with high homogeneity

for phase separation studies. Although our studies using the Sa-

pap3 knockout mice provided in vivo evidence supporting

SAPAP3 phosphorylation-dependent shifting of the lower-layer

PSD scaffold proteins toward the postsynaptic membrane-teth-

ered PSD core, these super-resolution imaging results do not

directly demonstrate that in synapses of living neurons, the

two layers of the PSD scaffold proteins form condensates via
aturation in cultured neurons

GFP-SAPAP1 33DLS-SA constructs designed for synapse maturation assay

P-SAPAP1WT, GFP-SAPAP1 33DLS-SE, GFP-SAPAP1 33DLS-SA, andGFP.

± SD. ****p < 0.0001, *p < 0.05, and NS, not significant. One-way ANOVA with

piled from three different batches of cultures.

GFP-SAPAP3 23DLS-SA constructs designed for synapse maturation assay

T, GFP-SAPAP3 23DLS-SE, GFP-SAPAP3 23DLS-SA, and GFP.

. ****p < 0.0001 andNS, not significant. One-way ANOVAwith Tukey’smultiple

different batches of cultures.



Figure 7. Distributions of PSD-95 and Hom-

er1 in synapses of striatum neurons of mice

expressing different SAPAP3 variants

(A) Representative STORM images of PSDs of

striatum neuronal synapses from Sapap3�/� mice

brain slices expressing different rescuing SAPAP3

variants. PSD-95 andHomer1 signals are shown in

green and red, respectively. Scale bars: 200 nm.

(B) Upper left panel shows the side view of simu-

lated PSD-95 and Homer signals in a synapse that

has ideal Gaussian distributions alone; the PSD

axis is indicated with a white dashed line. Bottom

left panel shows the side view of PSD-95 and

Homer1 signals from a PSD-expressing ‘‘FLAG-

SAPAP3 S2A.’’ Upper and bottom right panels

show the corresponding density distribution pro-

files of PSD-95 and Homer1 along the PSD axis.

Scale bars, 200 nm.

(C) Statistics analysis of the distances between

PSD-95 and Homer1 among the groups as in (A).

Each dot was calculated from one PSD. We

selected 94 PSDs in the FLAG control, 77 PSDs in

FLAG-SAPAP3 WT, 54 PSDs in FLAG-SAPAP3

S2A, 77 PSDs in FLAG-SAPAP3 23DLS-SE, and

86 PSDs in FLAG-SAPAP3 23DLS-SA for the

quantification. Each group of data was obtained

from two different brain slices. Data were pre-

sented as dots, and themean value for each group

is indicated by a black bar. Error bar indicates ±

SD. *p < 0.05, **p < 0.01, and ***p < 0.001. Stu-

dent’s t test.

(D) A model depicting the bidirectional regulation

of PSD fission and fusion by phosphorylation of

SAPAP. Increased SAPAP phosphorylation leads

to enhanced PSD assembly formation via fusion of

the PSD core and pallium sub-compartments and

consequently enlarged PSD size and more mature

dendritic spines.

ll
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phase separation, and the condensates undergo phosphoryla-

tion-dependent fusion and fission. Such limitation is imposed

by the size of the PSD, which makes it extremely challenging

to directly observe phase separation events using currently

available optical imaging technologies. Thus, future studies are

required to directly demonstrate that regulated fusion and fission

events such as the PSD assemblies shown in this in vitro study

indeed occur in neuronal synapses or in other living cell systems.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-PSD95 Sigma Cat#MAB1596

Rabbit polyclonal anti-Homer1 Synaptic Systems Cat#160003

Rat monoclonal anti-Flag Thermofisher Cat#MA1-142-A488

Rabbit polyclonal anti-SAPAP3 Sigma Cat#ABN325

Mouse monoclonal anti-beta actin Proteintech Cat#66009-1-Ig

Donkey anti-mouse lgG (H+L), CF�568 Biotium Car#20802

Donkey anti-Rabbit lgG (H+L), Alexa Fluor� 647 Abcam Cat#ab150075

IRDye� 800CW Goat anti-Mouse IgG Secondary Antibody LI-COR Cat#926-32210

IRDye� 800CW Goat anti-Rabbit IgG Secondary Antibody LI-COR Cat#926-32211

Chemicals, peptides, and recombinant proteins

Recombinant protein: PSD-95 PSG(PDZ-SH3-

GK)(aa 309R-724L, UniProt: P78352-1)

