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Phase separation instead of binding strength 
determines target specificities of MAGUKs
 

Yan Chen    1,2,3,4, Chenxue Ma2,4, Zeyu Shen    1,2, Shiwen Chen    1,2, 
Shihan Zhu    1,2, Bowen Jia    1,2, Shangyu Dang    2 & Mingjie Zhang    1 

Homologous proteins often have distinct functions, even if they share 
overlapping binding targets. PSD-95 and MAGI-2, two membrane-associated 
guanylate kinase (MAGUK)-family scaffolds in neuronal synapses, exemplify 
this. With unknown mechanisms, the two MAGUKs are localized at distinct 
subsynaptic compartments with PSD-95 inside the postsynaptic density 
(PSD) and MAGI-2 outside. Here we demonstrate that MAGI-2 forms 
condensates through phase separation. When coexisting with PSD proteins, 
the MAGI-2 condensate can enrich the extrasynaptic N-cadherin–β-catenin 
adhesion complex and the MAGI-2 condensates are immiscible with the 
PSD-95 condensates. Surprisingly, phosphorylated SAPAP is selectively 
enriched in the PSD-95 condensate, even though it binds to MAGI-2 with a 
higher affinity. The specific localization of SAPAP is because of the higher 
network complexities of the PSD-95-containing condensate than the MAGI-
2 condensate. Thus, phase-separation-mediated molecular condensate 
formation can generate a previously unrecognized mode of molecular 
interaction and subcellular localization specificities that do not occur in 
dilute solutions.

Specific and regulated molecular interactions are the foundations of 
all cellular physiological processes. Textbooks taught us that, amid 
multiple binding targets with comparable concentrations, a protein 
preferentially binds to a target with the strongest binding affinity, 
unless this target is physically separated from the protein by physical 
barriers such as lipid membranes. Such binding competition equilib-
rium theory has been guiding biomolecular interaction studies both 
in vitro and in living cells and organisms and serves as a principle 
for selecting specific molecular interactions as drug targets. Using 
neuronal synapses as a paradigm, we demonstrate in this study that 
phase-separation-mediated formation of biological condensates can 
fundamentally change the biomolecular interaction specificities pre-
dicted by the classical binding competition equilibrium theory. We 
further provide a mechanistic explanation as to why such emergent 
property can occur upon forming biological condensates.

Neuronal synapses are highly compartmentalized signaling 
apparatuses that can undergo dynamic structural and molecular 

organization changes in response to stimulations. For example, the 
majority of excitatory synapses form submicron-sized postsynaptic 
protrusions on dendritic spines and a presynaptic bouton with a match-
ing size closely opposes each spine1,2. Synaptic adhesion molecules 
such as N-cadherins, neurexins and neuroligins have critical roles in 
aligning the presynaptic and postsynaptic compartments to ensure 
proper signal transmission speed and strength initiated by presynaptic 
released neurotransmitters2–11. On the postsynaptic side, glutamate 
receptors are clustered in high densities by a group of scaffold proteins 
(Fig. 1a), including the DLG-family membrane-associated guanylate 
kinases (MAGUKs, represented by PSD-95) and its downstream pro-
teins such as SAPAP, Shank and Homer12–15. These scaffold proteins, 
together with glutamate receptors, form dense and large molecular 
assemblies networks through specific and multivalent interaction and 
through phase separation16–20. Such glutamate-receptor-containing 
postsynaptic molecular assemblies form dense thickenings under 
the electron microscope and are known as postsynaptic densities 
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affinity than MAGI-2. Thus, the formation of condensates can define 
unique cellular spatial localizations of proteins that are not possible 
in homogeneous solutions. This emergent property of biological con-
densates will have broad implications for understanding the functions 
of biomolecules in general and for designing strategies in targeting 
biomolecules for translational purposes.

Results
MAGI-2 and PSD-95 are localized in distinct subsynaptic 
compartments
We first investigated subcellular distributions of the two MAGUKs in 
rat brains using differential centrifugations coupled with detergent 
extractions (Extended Data Fig. 2a). In such fractionation studies, 
MAGI-2 was recovered from synaptosomes and synaptic membrane 
factions but showed little abundance in the detergent-insoluble pellet 
fraction known as the PSD. In contrast, PSD-95, together with SAPAP, 
the GluA1 subunit of AMPAR and the GluN2B subunit of NMDAR, was 
enriched in the detergent-insoluble PSD fraction (Fig. 1c,d and Extended 
Data Fig. 2b). This biochemical fractionation result is consistent with 
findings from cellular fractionation and proteomic studies showing 
that PSD-95 mainly exists in the PSD and MAGI-2 does not localize in 
the PSD37,58,59.

Fluorescence microscopic imaging studies showed that MAGI-2, 
either endogenous or overexpressed, is also enriched in the spines 
of synapses36 (Fig. 1e). However, the resolution limit of conventional 
fluorescence microscopy could not provide subsynaptic localization 
information for the two MAGUKs. We next investigated the localiza-
tions of MAGI-2 and PSD-95 in the synapses using super-resolution 
fluorescence microscopy. Because the available antibodies of MAGI-2 
are not suitable for the super-resolution imaging study of endogenous 
proteins, we knocked down endogenous MAGI-2 in rat neurons and res-
cued it with Flag-tagged MAGI-2. Using stochastic optical reconstruc-
tion microscopy (STORM) super-resolution imaging, we found that 
MAGI-2 and PSD-95 are in different subsynaptic compartments, with 
PSD-95 preferentially localized at the center regions beneath the post-
synaptic membranes (Fig. 1e). We calculated the overlap coefficient of 
PSD-95 and MAGI-2 clusters to quantify the degree of colocalization. 
The degree of overlap between PSD-95 and MAGI-2 was lower than 
that between pairs of PSD scaffold proteins (Fig. 1e,f). Thus, MAGI-2 
forms nanoclusters and is localized at more peripheral regions near 
the PSD-95 clusters. Together with the biochemical PSD fractionation 
results, we conclude that MAGI-2 is mainly localized outside the PSD 
and functions as an extrasynaptic scaffold protein.

MAGI-2 and PSD-95 organize synaptic protein condensates
We compared the quantitative binding affinities of MAGI-2 and PSD-95 
in binding to Stg using isothermal titration calorimetry (ITC). For this 
assay and the remaining biochemical assays, we purified the full-length 

(PSDs)1,21–24. In addition to being enriched and clustered within the 
PSD, a portion of glutamate receptors are distributed on the plasma 
membranes outside but near the PSD and these population of receptors 
are referred to as extrasynaptic glutamate receptors25–27. Glutamate 
receptors can be dispersed from the PSD to extrasynaptic plasma 
membranes or, reversely, integrated into the PSD from extrasynaptic 
plasma membranes. Such subsynaptic compartmentalized distribu-
tions of neurotransmitter receptors and their dynamic redistributions 
are critical for stimulation-induced synaptic strength changes (that is, 
synaptic plasticity)28–35.

MAGI-2 (also known as synaptic scaffolding molecule) is another 
MAGUK scaffold protein known to exist in the postsynaptic compart-
ment of excitatory synapses at high abundance14,36,37. In addition to a 
defining guanylate kinase-like (GK) domain, all MAGUKs contain mul-
tiple PDZ domains14 (Fig. 1b and Extended Data Fig. 1). Because of their 
similarities in domain organizations, PSD-95 and MAGI-2 share many 
overlapping binding synaptic proteins such as SAPAP37,38, AMPA recep-
tor (AMPAR) auxiliary subunit Stargazin (Stg)18,39, N-methyl-d-aspartate 
receptors (NMDARs)37,40–42 and neuroligins8,41,43. Both PSD-95 and 
MAGI-2 have critical roles in synaptic functions including regulating 
synaptic development and AMPAR concentrations in synapses7,12,36,44–48.

