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Arc weakens synapses by dispersing AMPA receptors from
postsynaptic density via modulating PSD phase separation
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In response to stimuli, the immediate early gene product Arc can acutely down-regulate synaptic strength by removing AMPA
receptors (AMPARs) from synapses and thus regulate synaptic plasticity. How Arc, a scaffold protein, can specifically facilitate
synaptic removal of AMPARs is unknown. We found that Arc directly antagonizes with PSD-95 in binding to TARPs, which are the
auxiliary subunits of AMPARs. Arc, in a highly concentration-sensitive manner, acutely disperses TARPs from the postsynaptic
density (PSD) condensate formed via phase separation. TARPs with the Ser residue in the “P-S-Y”-motif of its tail phosphorylated are
completely refractory from being dispersed by Arc, suggesting that Arc cannot displace AMPARs from PSDs in active synapses.
Conversely, strengthening the interaction between Arc and TARPs enhances Arc’s capacity in weakening synapses. Thus, Arc can
specifically and effectively modulate synaptic AMPAR clustering via modulating PSD phase separation. Our study further suggests
that activity-dependent, bi-directional modulation of PSD condensate formation/dispersion represents a general regulatory

mechanism for synaptic plasticity.

Cell Research (2022) 32:914-930; https://doi.org/10.1038/541422-022-00697-9

INTRODUCTION
The immediate early gene Arc (arg3.7) is one of the most
sensitively regulated genes in neurons of living animals and in
cultures in response to stimulations.”® Instead of being a
transcription factor, Arc encodes a multidomain scaffold protein
with its expression confined to brain and testis.” In brain, Arc is
exclusively expressed in CaMKIl-positive glutamatergic neurons in
neocortex and hippocampus.? Upon stimulation, Arc protein can
rapidly accumulate in postsynaptic protrusions including post-
synaptic densities (PSDs) via local protein synthesis.>*'® Longer-
term Arc synthesis requires transcription-mediated Arc mRNA
expression.>'""1? Synaptic Arc protein level is tightly regulated by
ubiquitin-mediated Arc protein turnover and Arc mRNA
degradation.'®' Accumulation of Arc in a synapse leads to
removal of AMPA receptors (AMPARs) thus weakens the
synapse.'”””"” Such Arc-mediated synapse weakening has been
implicated in multiple aspects of synaptic function, learning and
memory including long-term depression, synaptic scaling, and
memory storage.®'®22 Both chronic and acute genetic removal of
Arc in mice lead to various cognitive defects including spatial/
contextual, emotional, and social memory deficits."”?' Not
surprisingly, deregulation of Arc has been implicated in neuronal
disorders including fragile X syndrome, Angelman’s syndrome,
schizophrenia and Alzheimer's diseases among others.'*2%2324
Compelling evidence supports that synaptic Arc protein level is
inversely correlated with synaptic AMPAR clustering. In cultured
neurons, overexpression of Arc or activity-induced Arc level
increase leads to decreased surface AMPAR level®'*~72> Con-
versely, neurons derived from Arc KO mice have abnormally high

synaptic AMPARs and such neurons are defective in activity-
induced AMPAR down-scaling.'” In vivo, Arc can coordinate local
synaptic potentiation and depression by modulating redistribu-
tion of AMPARs between adjacent synapses on a dendritic spine.?®
Enrichment of Arc in inactive spines (also referred to as inverse
tagging of synapses) is promoted by its interaction with inactive
CaMKIIB.? Mechanistically, Arc-mediated removal of synaptic
AMPAR is thought to occur via Arc-enhanced endocytosis of the
receptors. Arc has been shown to bind to several proteins
including endophilin, dynamin and AP-2 subunit, all of which are
endocytic machinery proteins.'>*” However, it is unlikely that Arc-
associated endocytic machinery can directly access synaptic
AMPARs, which are insulated by the dense PSD assemblies. It is
known that the endocytic zones of synapses are located outside of
the PSD?®% thus endocytic cargoes of synaptic proteins including
AMPARs will need to be moved out of PSDs in order to be
endocytosed. A recent study revealed that the N-lobe of Arc GAG
domain can weakly but directly bind to several synaptic proteins
including Stargazin, GIuN2A/B, and GKAP, each containing a short
“P-X-Y/F"-motif in their sequences,® although functional implica-
tions of Arc’s bindings to these proteins are not clear.