Zeng et al.17 N/A

Recombinant protein: PSD-95(aa 1M-724L,

UniProt: P78352-1)

Zeng et al.18 N/A
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1293E-1295G, UniPort: J3QQ18-1)
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Zeng et al.19 N/A
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Cai et al.60 N/A
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Recombinant protein: GKAP* SSS, ASS, AAS N/A

Recombinant protein: His8-PSD-95

(His8-1M-724L, UniProt: P78352-1)

N/A

Recombinant : GKAP-13 DLS-SE, 13 DLS-SA, 33

DLS-SE or 33 DLS-SA

N/A

iFluor� 488 succinimidyl ester AAT Bioquest Cat#1023

Cy3 monosuccinimidyl ester AAT Bioquest Cat#271

iFluor 555 maleimide AAT Bioquest Cat#1063

iFluor 488 maleimide AAT Bioquest Cat#1062

Alexa Fluor� 647 succinimidyl ester Invitrogen Cat#A37566

Phos-Tag� Acrylamide Fujifilm Cat#AAL-107

(Continued on next page)
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POPC Avanti Cat#850457P

PE-PEG5000 Cat#880230P

DGS-Ni-NTA Cat#790404P

5-Fluro-2’-deoxyuridine Sigma-Aldrich Cat#F0503

Neurobasal Medium Gibco Cat#21103-049

B27 Gibco Cat#17504044

GlutaMAX� Supplement Gibco Cat#35050061

Penicillin-Streptomycin Gibco Cat#15070063

DNaseI Sigma-Aldrich Cat#DN25

Penicillin-Streptomycin Gibco Cat#15140122

Laminin Mouse Protein, Natural Gibco Cat#23017015

PDL Sigma Cat#P6407

Glucose Oxidase from Aspergillus niger Sigma Cat#G2133

Catalase from bovine liver Sigma Cat#C9322

Critical commercial assays

Lipofectamine2000 transfection reagent Invitrogen Cat#11668019

Experimental models: Cell lines

Escherichia coli BL21 (DE3) cells Invitrogen Cat# C600003

High Five inset cells Thermo Fisher Cat# B85502

Experimental models: Organisms/strains

Mouse: embryonic day in vitro 16.5 hippocampal primary

neuronal culture

N/A N/A

AAV 2/9-hSyn-33Flag BrainVTA (Wuhan,China) N/A

AAV 2/9-hSyn-33Flag-SAPAP3 WT BrainVTA (Wuhan,China) N/A

AAV 2/9-hSyn-33Flag-SAPAP3 S2A BrainVTA (Wuhan,China) N/A

AAV 2/9-hSyn-33Flag-SAPAP3 2>DLS-SE BrainVTA (Wuhan,China) N/A

AAV 2/9-hSyn-33Flag-SAPAP3 2>DLS-SA BrainVTA (Wuhan,China) N/A

Recombinant DNA

Plasmid: 32M3C-PSD-95 PSG Snead and Gladfelter16 N/A

Plasmid: 32M3C-Stg CT Zeng et al.18 N/A

Plasmid: 32M3C-His6-Stg CT N/A

Plasmid: 32M3C-PSD-95 Zeng et al.17 N/A

Plasmid: 32M3C-GKAP N/A

Plasmid: M3C-Shank3(NPDZ-HBS-CBS-SAM M1718E) N/A

Plasmid: MG3C-SynGAP (CC-PBM) N/A

Plasmid: M3C-Homer1 N/A

Plasmid: M3C-CaMKIIa (kinase domain, rat 1-314) Cai et al.60 N/A

Plasmid:l phosphatase N/A

Plasmid: pFast-PP2A N/A

Plasmid: MG3C-GKAP SSA, SAS, ASS, SAA, ASA, AAS, AAA This paper N/A

Plasmid: MG3C-GKAP* SSS, ASS, AAS N/A

Plasmid: 32M3C-His8-PSD-95 N/A

Plasmid: MG3C- GKAP-13 DLS-SE, 13 DLS-SA, 33 DLS-SE

or 33 DLS-SA

N/A

Plasmid: pmCherry N/A

Plasmid: GFP-SAPAP1 N/A

Plasmid: GFP-SAPAP1 33DLS-SA, 33DLS-SE N/A

Plasmid: GFP-SAPAP3 Zhu et al.51 N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: GFP-SAPAP3 S2A N/A