An intriguing observation is that, despite their structural simi-
larities and capacities in binding to many common target proteins, 
MAGI-2 and PSD-95 have distinct subcompartmental localizations 
within dendritic spines. Biochemical fractionation, immuno-gold 
labeling coupled with electron microscopy and super-resolution opti-
cal microscopy studies all showed that PSD-95 is a core component of 
the PSD49–57. In sharp contrast, mass spectrometry and immunoblot 
analyses showed that biochemically purified PSDs are devoid of MAGI-2 
(refs. 37,54,57). Given that MAGI-2 can directly bind to AMPAR auxiliary 
subunit Stg and regulate surface AMPAR level in spines39, one may envi-
sion that MAGI-2 is localized in the extrasynaptic subcompartment and 
binds to AMPARs and/or other proteins that are dispersed from or to be 
integrated into the PSD. A puzzling question is how can the two similar 
MAGUK scaffold proteins exist in distinct subcompartments within 
tiny dendritic spine protrusions typically with a diameter of <0.5 μm. A 
more general question is why many homologous proteins have distinct 
functions even if they share similar target-binding properties.

We discover in this study that MAGI-2 and PSD-95 can organize 
distinct molecular assemblies through phase separation. The PSD core 
condensates organized by PSD-95 are immiscible with a molecular 
condensate formed by the MAGI-2–N-cadherin–β-catenin complex. 
The phase-in-phase organization of the PSD-95 and MAGI-2 organized 
condensates recapitulates the subsynaptic compartmentalized organi-
zation of the PSD core with respect to the extrasynaptic molecular 
assemblies. Most importantly, phase-separation-mediated biological 
condensate formation allows PSD-95 to selectively enrich SAPAP into 
the PSD condensate even though PSD-95 binds to SAPAP with a weaker 

Fig. 1 | PSD-95 and MAGI-2 are localized in distinct subsynaptic compartments 
in neurons from rat brains. a, Left: overview scheme of postsynapse shows the 
cellular locations of PSD proteins and condensates. Right: zoomed-in view of the 
boxed region in the left scheme shows the interaction network of PSD scaffold 
proteins. Created with BioRender.com. b, Schematic diagrams of the domain 
organizations of MAGI-2 and PSD-95. MAGI-2 and PSD-95 contain multiple PDZ 
domains and a phosphoprotein-binding GK domain. The PDZ0 and GK domains 
of MAGI-2 form a structural supramodule. c, Representative western blot images 
showing subcellular localizations of MAGI-2, PSD-95 and a selected panel of 
other postsynaptic proteins in different fractions in the PSD fractionation 
experiments. Syn. Mem., synaptic membrane. d, Quantification of the PSD 
fractionation experiments showing distributions of the probed proteins in three 
batches of fractionation experiments. Unlike GluN2B, PSD-95 and SAPAP, very 
little MAGI-2 and β-catenin exist in the PSD fraction. Data represent the mean 
values ± s.d. (n = 3 independent experiments). Statistical analysis was conducted 
using a two-way analysis of variance followed by Tukey’s test. ****P < 0.0001.  

e, STORM imaging showing distributions of Flag-tagged MAGI-2 and endogenous 
PSD-95 in rat hippocampal pyramidal neurons. As the control, STORM imaging 
was used to probe localizations of endogenous Homer 1 and Shank. White dashed 
lines demarcate the synaptic boundaries generated from the GFP signal. Homer 
1 and Shank clusters overlap extensively. In contrast, the PSD-95 clusters and 
MAGI-2 clusters display very little overlap. The data showing the localization 
and overlap coefficient of PSD-95 and Homer were reanalyzed from a previous 
study68. Calculated overlap coefficient (Coverlap) for each group is marked at the 
top of each row and expressed as average ± s.d. Scale bar, 100 nm. f, Scatter 
plot showing the quantification of data described in d. The calculated overlap 
coefficients were used to measure the degrees of overlaps between postsynaptic 
scaffolds. Data represent the mean values ± s.d. (n = 107, 78 and 77 individual 
synapses for MAGI-2 + PSD-95, Shank + Homer and PSD-95 + Homer, respectively, 
from three independent experiments). Statistical analysis was conducted using a 
two-tailed t-test. ****P < 0.0001.
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MAGI-2 and its N-terminal or C-terminal fragments (Fig. 1b and Extended 
Data Fig. 3a) to high purity. Preparations of the full-length PSD-95, 
the entire cytoplasmic tail of Stg (Stg_CT) and the rest of the synaptic 
proteins were described in our earlier studies17,18. ITC assays showed 
that Stg_CT bound to NT-MAGI-2 with a Kd of ~2.65 μM, whereas there 
was no detectable binding between Stg_CT and CT-MAGI-2 (Fig. 2a). 
Consistent with our earlier study18, full-length PSD-95 bound to Stg_CT 
with a Kd of ~0.56 μM (Fig. 2a). Thus, both MAGI-2 and PSD-95 can bind 
to Stg_CT, although MAGI-2 has a slightly lower affinity.

Our previous study showed that mixing PSD-95 and Stg_CT (each at 
10 μM, which is below their respective concentrations in synapses) led 

to the formation of condensates through phase separation (Fig. 2b)18. 
Because MAGI-2 and PSD-95 share similar domain organization and 
bind to Stg_CT with comparable affinities, we asked whether MAGI-2 
and Stg_CT can phase-separate in a test tube. When MAGI-2 and Stg_CT 
were mixed, they also phase-separated into condensates (Fig. 2b). 
As seen with the PSD-95–Stg_CT condensates, the MAGI-2–Stg_CT 
condensates could be dispersed by increasing salt concentrations in 
the assay buffer (Fig. 2c). As a scaffold protein, PSD-95 can organize 
the formation of the PSD condensates containing Stg_CT and key 
PSD scaffold proteins including GKAP (or SAPAP), Shank and Homer 3  
(refs. 17,18) (Fig. 2d). We found that, like PSD-95, MAGI-2 could also 
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Fig. 2 | MAGI-2 and PSD-95 behave similarly in organizing postsynaptic 
density condensates. a, ITC-based measurements comparing the binding 
affinities of MAGI-2 fragments and PSD-95 to Stg_CT (aa 203–323): (1) 200 μM 
Stg_CT was titrated into 20 μM NT-MAGI-2; (2) 200 μM Stg_CT was titrated 
into 10 μM CT-MAGI-2; (3) 250 μM Stg_CT was titrated into 10 μM PSD-95. The 
fitted dissociation constants are shown in each panel. b, DIC and fluorescence 
images of 10 μM Alexa647-labeled full-length MAGI-2 or 10 μM Alexa488-labeled 
PSD-95 mixed with 10 μM Cy3–Stg_CT, showing the formation of condensates 
of the MAGI-2–Stg_CT and the PSD-95–Stg_CT mixtures through phase 
separation. Scale bar, 10 μm. c, Confocal images showing that the condensates 