A series of our recent studies have provided evidence showing
that PSDs are formed via liquid-liquid phase separation. Major
PSD scaffold proteins including PSD-95, SAPAP, Shank and Homer
interact with each other and with AMPARs forming intricate
molecular assemblies via specific and multivalent interactions.®'3*
Such PSD assemblies can autonomously form highly complex
molecular networks and cluster AMPARs on lipid membranes. The
PSD assembly formed via phase separation can be dispersed or
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enhanced by molecular events that are closely associated with
synaptic activities. For example, the PSD network complexity as
well as AMPAR cluster size is bi-directionally regulated by the
abundance of major scaffold proteins such as PSD-95 or Shank
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(i.e,, higher level of scaffold proteins promotes PSD assembly and
vice versa). Homer 1a, which is also the product of an immediate
early gene and its expression level in neurons oscillates between
sleep-wake cycle®® can effectively modulate PSD assembly

SPRINGER NATURE

915



X. Chen et al.

916

Fig. 1

Arc selectively disperses Stargazin in reconstituted PSD condensates. a Schematic diagram illustrating the imaging-based assay to

screen specific synaptic targets of Arc by using reconstituted PSD condensates. In each imaging experiment, only one protein was sparsely
labeled (at 2%) with iFluor-488. Unless otherwise specified, fluorescence labeling of proteins was at the 2% level throughout the study.
b Confocal microscope images showing the enrichments of iFluor-488 proteins in 7x PSD droplets during Arc titration. ¢ Quantitative analysis
showing the enrichment changes of each PSD component during Arc titration. The fluorescent intensities of the protein in each titration were
normalized to that obtained in the absence of Arc. Results were from three independent batches of imaging assays and presented as
means + SD. d DIC and fluorescence images showing the dispersion of the Stg/PSD-95 (15:5 uM) condensates by Arc. e DIC and fluorescence
images showing that Arc cannot disperse the GIuUN2B/PSD-95 (15:5 uM) condensates. f Quantification data showing the droplet numbers
formed by Stg and PSD-95 in d and by GIuN2B/PSD-95 in e during the Arc titrations. At each titration point, the droplet number was
normalized to that obtained in the absence of Arc. Results were from three independent batches of imaging assays and presented as
means + SD. g ITC-based measurements comparing Arc’s binding to Stg, GIuN2B and PSD-95. 200 uM Arc GAG domain in syringe was titrated

to 20 uM Stg, GIuN2B and PSD-95, respectively, in reaction cell.
<

formation via antagonizing the tetrameric isoforms of the Homer
family scaffolds®' The PSD condensate, due to its unique
organization nature afforded by phase separation, is ideally suited
for rapid, activity-dependent, and bi-directional modulations of
glutamate receptor clustering in synapses.3*3¢

We hypothesize that Arc, being a cytosolic protein enriched in
the PSD, is an ideal molecule to modulate the PSD condensate
formation and AMPAR clustering in response to neuronal
stimulations for the following several reasons. First, phase
separation of the PSD condensate is highly sensitive to the
concentration of each component within the PSD molecular
network and Arc exhibits rapid and highly dynamic activity-
dependent protein level changes in synapses. Second, extensive
studies have established that the Arc protein level in synapses is
intimately linked to synaptic activities. Third, Arc directly binds to
the AMPAR auxiliary subunit TARPs including Stargazin, and thus
Arc may modulate the PSD condensate network in a
concentration-dependent manner. We tested our hypothesis in
this study. We demonstrate that an elongated sequence from the
tail of TARPs binds to both the N- and C-lobe of Arc GAG domain
with an affinity much higher than previously identified interac-
tions between “P-S-Y"-motif peptides and Arc. Arc directly
antagonizes the interaction between PSD-95 and TARPs because
the Arc-binding region and the PSD-95-binding region on TARPs
overlap with each other. Importantly, Arc at its physiologically
relevant concentration level can effectively disperse AMPARs from
the PSD condensate. Thus, Arc may facilitate synaptic AMPAR
removal by dispersing the receptors from PSD for subsequent
endocytic removal.