Software and algorithms

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

PyMOL PyMOL http://pymol.sourceforge.net/

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

GraphPad Prism GraphPad Software Inc http://www.graphpad.com/scientific-

software/prism/

ASTRA6 Wyatt http://www.wyatt.com/products/

software/astra.html

Matlab MathWorks https://ww2.mathworks.cn/

products/matlab.html

Deposited data

Imaging data This paper https://doi.org/10.17632/hj3897jwbw.1

Home-written codes This paper; Shen83 https://doi.org/10.5281/zenodo.10065667
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Mingjie

Zhang (zhangmj@sustech.edu.cn).

Materials availability
Protein expression plasmids will be made available on request.

Data and code availability
All imaging data generated in this study have been deposited toMendeley Data and are publicly available as of the date of publication

under the https://doi.org/10.17632/hj3897jwbw.1.

The home-written codes and use of the codes for data analysis described in this manuscript have been deposited to Zenodo and

are publicly available as of the date of publication. The DOIs are listed in the key resources table.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Primary hippocampal neuron culture
Primary hippocampal neuron cultures were prepared from E16.5 C57BL/6WTmice hippocampi (for transfection/ imaging). Digested

cells were seeded on coverslips successively coated by poly-D-lysine (Sigma-Aldrich) and laminin (Gibco) in 12-well plates. Cells

were plated for 4 hours in Neurobasal medium (Gibco) supported by 2 mM GlutaMax (Gibco), 2% (wt/vol) B27 supplement (Gibco),

50 U/ml penicillin, 50 mg/ml streptomycin and 10% FBS. Cells were maintained to DIV14 in neurobasal media supplemented with

2 mM GlutaMax, 2% (wt/vol) B27 (GIBCO). At DIV14, cells were transfected with 2 mg plasmids per well using Lipofectamine

2000 reagent (Invitrogen). Cells were fixed at DIV17 with 4% (wt/vol) paraformaldehyde (PFA) together with 4% (wt/vol) sucrose in

13 PBS (pH 7.5) and then mounted on slides for imaging.

Mice
WT and Sapap3 KO mice (C57BL/6) were bred and raised under identical conditions in compliance with the guidelines set by the

Institutional Animal Care and Use Committee at the animal core facility of the Huazhong University of Science and Technology in

Wuhan, China. Mice were housed in groups of three to five per cage and maintained under a 12-hour light-dark cycle, with lights

switched on at 8 a.m. The environment was kept at a consistent ambient temperature (21±1�C) and humidity (50±5%). Behavioral

tests were conducted during the light phase of the cycle. Sapap3-/- mice were generated by Gem-Pharma-Tech Co Ltd, Nanjing,

China (Primers: KO-F, 5’-TTGGTAGGCAATACCAACAGGG-3’; KO-R, 5’-TTGCGGTCCTTGCTCTTGCT-3’; WT-F, 5’-CCCTG

AGCCTGAGTGAGGGT3’; WT-R, 5’-GGGAGTGTGTGGAAGCCATCT-3’).
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METHOD DETAILS

Protein expression and purification
Sequences coding various proteins were generated using standard PCR-based methods, each cloned into a vector containing an

N-terminal Trx-His6, or a GB1-His6, or a His6-affinity tag followed by an HRV 3C cutting site. All constructs were confirmed by

DNA sequencing. Recombinant proteins were expressed in Escherichia coli BL21-CodonPlus (DE3)-RIL cells (Agilent) in LBmedium

at 16 �C overnight and protein expression was induced by 0.25 mM IPTG (final concentration) at OD600 between 0.6-0.8.

Purifications of the cytoplasmic tail of Stargazin, PSD-95, a truncated form of SynGAP, a truncated form of GKAP, a truncated form

of Shank3 and Homer1 were performed as described previously.18,19 The boundary and sequence information of the proteins are

detailed in the key resources table. Briefly, each recombinant protein was purified using a nickel-NTA agarose affinity column fol-

lowed by a size-exclusion chromatography (Superdex 200 or Superdex 75, GE Healthcare) with a column buffer containing

50 mM Tris, pH 7.8, 100 mM NaCl, 2 mM DTT and 1mM EDTA. After cleavage by HRV 3C protease, the His6, GB1-His6 or Trx-

His6 tag was separated by another step of size-exclusion chromatography using Superdex 200 or Superdex 75 with the column

buffer containing 50 mM Tris, pH 7.8, 100 mM NaCl, 2 mM DTT and 1mM EDTA.