formed by PSD-95–Stg_CT and MAGI-2–Stg_CT complexes are sensitive to salt 
concentrations in the buffer. Scale bar, 10 μm. d, Confocal images showing the 
formation of cocondensates composed of Stg_CT, PSD-95, pSAPAP, Shank and 
Homer. Right, scheme of the PSD-95 organized condensate. Scale bar, 10 μm.  
e, Confocal images showing the formation of cocondensates composed of Stg_
CT, MAGI-2, pSAPAP, Shank and Homer. Right: diagram showing that MAGI-2 can 
organize PSD condensate formation in vitro similarly to PSD-95. Scale bar, 10 μm. 
The experiments in b–e were repeated three times independently with the same 
results. The schemes in d,e was created with BioRender.com.
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Fig. 3 | MAGI-2 and PSD-95 form immiscible phase-in-phase condensates with 
Stg_CT. a, Mixtures of 10 μM MAGI-2, 10 μM PSD-95 and 30 μM Stg_CT formed 
two immiscible condensed phases. MAGI-2 is in the outer compartment and 
PSD-95 is in the inner compartment. Stg_CT is preferentially enriched in the 
inner PSD-95 phase. Right: line scanning analysis of corresponding proteins  
in the selected droplet. Scale bars, 10 μm and 2 μm (zoomed-in view).  
b, Time-lapse DIC and fluorescence images showing fusions of the immiscible 
phase-separated condensates formed by MAGI-2, PSD-95 and Stg_CT. Scale 
bar, 10 μm. c, ITC-based experiments showing that MAGI-2 specifically binds 
to β-catenin_CT with a Kd of ~0.45 μM. PSD-95 showed no detectable binding 
to β-catenin_CT. For ITC, 200 μM β-catenin_CT was titrated into 20 μM PSD-95 
or 20 μM MAGI-2_PDZ5. d, β-catenin_CT shows colocalizations with MAGI-2 

in the outer compartments of the immiscible condensates formed by 10 μM 
MAGI-2, 10 μM PSD-95, 30 μM Stg_CT and 5 μM β-catenin_CT. Right: line 
scanning analysis of the corresponding proteins in the selected droplet. Scale 
bars, 10 μm and 2 μm (zoomed-in view). e, N-cadherin_746–906 is selectively 
enriched in the MAGI-2–β-catenin condensate in the immiscible condensates 
formed by 10 μM MAGI-2, 10 μM PSD-95, 30 μM Stg_CT, 5 μM β-catenin_FL and 
5 μM N-cadherin_746–906. Right: line scanning analysis of the corresponding 
proteins in the selected droplet. Scale bars, 10 μm and 2 μm (zoomed-in 
view). The experiments in a,b,d,e were repeated three times independently 
with the same results. The dashed box in a,d,e was selected for zoom-in and 
line-scanning analyses.
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organize the formation of the same set of synaptic proteins into con-
densed droplets through phase separation (Fig. 2e). These results indi-
cate that the two MAGUKs, MAGI-2 and PSD-95, share similar properties 
in binding to synaptic proteins and organizing these synaptic proteins 
into phase-separated condensates.

MAGI-2 and PSD-95 form immiscible condensates with Stg_CT
We wondered whether phase separation might cause the two MAGUKs 
to form different condensates immiscible with each other as occurring 
in real synapses (Fig. 1e). To test this hypothesis, we mixed MAGI-2 and 
PSD-95 with Stg_CT. To ensure that there was a sufficient amount of Stg_
CT for both MAGI-2 and PSD-95 to bind to, we included an excess amount 
of Stg_CT in the mixtures (10 μM MAGI-2, 10 μM PSD-95 and 30 μM 
Stg_CT; Fig. 3a,b). Strikingly, MAGI-2 and PSD-95 were found in two 
distinct condensates with a phase-in-phase organization. Stg_CT was 
selectively enriched in the PSD-95 phase, although the MAGI-2 phase 
also contained a slightly higher concentration of Stg_CT than the dilute 
solution (Fig. 3a,b). Differential interference contrast microscopy (DIC) 
imaging of the immiscible condensates showed that the MAGI-2 phase 
formed a ring-like structure encircling the PSD-95 droplets (Fig. 3b). The 
formed MAGI-2 and PSD-95 phases are liquid-like as the droplets in both 
phases underwent time-dependent fusions but the PSD-95 phase was 
never observed to fuse with the MAGI-2 phase (Fig. 3b). Next, we asked 
what would happen if we mixed other ligands with the two MAGUKs. 
Interestingly, the mixture of GluN2B tail (aa 1170–1482), MAGI-2 and 
PSD-95 also formed similar immiscible condensates (Extended Data 
Fig. 4). These results reveal that MAGI-2 and PSD-95 are distributed in 
distinct subcompartments upon forming immiscible condensates with 
Stg_CT or GluN2B tail, which is reminiscent of the distinct subsynaptic 
distributions of the two MAGUKs in synapses (Fig. 1e).

MAGI-2 condensate recruits synaptic adhesion molecules
We next asked whether distinctly compartmentalized MAGI-2 might 
be able to recruit specific synaptic proteins. The β-catenin–N-cadherin 
complex is critical for transsynaptic alignments through homo-
typic cadherin–cadherin interactions7,60–62. It is also known that 
the β-catenin–N-cadherin complex exists in clustered forms in the 
peripheral regions outside the PSD in spines. Genetic studies showed 
that mice with deletions of β-catenin and MAGI-2 share overlapping 
phenotypes10,63. Additionally, β-catenin specifically binds to PDZ5 of 
MAGI-2 (refs. 64,65) (Fig. 3c) and there is no detectable binding between 
β-catenin and PSD-95 (Fig. 3c). The addition of the cytoplasmic tail of 
β-catenin (β-catenin_CT) to a mixture of MAGI-2, PSD-95 and Stg_CT led 
to the specific recruitment of β-catenin_CT into the MAGI-2 subcom-
partment without altering the PSD-95–Stg_CT condensate formation 
(Fig. 3d). We further added purified cytoplasmic tail of N-cadherin to 
a mixture of MAGI-2, PSD-95, Stg_CT and β-catenin mixture and found 
that N-cadherin_CT is also specifically enriched in the MAGI-2 sub-
compartment (Fig. 3e). Using the in vitro biochemical reconstitution 
approach, we discovered a model for the distinct functions of the two 
MAGUK scaffold proteins in synapses, with PSD-95 organizing the PSD 
core protein complex containing AMPARs and MAGI-2 organizing syn-
aptic β-catenin–N-cadherin adhesion complexes localized peripheral 
to the PSD.

Selective partitioning of pSAPAP to the PSD-95 condensates
SAPAPs are a family of abundant PSD proteins in synapses. It has been 
well established that the 14-residue repeat sequences (GK-binding 
repeats (GBRs)) in the N-terminal region of SAPAPs directly bind to the 
GK domain of PSD-95. In the absence of phosphorylation of a highly 
conserved serine in each of the repeat sequences, SAPAPs bind to 
PSD-95 with very low affinities (Kd of ~180 μM)66,67. Phosphorylation 
of the conserved serine converts SAPAPs into strong PSD-95 bind-
ers (Kd of ~100 nM). MAGI-2 was one of the first proteins identified to 
bind to SAPAP (also known as GKAP) through its GK domain37. Thus, we 

measured the binding affinity between SAPAP and MAGI-2 by ITC. We 
used CaMKII to fully phosphorylate the conserved serine residues in 
all three 14-residue repeats of SAPAP (denoted as pSAPAP) and found 
that pSAPAP binds to MAGI-2 with a Kd of ~26 nM (Fig. 4a,b). In parallel, 
we repeated our earlier finding that pSAPAP binds to PSD-95 with a Kd 
of ~180 nM (ref. 66), an affinity that is ~6–7-fold lower than binding to 
MAGI-2 (Fig. 4a). The full-length MAGI-2 readily formed condensates by 
itself and, thus, was not amenable to the ITC-based assay. As an alterna-
tive, we used a pulldown assay to confirm that the binding modes of 
full-length MAGI-2 and NT-MAGI-2 to pSAPAP were essentially the same 
(Extended Data Fig. 3b).