For purifications of Homer1, a mono Q ion-exchange chromatography (GE Healthcare) was added to remove DNA contamination

and His6-tag after the HRV 3C protease cleavage. Protein was exchanged into a buffer containing 50mM Tris, pH 7.8, 100 mMNaCl,

2 mM DTT and 1mM EDTA by a HiTrap desalting column (GE Healthcare).

Stg was expressed at 37 �C for 2 hours to minimize protein degradation. Proteins eluted from nickel-NTA agarose affinity column

were then purified by Superdex 75 size-exclusion chromatographywith a column buffer containing 50mMTris, pH 7.8, 300mMNaCl,

2 mMDTT and 1mM EDTA. A mono S ion-exchange chromatography (GE Healthcare) was used to remove the Trx-His6 tag from Stg

after affinity tag cleavage by HRV 3C protease. Protein was exchanged into a buffer containing 50 mM Tris, pH 7.8, 100 mM NaCl,

2 mM DTT and 1mM EDTA by a HiTrap desalting column.

Purifications of calmodulin, CaMKIIa (kinase domain 1-314, rat) and PP2A followed the methods described in our previous work.60

Kinases were co-expressed with l phosphatase in Escherichia coli BL21-CodonPlus (DE3)-RIL cells. CaMKIIa kinase domain was

purified using a nickel-NTA agarose affinity column followed by a size-exclusion chromatography (Superdex 75) with a column buffer

containing 50 mM Tris, pH 7.8, 100 mM NaCl, 1mM EDTA, 2 mM DTT, and 10% glycerol. PP2A was expressed by Bac-to-Bac ba-

culovirus expression system. The recombinant virus was generated by transposition, transfection, and serial steps of amplification

using sf9 cells. For expression, cultured High Five cells (Thermo Fisher) with the density �2.0 3106 cells per mL were infected by

baculovirus and incubated at 19�C for 120 h. Recombinant PP2A was firstly purified using Strep-Tactin XT Superflow resin (IBA)

and then loaded onto a Superose 12 10/300 gel filtration column for final step purification with the buffer containing 50 mM Tris,

pH 7.8, 100 mM NaCl, 2 mM DTT.

For His6-Stg and His8-PSD-95 used in SLB assays, the N-terminal His6- or His8 tag was placed right after the HRV 3C cutting site.

The purification steps of His6-Stg and His8-PSD-95 are identical to ones for Stg and PSD-95.

The cDNA of Ser/Thr-free GKAP* sequences were commercially synthesized by BGI. PCR-amplified DNA fragments were cloned

into the BamHI and XhoI sites on homemade mGB1-3C plasmid for protein expression. During cloning, Gibson assembly kit (NEB)

was used to mutate the BamHI site from GGATCC to GGAGGC thus changing the protein coding from Gly-Ser to Gly-Gly. The pu-

rification method of GKAP* is identical to the purification of GKAP WT.

The purification of GKAP-13DLS-SE, 13DLS-SA, 33DLS-SE or 33DLS-SA is identical to the that of GKAP, despite a high-salt

buffer containing 50mMTris, pH 7.8, 500mMNaCl, 2mMDTT and 1mMEDTAwas used for 33DLS-SE or 33DLS-SAwhen running

size exclusion column.

Protein fluorescence labeling
Amide labeling

Proteins were exchanged into a NaHCO3 buffer (containing 100 mMNaHCO3 pH 8.3, 300 mMNaCl, 1 mMEDTA and 2mMDTT) and

concentrated to 5-10mg/mL. Alexa-647 NHS ester (Invitrogen) or iFluor-488/Cy3NHS ester (AATBioquest) were dissolved in DMSO.

Each dye and the protein to be labeled were mixed at a molar ratio of 1.5:1 and the reaction lasted for 1 hour at room temperature.

Reaction was quenched by 200 mM Tris, pH 7.8. The unreacted fluorophores and other small molecules were removed from the pro-

teins by passing the reactionmixture through aHiTrap desalting columnwith buffer containing 50mMTris, pH 7.8, 100mMNaCl, and

2 mM DTT and 1mM EDTA.