We next asked how pSAPAP might distribute in the two distinct 
PSD-95 and MAGI-2 condensates. We added pSAPAP into the MAGI-2, 
PSD-95 and Stg_CT phase-in-phase mixtures. The addition of pSAPAP 
did not alter the compartmentalized organization of the two MAGUKs 
into distinct condensed phases (Fig. 4c). Remarkably, pSAPAP was 
selectively enriched in the PSD-95 condensates and the MAGI-2 con-
densates contained a very low amount of pSAPAP (Fig. 4c), even though 
MAGI-2 binds to pSAPAP with a higher affinity than PSD-95 (Fig. 4a). 
This finding is consistent with our earlier findings showing that, in 
synapses, phosphorylation of GKAP promotes its binding to PSD-95 
and consequently promotes synaptogenesis67,68. This finding is also 
consistent with the biochemical fractionation result showing that 
SAPAP is more enriched in the PSD-95-containing PSD core (Fig. 1c). The 
above results uncovered a totally unexpected property for proteins in 
condensed phase; phase-separation-mediated condensate formation 
can alter the binding specificity of a protein to its multiple compet-
ing target proteins, rendering their specific spatial localizations that 
cannot occur in dilute solutions. In this specific case, through forming 
distinct phase-separated condensates, pSAPAP is selectively enriched 
in the PSD-95-containing condensate by binding to PSD-95, although 
pSAPAP prefers to bind to MAGI-2 in dilute solutions (Fig. 4a,c).

Condensate network properties determine pSAPAP 
localization
What might be the underlying molecular mechanism governing the 
selective enrichment of pSAPAP in the PSD-95-containing condensate 
instead of the MAGI-2 condensate? Biological condensates exist as 
phase-separated and percolated molecular networks formed through 
multivalent molecular interactions69,70. We recently demonstrated that 
both the network valency and network stability, manifested by binding 
affinities within each multivalent interaction network, can have a large 
impact on the mobilities and localization properties of molecules in 
condensates71. Thus we investigated whether the two MAGUKs, each 
in their own condensed phase, might have different network proper-
ties by single-molecule tracking (SMT) (Fig. 4d,e). Consistent with our 
earlier SMT studies69, in the PSD-95 condensate containing Stg_CT and 
PSD-95, proteins formed a more extensive percolated network such that 
PSD-95 existed in two major interexchanging motion states, with one 
in a network-confined state with very low mobility and the other in a 
freely diffusing state (Fig. 4e,f). In contrast, in the MAGI-2 condensates, 
MAGI-2 predominately existed in a freely diffusible state (Fig. 4d,f). 
The network property differences between the PSD-95-containing 
condensates and the MAGI-2-containing condensates likely originate 
from the unique multimerization properties of PSD-95 and MAGI-2. 
PSD-95 can form stable intermolecular oligomers72. As such, the PSD-
95 condensate is highly branched and has a more complex network 
structure. In contrast, MAGI-2 does not form stable multimers; thus, 
the MAGI-2 condensate network is less branched.

If our above model stands, we predicted that changing the number 
of phosphorylation sites would alter the valency of phospho-SAPAP 
and thereby change its partition in the condensates organized by the 
two MAGUKs. To test this prediction, we generated SAPAP proteins 
with one, two and three GBRs phosphorylated (denoted as 1pi-SAPAP, 
2pi-SAPAP and 3pi-SAPAP, respectively)68. When comparing 1pi-SAPAP, 
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Fig. 4 | Phosphorylated SAPAP is selectively partitioned into the PSD-95 phase. 
a, ITC-based assays showing that pSAPAP binds to MAGI-2 (Kd of ~26 nM) with a 
higher affinity than to PSD-95 (Kd of ~180 nM). During the experiments, 100 μM 
pSAPAP was titrated into 30 μM NT-MAGI-2 or PSD-95_PSG. b, Alignment of the 
structures of the pSAPAP peptide-bound form of MAGI-2 PDZ0-GK (PDB 7YKH) 
and PSD-95 GK (PDB 5YPO) showing that the pSAPAP peptide binds to the GK 
domains from the two MAGUKs with a very similar mechanism. c, pSAPAP is 
selectively enriched in the PSD-95 condensate in the immiscible condensates 
formed by 10 μM MAGI-2, 10 μM PSD-95, 30 μM Stg_CT and 5 μM pSAPAP. Right: 
line scanning analysis of the corresponding proteins in the selected droplet. 
The experiment was repeated five times independently with the same results. 
Scale bars, 10 μm and 2 μm (zoomed-in views). The dashed box was selected for 

zoom-in and line-scanning analyses. d, Super-resolution SMT of Cy3–MAGI-2 
in the immiscible phases formed by 10 μM MAGI-2, 10 μM PSD-95 and 30 μM 
Stg_CT. Representative trajectories of MAGI-2 molecules are shown. Scale bars, 
200 nm (zoomed-in image) and 1 μm (whole image). e, Super-resolution SMT of 
Cy3–PSD-95 in the immiscible phases formed by 10 μM MAGI-2, 10 μM PSD-95 
and 30 μM Stg_CT. Representative trajectories of PSD-95 molecules are plotted. 
Scale bars, 200 nm (zoomed-in image) and 1 μm (whole image). f, Quantification 
of the mobile fractions of PSD-95 and MAGI-2 based on the SMT experiments 
described in e,f. A total of 4,063 and 3,436 trajectories for PSD-95 and MAGI-2 
from three and four individual experiments, respectively, were used to perform 
this quantification. Data represent the mean values ± s.d. Statistical analysis was 
conducted using a two-tailed t-test. ***P = 0.0002.
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binding to PSD-95 by PSD-95.FingR resulted in pSAPAP dissociating from the 
PSD-95 condensate and becoming enriched in the MAGI-2 condensate. Right: 
line scanning analysis of the corresponding protein in the selected droplet. 
Scale bars, 10 μm and 2 μm (zoomed-in view). b, Quantification of the Pearson 
correlation coefficient (PCC) between pSAPAP and MAGI-2 and between pSAPAP 
and PSD-95 in the presence or absence of 10 μM PSD-95.FingR. Data represent 
the mean values ± s.d. Statistical analysis was conducted using a two-tailed 
t-test. ****P < 0.0001. c, Schematic diagram showing the design of the system to 
manipulate the pSAPAP distribution through condensate network complexity 
and stability. The PDZ0-GK domain was fused to the N-terminal end of (SIM)10, 
and (SIM)10 interacts with (SUMO)10 to form a highly percolated condensate. 
d, Super-resolution SMT of Cy3–PDZ0-GK–(SIM)10 in the condensates formed 
by 10 μM PDZ0-GK–(SIM)10 and 10 μM (SUMO)10. Representative trajectories of 

PDZ0-GK–(SIM)10 molecules are plotted. Scale bar, 1 μm. e, Quantification of the 
mobile fractions of PDZ0-GK–(SIM)10 and MAGI-2 based on the SMT experiments 
described in d for the PDZ0-GK–(SIM)10–(SUMO)10 condensate and the MAGI-2–
Stg_CT condensate. A total of 4,063 and 6,655 trajectories for PDZ0-GK–(SIM)10 
and MAGI-2 from three and nine individual experiments, respectively, were used 
for the quantification. Data represent the mean values ± s.d. Statistical analysis 
was conducted using a two-tailed t-test. ****P < 0.0001. f, pSAPAP was selectively 
enriched in the PDZ0-GK–(SIM)10 condensate in the immiscible condensates 
formed by mixing 10 μM each of PDZ0-GK–(SIM)10, (SUMO)10, MAGI-2 and Stg_CT. 
Bottom right: line scanning analysis of the corresponding proteins in the selected 
droplet. Scale bars, 10 μm and 2 μm (zoomed-in view). The dashed box in a,f 
was selected for zoom-in and line-scanning analyses. g, Quantification of the 
PCC values between pSAPAP and MAGI-2 and between pSAPAP and (SUMO)10 
described in f. Data represent the mean values ± s.d. Statistical analysis was 
conducted using a two-tailed t-test. ****P < 0.0001.
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2pi-SAPAP and 3pi-SAPAP in our immiscible condensate system, we 
found that 1pi-SAPAP was enriched in the MAGI-2 condensate because 
of its stronger binding to MAGI-2 (Extended Data Fig. 5a). Despite also 
binding MAGI-2 with a higher affinity, 2pi-SAPAP became enriched in the 
PSD-95-containing condensate (Extended Data Fig. 5b). On the other 
hand, 3pi-SAPAP had the highest valency in binding to the MAGUKs. 
Satisfyingly, 3pi-SAPAP was strongly enriched in the PSD-95-containing 
condensate. The above results demonstrate that multivalent binding 
has an important role in defining the partition of protein-binding 
partners in the phase-separated system.

Manipulating pSAPAP distribution in immiscible condensates
We demonstrated that the apparent binding affinity of a protein to its 
target can be dramatically altered if the protein is anchored to a stable, 
percolated network formed in a condensate through phase separation71. 
In this case, when PSD-95 is anchored in the stable and percolated PSD 
network, its apparent binding affinity or avidity for pSAPAP becomes 
substantially stronger. The binding affinity or avidity between MAGI-2 
and pSAPAP should not differ too much when binding occurs in the 
dilute solution or in the MAGI-2 condensate. Consequently, when the 
PSD phase and MAGI-2 phase coexist, pSAPAP preferentially binds to 
PSD-95 and becomes enriched in the PSD phase.

The above analysis predicts that the network property differences 
of the two condensates can alter the binding avidities of pSAPAP to the 
MAGUKs. If this prediction is correct, we should be able to force pSA-
PAP out of the PSD condensate by selectively blocking the binding of 
pSAPAP to PSD-95 and freed pSAPAP should then bind to MAGI-2, thus 
becoming enriched in the MAGI-2 phase. Identifying selective PSD-95 
GK blockers without impacting MAGI-2 GK is not easy. We tested essen-
tially all known natural cellular PSD-95 GK binders known to date and 
they were found to also bind to MAGI-2 with comparable affinities67,73. 
Interestingly, a widely used intrabody known as PSD-95.FingR was 
developed to target PSD-95 in neurons and binds to PSD-95 with a high 
affinity74. We unexpectedly found that PSD-95.FingR binds to the phos-
phorylated SAPAP-binding pocket of PSD-95 GK and PSD-95.FingR can 
effectively block pSAPAP from binding to PSD-95. Most importantly, 
PSD-95.FingR is highly selective in binding to the DLG-family MAGUKs 
and the intrabody shows no detectable binding to MAGI-2. Satisfyingly, 
the addition of PSD-95.FingR to the MAGI-2, PSD-95, Stg_CT and pSAPAP 
cocondensates led to a shift of pSAPAP from the PSD-95 condensate to 
the MAGI-2 condensate (Fig. 5a,b).

If preferential partitioning of pSAPAP to the PSD-95-containing 
PSD condensate instead of the MAGI-2 condensate is because of the 
stronger network property of the PSD condensate mainly driven 
by PSD-95, we predicted that we should be able to manipulate the 
pSAPAP targeting in immiscible condensates by engineering con-
densate network complexity and stability. To test this hypothesis, 
we took advantage of a synthetic multivalent condensate system 
composed of (SIM)10 (ten tandem repeats of the SUMO interaction 
motif) and (SUMO)10 (ref. 75). The (SIM)10–(SUMO)10 condensate 
was completely immiscible from the MAGI-2–Stg_CT condensate 
(Extended Data Fig. 7b). We fused the PDZ0-GK domain of MAGI-2 to 
the N-terminal end of (SIM)10 and confirmed that the fusion protein 
formed a stable complex with pSAPAP (Fig. 5c and Extended Data 
Fig. 6a). The binding affinity between PDZ0-GK–(SIM)10 and pSAPAP 
was the same as that between NT-MAGI-2 and pSAPAP (Extended Data 
Fig. 6b). The PDZ0-GK–(SIM)10–(SUMO)10 mixture formed a conden-
sate that could robustly recruit pSAPAP (Extended Data Fig. 7a). As 
a control, the (SIM)10–(SUMO)10 condensate could not enrich pSA-
PAP (Extended Data Fig. 7c,d). SMT experiments revealed that the 
PDZ0-GK–(SIM)10–(SUMO)10 condensate formed a highly percolated 
network as both PDZ0-GK–(SIM)10 and (SUMO)10 in the condensate 
spent most of the time in the confined state with occasional switch-
ing to the mobile state (Fig. 5d,e and Extended Data Fig. 7e). In con-
trast, MAGI-2 in the MAGI-2–Stg_CT condensate was largely mobile 

(Fig. 5e). When mixing pSAPAP with the PDZ0-GK–(SIM)10–(SUMO)10 
and the MAGI-2–Stg_CT condensates, the PDZ0-GK–(SIM)10–(SUMO)10 
condensate and the MAGI-2–Stg_CT condensate were totally immis-
cible (Fig. 5f). Remarkably, pSAPAP was selectively enriched into the 
PDZ0-GK–(SIM)10–(SUMO)10 condensate and there was no pSAPAP 
enrichment in the MAGI-2–Stg_CT condensate (Fig. 5c,f,g). Thus, the 
selective enrichment of pSAPAP into the PDZ0-GK–(SIM)10–(SUMO)10  
condensate is because of its higher percolation than the  
MAGI-2–Stg_CT condensate.

Discussion
In this work, we discovered that two MAGUK synaptic scaffold pro-
teins, PSD-95 and MAGI-2, can form two immiscible condensates 
through phase separation, each with a distinct set of proteins, even 
though the two scaffold proteins share common binding targets. The 
PSD-95-containing condensate corresponds to the PSD assemblies 
in the synapse and the MAGI-2-containing condensate corresponds 
to the extrasynaptic MAGI-2 condensate. Thus, our study provides a 
mechanistic explanation of why and how different MAGUKs are prefer-
entially localized at distinct subsynaptic compartments and perform 
specific functions.