Cysteine labeling

His6-Stg were labeled at a specific site away from the His6-tag and PBM in order to minimize any potential impact of the conjugated

fluorophore on the protein’s binding to SLBs and PSD-95.19 Cys302, which is adjacent to PBM of Stg, was substituted with Ser.

Ala212 was then converted to Cys for the single site fluorophore conjugation. The resulting His6-Stg was prepared in a labeling buffer

(50 mM Tris, pH 7.8, 300 mM NaCl, 1 mM EDTA and 1 mM TCEP) with final concentration of 2 mg/mL. iFluor-555 maleimide (AAT

Bioquest) was addedwith 1.5:1 protein-to-fluorophoremolar ratio and incubated for 1 h at room temperature. Unreacted fluorophore

and other small molecules were removed from the protein by passing the reaction mixture through a HiTrap desalting column with

buffer containing 50 mM Tris, pH 7.8, 300 mM NaCl and 1 mM TCEP.
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For the labelling of His8-PSD-95, five Cys restudies (Cys3, Cys5, Cys562, Cys626, Cys687) were mutated to Ser, Ser, Ala, Val and

Ala, respectively. After mutagenesis, the only one Cys445 on the surface of SH3 domain was retained for site-specific Cys labeling as

described above. ITC-based binding assay was used to verify that themutations of five Cys residues on the GK domain did not affect

the binding of PSD-95 to SAPAP (Data not shown). iFluor-488maleimide (AAT Bioquest) was addedwith 1.5:1 protein-to-fluorophore

molar ratio and incubated for 1 h at room temperature. The unreacted fluorophore and other small molecules were separated from the

protein by a HiTrap desalting column with buffer containing 50 mM Tris, pH 7.8, 100 mM NaCl and 1 mM TCEP.

Fluorescence labeling efficiency was measured by Nanodrop 2000 (ThermoFisher). In imaging assays, fluorescence labeled pro-

teins were further diluted with the corresponding unlabeled proteins in the same buffer. Dilution ratio was specified in the legend of

each figure.

Imaging-based assay of phase separation
Imaging-based phase separation assays followed our previously described procedures.18 Briefly, proteins (with affinity tags

cleaved and removed) were prepared in a buffer containing 50 mM Tris, pH 7.8, 100 mM NaCl, 2 mM DTT, 1mM EDTA and

pre-cleared via high-speed centrifugations. Proteins were then mixed or diluted with buffer to designated combinations and

concentrations. For phase separation assay involving CaMKIIa, PSD proteins were mixed in a buffer containing 50 mM Tris,

pH 7.8, 100 mM NaCl, 2 mM DTT, 0.5mM ATP, 1mM CaCl2 and 1mM MgCl2. After 10 mins incubation, the protein mixture

was injected into a homemade flow chamber for DIC and fluorescent imaging with a Nikon Ni-U upright fluorescence micro-

scope (203 and 403 lenses) or with a Zeiss LSM880 confocal microscope (203, 403 and 633 lenses). Images were analyzed

by the ImageJ software.

For sedimentation assays, 50 mL of protein mixture was equilibrated at room temperature for 10 mins before it was subjected to

sedimentation at 16,873 g for 10 min at 23�C on a table-top temperature-controlled micro-centrifuge. After centrifugation, the super-

natant and pellet were immediately separated into two tubes. The pellet fraction was dissolved with 50 mL buffer plus 50 mL 23 SDS

loading dye. Proteins from both supernatant and pellet were analyzed by SDS-PAGE with Coomassie blue staining. Band intensities

were quantified using the ImageJ software.

CaMKIIa auto-phosphorylation
CaMKIIa kinase domain (100 mM) was first mixed with 200 mM calmodulin for auto-phosphorylation in a buffer containing 50 mM Tris

pH 7.8, 100 mM NaCl, 10 mM ATP, 5 mM CaCl2, 2 mM DTT, 5 mMMgCl2 and 10% glycerol at room temperature for 10 min. Active

CaMKIIa were used for both phase separation assay and GKAP in vitro phosphorylation assay.

GKAP/GKAP* in vitro phosphorylation
Each variant of GKAP/GKAP* protein at 20 mM was mixed with 0.5 mM auto-phosphorylated CaMKIIa kinase domain in a reaction

buffer containing 50 mM Tris pH 7.5, 100 mM NaCl, 10 mM ATP, 2 mM DTT and 5 mM MgCl2 at room temperature overnight. To

remove the enzymes after phosphorylation, samples were passed through a Superdex 75 size-exclusion column with buffer contain-

ing 50 mM Tris, pH 7.8, 100 mM NaCl, 2 mM DTT and 1mM EDTA.