The most unexpected and important finding of the current study is 
that the formation of biological condensates through phase separation 
can alter the binding affinities or avidities of a protein to its different 
targets with respect to the corresponding binding modes measured 
in dilute solutions. Consequently, phase-separation-mediated con-
densate formation can generate cellular localization specificities of 
proteins that cannot occur in dilute solutions. In this study, phosphoryl-
ated SAPAP is preferentially enriched into the PSD-95-containing PSD 
condensate instead of the MAGI-2 condensate, even though pSAPAP 
has a higher binding affinity to MAGI-2 than to PSD-95. This preferential 
targeting of pSAPAP to the PSD-95-containing condensate is because 
the PSD condensate has higher network complexity and stability than 
the MAGI-2 condensate.

We recently demonstrated, using natural segregation of the 
excitatory PSD and inhibitory PSD as a paradigm, that formation of 
percolated PSD networks can disrupt a pair of very strong protein–
protein interactions with a Kd of ~4 nM measured in dilute solution71. 
The findings described in this study, together with those described 
in our recently studies69,71, will have far-reaching implications for 
biomolecular interactions and subcellular localizations in living cells 
in general. We present a few such possibilities. First, binding affinities 
measured between a protein and its multiple targets in dilute solu-
tions do not necessarily correctly predict their interactions in cells. 
The formation of biological condensates can alter their apparent 
binding affinities. Second, phase-separation-mediated formation 
of biological condensates can modify the binding specificities of a 
protein to its multiple targets as illustrated by the binding of pSAPAP 
to PSD-95 or to MAGI-2 in the current study or to the same PDZ0-GK 
supramodule in native MAGI-2 or the PDZ0-GK–(SIM)10 chimera. 
Third, upon forming condensates, cellular localizations and dynamic 
behaviors of proteins are intimately linked to the network properties 
of the condensate; thus, it is possible to manipulate the cellular locali-
zation of a protein by targeting the molecular network in which this 
protein resides without directly targeting this protein. Such emergent 
properties of molecules in biological condensates could offer new 
opportunities for choosing molecular or even network targets for 
translational applications.
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Methods
Bacterial strain
Escherichia coli BL21(DE3) cells (Agilent Technologies) were used in 
this study to produce recombinant proteins. Cells were cultured in 
Luria–Bertani (LB) medium supplemented with necessary antibiotics.

Animals
Embryonic day 19 rats (Sprague-Dawley) and adult 8-week-old mice 
(C57BL) were housed in groups of three to five per cage under a 
12-hour light–dark cycle (lighting from 8:00 a.m. to 8:00 p.m.) with 
food and water available ad libitum, at a consistent ambient tempera-
ture (21 ± 1 °C) and humidity (50% ± 5%). All experimental procedures 
were performed in compliance with animal protocols approved by 
the Laboratory Animal Facility at the Hong Kong University of Science 
and Technology.

Constructs and peptides
DNA fragments encoding mouse MAGI-2 (UniProtKB: Q9WVQ1), mouse 
β-catenin (UniProtKB: Q02248) and mouse N-cadherin (UniProKB: 
P15116) were amplified by the standard PCR method and inserted into a 
modified pET-32a vector with an N-terminal Trx-His6 tag and an HRV-3C 
protease cleavage site. The plasmids for expressing PSD-95, Stg_CT 
and SAPAP are from previous studies17,68. The plasmids containing 
(SUMO)10 and (SIM)10 were obtained from Addgene (126948 and 126946, 
respectively). All constructs were confirmed by DNA sequencing. Two 
peptides, Stg_CT_20aa and a phosphorylated GKAP peptide, were com-
mercially synthesized by ChinaPeptides with purity > 95%.

Protein expression and purification
All proteins were expressed in E. coli BL21(DE3) cells in LB medium at 
37 °C until the optical density at 600 nm reached ~0.6. Protein expres-
sion was induced by adding 0.25 mM IPTG at a lower culture tempera-
ture (20 °C for full-length MAGI-2 and 16 °C for remaining proteins) 
overnight. Recombinant proteins were purified with a Ni2+-NTA affinity 
column (GE Healthcare) followed by size-exclusion chromatography 
(SEC; Superdex 75 26/60 for Stg_Ct and Superdex 200 for all other 
proteins). The affinity tag of each protein was cleaved by HRV-3C 
protease at 4 °C overnight and removed by another step of Super-
dex 200 26/60 or Superdex S75 SEC with a buffer containing 50 mM 
Tris pH 8.2, 200 mM NaCl, 1 mM EDTA and 1 mM DTT. A final Mono Q 
anion-exchange chromatography step was used to remove remaining 
nucleic acid contaminations from full-length MAGI-2. (SUMO)10, (SIM)10 
and PDZ0-GK-(SIM)10 were purified according to methods described 
previously75.

Protein labeling with the fluorophores
For amide labeling, the fluorophores, including iFluor 405/Cy3/Cy5 
NHS ester (AAT Bioquest) and Alexa Fluor 488/647 NHS ester (Thermo 
Fisher), were dissolved in DMSO. Purified proteins were exchanged 
into a buffer containing 20 mM HEPES pH 8.3, 200 mM NaCl, 1 mM 
EDTA and 1 mM DTT using a Hi-Trap desalting column. A fluorophore 
was added into the protein solution in a 1:1 molar ratio at a typical 
protein concentration of 100 μM. Because of its limited solubility, 
the typical protein concentration of MAGI-2 used in dye labeling was 
20 μM and the mixture was incubated at room temperate for 1 h. The 
reaction was quenched by 200 mM Tris pH 8.2 and the protein in each 
reaction mixture was separated from the reaction dye using a desalting 
column with a column buffer containing 50 mM Tris pH 8.2, 200 mM 
NaCl, 1 mM EDTA and 1 mM DTT. The fluorescence labeling efficiency 
of each protein was determined by a Nanodrop 2000 (Thermo Fisher).

In vitro CaMKIIα-mediated SAPAP phosphorylation
The purified CaMKIIα kinase domain was activated with a tenfold ratio 
of calmodulin in a buffer containing 50 mM Tris pH 8.2, 100 mM NaCl, 
2 mM DTT, 2 mM CaCl2, 10 mM MgCl2 and 1 mM ATP for 20 min at room 

temperature. The activated CaMKIIα was mixed with GKAP in a 1:40 
molar ratio in a buffer containing 50 mM Tris pH 8.2, 100 mM NaCl, 
1 mM DTT, 2 mM CaCl2, 10 mM MgCl2 and 1 mM ATP and the reaction 
mixture was incubated overnight at room temperature. Phosphoryl-
ated SAPAP was separated from CaMKIIα by SEC (Superdex 75) using 
a column buffer containing 50 mM Tris pH 7.5, 100 mM NaCl, 1 mM 
EDTA and 1 mM DTT.

Sedimentation-based phase separation assay
All purified proteins were centrifuged at 16,873g at 4 °C for 10 min to 
remove possible precipitations before sedimentation-based phase 
separation assays. Proteins were directly mixed at specified concen-
trations. The final buffer of the sedimentation assay was 50 mM Tris 
pH 8.2, 100 mM NaCl, 1 mM EDTA and 5 mM DTT, unless otherwise 
indicated. For sedimentation-based assays, the total volume of each 
mixture was 50 μl. After incubating for 10 min at room temperature, 
each mixture was centrifuged at 16,873g at 22 °C for 10 min. The super-
natant was removed and the pellet was resuspended with 50 μl of the 
same assay buffer. Proteins recovered in the supernatant and pellet 
fractions were analyzed by SDS–PAGE with Coomassie blue R250 
staining. The intensity of each protein band on SDS–PAGE gel was 
quantified by ImageJ.