Phos-Tag� SDS-PAGE
Proteins mixed with 2X SDS loading buffer were loaded into homemade Phos- Tag SDS-PAGE gel composed of a 4% (w/v%) poly-

acrylamide stacking gel and 12.5% (w/v%) polyacrylamide resolving gel. During the preparation of resolving gel, 25 mM Phos-Tag�
Acrylamide (Fujifilm) and 125 mM MnCl2 were added for separating phosphorylated proteins.

Lipid bilayer preparation and phase separation assay
Lipid bilayer phase separation assay followed our previously described procedures.18,19 Supported membrane bilayers were made

of 97.9% POPC, 2%DGS-NTA-Ni2+ and 0.1% PE-PEG5000. 2 mMHis8-PSD-95 was added and incubated with SLBs for 1 h at room

temperature, followed by washing with the cluster buffer (50 mM Tris, pH 7.8, 100 mM NaCl, 1 mM TCEP, 1 mg/mL BSA) for three

times to remove unbound protein. The His8-PSD-95-coated SLBs was next incubated with 50 nM His6-Stg for 5 mins. After His6-Stg

coating, PSD proteins were added to the SLB-containing chamber to induce phase separation on the lipid bilayers. Protein clusters

formed on SLBs were imaged with a Zeiss LSM880 confocal microscope (633lens). Imaging data was analyzed by the ImageJ soft-

ware. 5% fluorescence labelling was used for both His8-PSD-95 and His6-Stg to obtain high-quality imaging data. The PP2A-medi-

ated cluster dispersion was recorded with a Nikon Eclipse Ti2 microscope with a 633lens operated in the TIRF mode.

Isothermal titration calorimetry assay
ITCmeasurements were carried out on aMicroCal VP-ITC calorimeter at 25 �C. Proteins used for ITCmeasurements were dissolved

in an assay buffer composed of 50mM Tris, pH 7.8, 100mMNaCl, 2 mMDTT and 1mMEDTA. Affinity tags on proteins were cleaved

and removed. High concentration of protein was loaded into the syringe and titrated into the cell containing low concentration of cor-

responding interactors (concentrations for each reaction are indicated in the figure legends). For each titration point, a 10 mL 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.
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Fast protein liquid chromatography coupled with static light scattering
The analysis was performed on an Agilent InfinityLab system coupled with a static light scattering detector (miniDawn, Wyatt) and a

differential refractive index detector (Optilab, Wyatt). Protein samples with indicated concentrations were loaded to a Superose

12 10/300 GL column (GE Healthcare) pre-equilibrated with 50 mM Tris, pH 7.8, 100 mM NaCl, 2 mM DTT and 1 mM EDTA buffer.

Data were analyzed using ASTRA 6 software (Wyatt).

Single molecule tracking for 3D phase separation system
STORM based single molecule tracking was performed to measure the dynamics of the proteins in 3D phase separation system. For

each single molecule tracking experiment, only one protein (PSD-95/Shank3) was very sparsely labelled with Cy3 (at 0.01%). Before

tracking, each sample was mixed with a freshly prepared imaging buffer (0.5% D-glucose(wt/vol), 0.56 mg/mL glucose oxidase

(Sigma), 4 mg/mL catalase (Sigma) and 10 mM beta-mercaptoethanol). Imaging of each sample was completed within half hour

upon the addition of the imaging buffer.

A Zeiss Elyra7 microscope with a 63x (N.A.=1.4) oil objective lens was used to capture and analyze captured images. A wide field

image was captured first with 2% of the full power (500 mW) of a 561nm laser. Prior to dSTORM imaging, the 3D phase separation

sample was bleachedwith 50%of the full power of 561nm laser for 30 secondswith EPImode. dSTORM imageswere acquired under

50%of the full power of 561nm laser with the HILOmode and a TIRF-hp filter was used during imaging. All images were capturedwith

3,000 frames with an exposure time of 30ms per frame. Auto focus with the ‘‘definite focus’’ strategy was performed at every 500

frames. The raw data was then processed by home-written MATLAB programs to get molecule tracks.57 All tracks that localized

that in the PSD-95/Shank3 enriched region and track length longer than 10 frames were selected to calculate the mean squared

displacement (MSD) curve with their first 10 displacements. The apparent diffusion coefficient was calculated by fitting the MSD

curve with the function of MSD=4Dt+C.