Imaging-based phase separation assay
All purified proteins were centrifuged at 16,873g at 4 °C for 10 min to 
remove precipitations before the microscope-based assays. Proteins 
were simultaneously directly mixed at specified concentrations. Each 
mixture was injected into an in-house chamber composed of a cover-
slip and a glass slide assembled with one layer of double-sided tape16. 
DIC and fluorescent images were captured using a Nikon Ni-U upright 
fluorescence microscope (with a ×60 oil lens) at room temperature 
or a Zeiss LSM 980 confocal microscope using Zeiss Zen software at 
22 °C with a ×63 oil lens. Images were processed with ImageJ. For all 
the experiments in the absence of (SUMO)10 or (SIM)10, the purified 
proteins were mixed in the following order: Stg_CT or GluN2B, PSD-95, 
pSAPAP, Shank, Homer, MAGI-2, β-catenin and N-cadherin. (SUMO)10 
or (SIM)10 and MAGI-2 or Stg_CT were mixed separately in two PCR 
tubes and then combined together. (SUMO)10 or PDZ0-GK–(SIM)10 
was mixed with pSAPAP and then combined with MAGI-2 or Stg_CT in 
the same manner.

ITC assay
ITC experiments were performed on a MicroCal VP-ITC calorimeter 
(Malvern) at 25 °C. All proteins or peptides used in this experiment 
were exchanged to a buffer containing 50 mM Tris pH 8.2, 100 mM 
NaCl, 1 mM EDTA and 1 mM DTT. Each titration point was performed 
by injecting a 10-μl aliquot of one protein in the syringe into the cell 
containing its binding protein. The concentrations of the proteins are 
indicated in the figures containing each ITC curve. The titration data 
were fitted with the one-site binding model using Origin 7.0 (Malvern).

SEC coupled with multiangle light scattering
The SEC coupled with multiangle light scattering (SEC–MALS) system 
was composed of a static light scattering detector (miniDAWN, Wyatt), 
a differential refractive index detector (Optilab, Wyatt) and an AKTA 
purifier (GE Healthcare). First, 100 μl of sample was injected into a 
Superdex 200 Increase 10/300 GL column pre-equilibrated with a col-
umn buffer containing 50 mM Tris pH 8.2, 100 mM NaCl, 1 mM EDTA 
and 2 mM DTT. Data were analyzed by the ASTRA (Wyatt) software.

PSD fractionation and Immunoblotting
One brain from an 8-week-old male mouse (C57BL) was homogenized 
with 9 ml of buffer containing 0.32 M sucrose, 10 mM HEPES, pH 7.4, 
1 mM EDTA, 1 mM EGTA, protease inhibitor cocktail (MCE, HY-K0010) 
and phosphatase inhibitor cocktail (UElandy, P6164) and centrifuged at 
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800g for 10 min at 4 °C. The recovered supernatant was centrifuged at 
15,000g for 20 min at 4 °C. The pellet (Synaptosome) was resuspended 
with 4 ml of cold double-distilled H2O supplied with 4 mM HEPES pH 
7.4, incubated at 4 °C for 30 min and centrifuged at 25,000g for 20 min 
at 4 °C. The recovered pellet (synaptic membranes) was further resus-
pended in 2 ml of buffer with 50 mM HEPES pH 7.4, then mixed with 
2 ml of 1% Triton X-100 and incubated for 15 min at 4 °C. The mixture 
was centrifuged at 32,000g for 20 min at 4 °C to yield PSD in the pel-
let fraction. Samples were separated by 8% SDS–PAGE. Proteins were 
transferred to a PVDF membrane and probed with anti-PSD-95 (Abcam, 
ab18258; 1:1,000), anti-MAGI-2 (Santa Cruz Biotechnology, sc-517008; 
1:400), anti-GluN2B (Abcam, ab93610; 1:1,000), anti-GluA1 (Milli-
pore, MAB2263, clone RH95; 1:1000), anti-β-catenin (BD Biosciences, 
610154; 1:500) and anti-SAPAP1 (Thermo Fisher, PA5-78658; 1:2,000). 
The secondary antibodies, horseradish peroxidase (HRP)-conjugated 
goat anti-mouse antibody (Immunoway, RS0001; 1:20,000) and 
HRP-conjugated alpaca anti-rabbit IGG FC (Huabio, HA1031; 1:50,000), 
were used with consideration of species compatibility.

Primary hippocampal neuron culture
Rat (Sprague-Dawley) hippocampal neuronal cultures were dissected 
from embryonic day 19 rats and were seeded on poly(d-lysine)-coated 
confocal imaging dishes for direct STORM (dSTORM) imaging. The pri-
mary neurons were seeded with a density of 0.8 × 105 cells per well. The 
cells were plated in neurobasal medium (Gibco) containing 50 mg ml−1 
streptomycin, 50 U per ml penicillin and 2 mM GlutaMax supplemented 
with 2% B27 (Gibco) and 5% FBS. At 7 days in vitro (DIV7), 5 mM FdU was 
added to the medium to inhibit glial cell proliferation. At DIV17, the 
knockdown and rescue plasmids were transfected into neurons using 
Lipofectamine 2000 (Invitrogen) following the user’s manual. The cell 
medium was changed in a half-volume manner with neurobasal medium 
containing 2% B27 and 2 mM GlutaMax twice a week.

Immunocytochemistry
Typically, transfected cells were fixed at DIV22 with 4% paraformal-
dehyde and 4% sucrose for 12–15 min and then washed with PBS three 
times, 5 min each time. After fixation, cells were blocked, permeated 
by the buffer containing 10% normal Donker serum (NDS) and 0.2% 
Triton X-100 in PBS for 1 h and washed with PBS. After washing, cells 
were incubated with diluted primary antibodies anti-PSD-95 (Milipore, 
MAB1596, clone 6G6-1C9; 1:1,000), anti-pan Shank (Biolegend, 851902; 
1:1,000), anti-Homer 1 (SYSY, 160003; 1:1,000) and anti-Flag antibody 
(Millipore, F7425, 1:400) in PBS with 3% NDS and 0.2% Triton X-100 for 
1 h at room temperature. After washing with PBS three times, cells were 
incubated with anti-mouse Alexa647-conjugated secondary antibody 
(Thermo Fisher, A31571; 1:500) and CF568-conjugated secondary 
antibody (Biotium, 20801; 1:1,000) in PBS with 3% NDS and 0.2% Triton 
X-100 for 1 h at room temperature. After washing away the free second-
ary antibodies with PBS for three times, dishes for dSTORM imaging 
were kept in PBS at 4 °C for less than 5 days.

dSTORM imaging for cultured neurons
Before dSTORM imaging, the fixed neurons were exchanged into a 
freshly prepared imaging buffer containing 5% d-flucose, 5.6 μg ml−1 
glucose oxidase, 40 μg ml−1 catalase and 150 mM 2-mercaptoethanol. 
Imaging of each sample was completed within 1 h upon the addition 
of the imaging buffer. A Zeiss Elyra7 microscope with a ×63 (numerical 
aperture = 1.4) oil objective lens was used to capture the dual-channel 
images. A wide-field image was captured first with 2% of the full power 
(500 mW) of the 488-nm, 561-nm and 647-nm laser. dSTORM images 
were acquired under 100% of the full power of the 561-nm and 647-nm 
laser with the HILO mode illumination under SMLM mode and a TIRF-hp 
filter was used during imaging. All images were captured with 12,000 
frames with an exposure time of 30 ms per frame. Autofocus with the 
‘definite focus’ strategy was performed at every 300 frames. Alignment 

of dual channels was performed before imaging. Drift correction was 
performed after imaging with Zeiss’s model-based autocorrelation 
algorithm under adjust mode. The maximum point spread function 
was set at 9 and signal-to-noise ratio was set at 6 when capturing 
single-molecule images with Zeiss Elyra7 using Zeiss Zen (black edi-
tion) software.