Behavioral analysis
For grooming behavior analysis, each mouse (2-5 months old, male) was video-recorded alone in the PhenoTyper home cage (403

40340 cm, Noldus, Holland), which provided a home environment for mice, with sufficient food and water supply. Animal behaviors

were detected by the interruption of an infrared beam by the animal body, monitored between 10 a.m.-1 p.m. or 1 p.m.-4 p.m. We

used EthoVisionXT (Noldus, Holland) for automated video analysis to measure the grooming time over a span of three hours.

Stereotaxic injection
Sapap3-/- mice (C57BL/6, 5-6 weeks old, either male or female) were anesthetized with chloral hydrate and secured in a stereotaxic

device to immobilize the head and expose the skull. Burr holes were drilled at planned injection sites. At each site, the microinjection

needle was first advanced to the deepest (ventral) position of striatum for an initial injection; subsequent injections were made every

0.4mm or 0.5mm while retracting the injection needle. Bregma coordinates were as follows: for injection site 1, location 1-4: ante-

roposterior 0.3mm, mediolateral 2.2mm, dorsoventral 4.0, 3.6, 3.2, 2.8mm; for injection site 2, location 5-7: anteroposterior

1.0mm,mediolateral 1.3mm, dorsoventral 3.75, 3.25, 2.75mm. At each injection location, 300nl of the AAV virus (331012vg/ml; vector

genome/ml) was administered using a microsyringe (World Precision Instruments), with the needle left in place for 6 minutes at the

medium location and 8 minutes at the top and bottom locations.

Immunohistochemistry
One month after virus injection, Sapap3-/- mice were sacrificed by intraperitoneally injection of an overdose of chloral hydrate and

were transcardially perfused with 20ml PBS (pH=7.4). Brains were dissected out and freshly frozen by embedding into tissue-tek

OCT medium and placing the tissue blocks into dye ice pre-cooled isopentane. Sections of 5mm thickness were cut on a cryostat

(Minux� Cryostats, RWD) and collected on glass coverslips. Sections were fixed for 10 min with 4% PFA (wt/vol) in PBS, followed

by washing off excess PFA and quenching with 20mM glycine in PBS. Sections were then blocked and permeabilized using 3%BSA

(wt/vol) in PBS with 0.1% Triton X-100 (vol/vol), following by incubation with primary antibody (1:500 mouse anti-PSD95, Sigma;

1:3000 rabbit anti-Homer, Synaptic Systems and 1:500 Alexa 488-rat anti-Flag, Thermofish) in blocking buffer overnight at 4�C
and wash 6 times in PBS. Then, the sections were incubated with secondary antibodies (1:500 CF568 donkey anti-mouse, Biotium;

1:5000 Alexa 647 donkey anti-rabbit, Abcam) in blocking buffer 2h at room temperature, and then wash 6 times in PBS. Finally, the

sections were fixed for 5 min in 3% PFA (wt/vol) after antibody labeling.78

Western blot
Brain tissues were isolated from Sapap3+/+ and Sapap3-/- mice (4 months old, male) and homogenized on ice using a High-

Throughput Tissue Homogenizer in 1 ml of HEPES-buffered sucrose (0.32 M sucrose, 10mM HEPES, 1 mM EDTA, pH 7.4), supple-

mented with protease inhibitors. The resulting lysate was then centrifuged at 10003g at 4�C to separate the pelleted nuclear fraction

(P1). The supernatant (S1) was further centrifuged at 120003g for 20 minutes to yield pellet P2 (which contains synaptosome). This

pellet was resuspended in 100 mL of ice-cold HEPES buffer (4 mMHEPES, 1 mMEDTA, pH 7.4) andmixed for 20minutes at 4�C. The
lysate was again centrifuged at 12, 0003g for 20 minutes to obtain the pellet P3. The P3 fraction was resuspended in 100 ml of ice-

cold buffer A (20 mM HEPES, 100 mM NaCl, 0.5% Triton X-100 (vol/vol), pH 7.4), gently agitated for 15 minutes at 4�C, and then
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centrifuged at 12, 0003g for 20 minutes. The resultant pellet was resuspended in 120 ml of ice-cold buffer (20 mM HEPES, 150 mM

NaCl, 1% Triton X-100, 1% deoxycholic acid, 1% SDS, 1 mM DTT, pH7.4), gently agitated for 1 hour at 4�C, and centrifuged at

120003g for 20 minutes. The collected supernatant represents the PSD fraction. The PSD fractions were combined with beta-mer-

captoethanol (final concentration 5%, (vol/vol)) and bromophenol blue (final concentration 0.05%, (wt/vol)), then boiled for 10 mi-

nutes. The boiled mixtures were loaded onto SDS-PAGE and subsequently transferred to nitrocellulose membranes (GE Healthcare

Bio-Science). The membranes were blocked with 5% non-fat milk (wt/vol) in 1x PBS for 1 hour at room temperature, followed by

incubation with primary antibodies (1:1000 rabbit anti-mouse, Sigma; 1:20000 mouse anti-beta actin, Proteintech). After three

washes with TBST buffer, the membranes were incubated with appropriate secondary antibodies (1:10000 IRDye�800CW anti-

mouse/rabbit, LI-COR Biosciences) for 1 hour at room temperature. The membranes were then scanned using the Odyssey�
CLX Infrared Imaging System (Odyssey, LI-COR).

dSTORM image acquisition
Before dSTORM imaging, each brain slice was exchanged into a freshly prepared imaging buffer (5% D-glucose (wt/vol), 5.6 mg/mL

glucose oxidase (Sigma), 40 mg/mL catalase (Sigma) and 150 mM beta-mercaptoethanol) and transferred into a homemade cham-

ber. Imaging of each sample was completed within an hour upon the addition of the imaging buffer.

A Zeiss Elyra7 microscope with a 633 (N.A.=1.4) oil objective lens was used to capture and analyze the dual channel images for

each brain slice sample. A wide field image was captured first with 2%of the full power (500mW) of 488nm/561nm/647nm laser. Prior

to dSTORM imaging, the brain slice sample was bleached with 100% of the full power of 561nm/647nm laser at least 3 minutes with

EPI mode to reduce background signal level. Auto focus with the ‘‘definite focus’’ strategy was performed at every 300 frames during

bleaching. dSTORM images were acquired under 100% of the full power of 561nm/647nm laser with the HILO mode and a TIRF-

ultrahp filter were used during imaging. All images were captured with 15,000 frames with an exposure time of 30ms per frame.

Auto focus with the ‘‘definite focus’’ strategy was performed at every 300 frames during image acquisitions. Alignment of dual chan-

nels was performed before imaging.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of colocalization
The localization analysis was performed by analyzing the Pearson’s correlation coefficient of 488-PSD-95 and 647-Shank3 fluores-

cence foci using the Image J Fiji plugin JACoP.84

Quantification of cluster area in SLBs
The Image J Fiji was used to quantify the cluster area in supported lipid bilayer. The intensity of the background signal (Imin) and the

intensity of the highest signal inside clusters (Imax) was measured first. Any cluster with size larger than 0.1mm2 and with mean signal

intensity above (Imax+ Imin)/2 were passed by filter. The areas of the clusters were measured by the plugin application of the Image

J software. The imaging acquisition and analysis settings were kept the for the images acquired in different group.

Quantification of dSTORM imaging for brain slice
Synapses were first manually identified in the wide field image. The corresponding PSD clusters of super resolution localizations in

synapses were then selected manually with the help of the tessellation-based auto clustering algorithm.85,86 The selected PSD clus-

ters were then used to calculate the distance between PSD-95 localization plane and Homer1 localization plane by a homemade

MATLAB programwith the same strategy as described before.78 PSD clusters that are with less than 100 localizations were excluded

from the quantifications.

Statistical parameters including the definitions and exact values of n (e.g., number of experiments, number of spines, number of

cells, etc.), distributions and deviations are reported in the figures and corresponding figure legends. Data of in vitro phase separation

imaging assay are expressed as mean ± SD. Data of primary mice neuron culture are expressed as mean ± SD; ns, not significant,

*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 using student T-test or one-way ANOVA with Tukey’s multiple comparison test.

Data are judged to be statistically significant when p < 0.05 by one-way ANOVAwith Tukey’s multiple comparison test. None of the

data were removed from our statistical analysis as outliers. Statistical analysis was performed in GraphPad Prism. All experiments

related to cell cultures and imaging studies were performed in blinded fashion.
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