Quantification of dSTORM imaging for cultured neurons
Synapses were first manually tagged with the wide-field image. 
The cluster of super-resolution localizations in synapses was then 
selected manually with the help of tessellation-based autoclustering 
algorithm76,77. Masks of spine or shaft boundaries were generated by 
the wide-field GFP signal with manually set thresholds. An overlap 
coefficient was introduced to quantitatively compare the molecule 
distributions captured by dSTORM imaging. Two pixelated (pixel size 
of 20 nm × 20 nm) two-dimensional localization density maps were 
calculated with the selected localizations for each channel. The density 
maps were then normalized with the total number of localizations of 
each channel. The overlap coefficient was defined as the summary of 
the overlapping value of each pixel between two normalized density 
maps. This overlap coefficient is affected only by the two normalized 
density distributions and has only one number to describe the degree 
of overlap between two distributions.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data needed to evaluate the conclusions in the paper are present 
in the paper and/or Supplementary Information. Source data are pro-
vided with this paper.

Code availability
A customized script for SMT data analysis was coded with MAT-
LAB, sourced from GitHub (https://github.com/NeoLShen/
Code-for-phase-simulation-and-HMM-analysis). A customized script 
for two-dimensional and three-dimensional STORM data analysis was 
coded in MATLAB, sourced from GitHub (https://github.com/NeoLSh
en/3D-STORM-data-process-with-MATLAB-app). Details of the codes 
were described in previous studies69,71.
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Extended Data Fig. 1 | The Domain organization and reported binding 
partners of MAGI-2. Schematic diagrams of the domain organization and 
binding partners of MAGI-2 protein. MAGI-2 contains six PDZ domains, but only 
PDZ1 to PDZ5 are canonical PDZ domains with biochemical binding ability. Due 
to the mutation in the GLGF groove, PDZ0 does not bind to PDZ binding motif 

(PBM). The crystal structure shows PDZ0 facilitates the GK domain folding. The 
GK domain is responsible for GKAP/SAPAP binding in the synapse. WW domains 
bind to a specific sequence called ‘PY-Motif’. PDZ domains interacts with PBM 
(PDZ-binding motif).
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Extended Data Fig. 2 | The PSD fractionation process and immunoblotting results. (a) Schematic diagrams of the PSD fractionation process. Created in BioRender. 
Chan, J. (2025) https://BioRender.com/tzglz2w. (b) Immunoblotting results of 3 independent PSD fractionation repeats quantified in Fig. 1c.
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Extended Data Fig. 3 | pSAPAP binds to full-length MAGI-2 and NT-MAGI-2 with 
comparable affinities. (a) SDS-PAGE with Coomassie blue staining showing the 
quality of purified full-length MAGI-2. The protein was purified more than 6 times 
independently with the same quality. (b) Purified trx-His6 tagged full-length 

MAGI-2 and NT-MAGI-2 were used to pull down phosphorylated SAPAP and 
the proteins were detected by SDS-PAGE with Coomassie blue staining. The 
experiment was repeated 3 times with the same results.
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Extended Data Fig. 4 | GluN2B formed immiscible condensates with MAGI-2 and PSD-95. Differential interference contrast and fluorescence microscopy imaging of 
the condensates formed by mixing 10 μM MAGI-2, 10 μM PSD-95, and 30 μM NR2B (amino acids 1170-1482). The experiment was repeated 3 times independently with 
the same results.
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Extended Data Fig. 5 | The number of SAPAP phosphorylation affect its 
distribution in immiscible condensates. (a) 1pi-SAPAP was enriched in the 
MAGI-2 organized outer condensate in the immiscible condensates formed by 
10 μM MAGI-2, 10 μM PSD-95, 30 μM Stg_CT, and 5 μM 1pi-pSAPAP. The right 
panel shows a line scanning analysis of the corresponding protein in the selected 
droplet. (b) 2pi-SAPAP was enriched in the PSD-95 organized inner condensate 
in the immiscible condensates formed by 10 μM MAGI-2, 10 μM PSD-95, 30 μM 
Stg_CT, and 5 μM 2pi-pSAPAP. Nonetheless, the MAGI-2 phase also cantained 

significant amount of 2pi-pSAPAP. The right panel shows a line scanning 
analysis of the corresponding protein in the selected droplet. (c) 3pi-SAPAP was 
strongly enriched in the PSD-95 organized inner condensate in the immiscible 
condensates formed by 10 μM MAGI-2, 10 μM PSD-95, 30 μM Stg_CT, and 5 μM 
3pi-pSAPAP. The right panel shows a line scanning analysis of the corresponding 
protein in the selected droplet. The experiment in this figure was repeated 3 
times independently with the same results.
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Extended Data Fig. 6 | pSAPAP binds to NT-MAGI-2 and PDZ0-GK-(SIM)10 with 
the same affinities. (a) SEC-MALS (size-exclusion chromatography–multiangle 
light scattering) assay showing that PDZ0-GK-(SIM)10 formed a stable complex 
with pSAPAP. (b) ITC-based assays showing that pSAPAP binds to NT-MAGI-2 

(Kd ~17 nM) with the same affinity as PDZ0-GK-(SIM)10 (kd ~18 nM). In these 
experiments, 50 μM pSAPAP was titrated into 15 μM NT-MAGI-2 or 15 μM 
PDZ0-GK-(SIM)10.
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Extended Data Fig. 7 | PDZ0-GK-(SIM)10–(SUMO)10 condensate can enrich 
pSAPAP. (a) pSAPAP was enriched in the PDZ0-GK-(SIM)10–(SUMO)10 
condensates. The right panel is a line scanning analysis of the corresponding 
proteins in the selected droplet. (b) (SIM)10–(SUMO)10 condensate was 
immiscible with MAGI-2/Stg_CT condensate. The right panel shows a line 
scanning analysis of the corresponding proteins in the selected droplet. (c) 
pSAPAP was not enriched in the (SIM)10–(SUMO)10 condensate. (d) Quantification 
of the Pearson correlation coefficient (PCC) values between pSAPAP and 

(SUMO)10 in Panels a and b. Data represent mean values ± s.d. (For (SIM)10–
(SUMO)10 condensate, n = 8 individual image fields; for PDZ0-GK-(SIM)10–
(SUMO)10 condensate, n = 10 individual image fields). Two-tailed t test was used, 
****P < 0.0001. (e) Quantification of the mobile fractions of the condensates 
formed by PDZ0-GK-(SIM)10–(SUMO)10 and (SIM)10–(SUMO)10. A total of 4063 
and 2644 trajectories for PDZ0-GK-(SIM)10 and (SIM)10 from 3 and 5 individual 
experiments, respectively, were used to perform this quantification. Data 
represent mean values ± s.d. Two-tailed t test was used, P = 0.3102.
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