RESULTS
Arc selectively disperses Stargazin in reconstituted PSD
condensates
To investigate possible roles of Arc in modulating PSD assembly,
we took advantage of the reconstituted PSD condensates with
slight modifications.3'*? In addition to the scaffold proteins
including PSD-95, GKAP, Shank3 and Homer3 and a synaptic
enzyme SynGAP, we have also included the entire cytoplasmic tail
of Stargazin (referred to as Stg from hereon) and a long fragment
of GIuN2B C-terminal tail in the reconstituted PSD system studied
here (Fig. 1a and Supplementary information, Fig. S1). The Stg and
the GIuN2B C-terminal tail (termed as GIUN2B in the following)
were used as proxies of AMPARs and NMDARs, respectively, for
probing their interactions with the PSD condensates. This seven-
protein mixture, named as “7x PSD", formed PSD condensates via
phase separation with all seven proteins massively concentrated
in the condensed phase (the far-left panels of images in Fig. 1b).
Next, we tested potential regulatory roles of Arc on the PSD
assembly using the “7x PSD” system by increasing concentrations
of purified full-length Arc protein, a process mimicking acute Arc
concentration increase in synapses. To avoid possible imaging
artifacts from signal crosstalk between different fluorophores, only
one PSD component in the “7x PSD” system was sparsely labeled
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with iFluor-488 dye in each titration, so that seven parallel titration
experiments were performed in order to measure the impact of
Arc on the assembly of each component into the PSD condensate
(Fig. 1a). During the titration, the concentration of each
component in the “7x PSD” system was fixed at 5uM and Arc
was increased from 0 to 20 uM. The fluorescence signal of each
component was recorded by confocal microscope under the
identical imaging setting (Fig. 1a). Increasing the concentration of
Arc selectively reduced the enrichments of Stg, GIuN2B, PSD-95
and SynGAP, all of which are the upper layer PSD proteins. In
contrast, the PSD condensate enrichments of the lower layer of
PSD scaffold proteins including GKAP, Shank3 and Homer3, were
not affected by Arc (Fig. 1b, c). Among the upper layer proteins
that were dispersed from PSD condensates by Arc, Stg showed its
exquisite sensitivity to Arc concentration. For example, addition of
an equal molar amount of Arc (5 uM) led to dispersion of >50% of
Stg from the PSD condensates (Fig. 1c), suggesting that Stg may
be a specific synaptic target of Arc.

As Stg and GIuN2B can individually undergo phase separation and
form stable condensates with PSD-95,>**” we moved to the “2x PSD”
systems (the Stg/PSD-95 condensate and the GIuN2B/PSD-95
condensate) to dissect the mechanism underlying Arc-induced
molecular component dispersions from the PSD condensates. Like
the results from the “7x PSD” system, we observed a sharp, Arc
concentration-dependent dispersion of the Stg/PSD-95 condensates
formation during the Arc titration (Fig. 1d, quantified in 1f). In
contrast, the impact of Arc on the GIUN2B/PSD-95 condensate was
milder and roughly linearly proportional to the Arc concentration,
implying a rather non-specific impact of Arc on the system (Fig. e, f).
Our above finding nicely correlates with previous discoveries
showing that overexpression of Arc in cultured neurons selectively
decreased synaptic AMPAR level but had no impact on synaptic
NMDARs.'® It is noted that, in our in vitro reconstituted PSDs, Arc
alone is sufficient (i.e. in the absence of any endocytic elements) to
disperse Stg from the PSD condensates. Quantitative binding
experiments revealed that the Arc GAG domain specifically binds
to Stg with a medium-to-strong affinity (Ky ~2.80 uM). Whereas Arc
showed a much weaker binding to GIUN2B (K4 ~22.3 uM) and had no
detectable binding to PSD-95 (Fig. 1g; see Fig. 2a for schematics of
protein/protein interactions). Thus, it appears that, via direct and
specific binding, Arc can disperse Stg from the PSD condensates.

Molecular determinants of Arc-Stg interaction

Next, we delineated the detailed molecular mechanism underlying
the specific interaction between Arc and Stg. Arc is a multidomain
protein composed of two N-terminal coiled-coil domains, a central
unstructured linker, and a C-terminal conserved GAG domain,
which can be further divided into N-lobe and C-lobe (Fig. 2a).
Recent structural studies revealed that Arc uses the N-lobe of its
GAG domain to bind to a short “P-X-Y/F”-motif containing synaptic
proteins including Stg, GIuUN2A/2B, CaMKlla and IQSEC2.3°*® The
binding affinity of GAG to a hydrophobic dye-labeled Stg peptide
(RIPSYR) is around 60 uM3° and to an unlabeled and slightly longer
peptide (RIPSYRYRY) is about 240 uM (see Fig. 2g below). In
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contrast, the full-length Arc or its GAG domain binds to Stg with a
much stronger affinity (Ky ~5-6 uM; Fig. 2b), indicating that the
C-lobe of GAG is also involved in binding to region(s) of Stg
outside its “P-S-Y”-motif.

Cell Research (2022) 32:914-930

Arc concentration (uM)

Truncation-based mapping experiments revealed that the
N-lobe of GAG alone showed a ~3-fold weakening in binding to
Stg, whereas the C-lobe alone had no detectable binding by the
ITC experiment (Fig. 2b), indicating that the N-lobe of GAG is the
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Fig. 2 The mechanism underlying the interaction between Stg and Arc. a Schematic diagram showing the domain organizations of Arc,
Stargazin and PSD-95. The interaction mode between Arc and Stargazin revealed in this study is marked in red line. The binding mode
between PSD-95 and Stargazin characterized previously® is marked in green line. b ITC-based measurements comparing Stg’s binding to Arc,
GAG, and the N-lobe and C-lobe of GAG. 200 uM Stg in syringe was titrated to 20 uM individual proteins indicated above. c Selected regions of
the "H,">N HSQC spectra of GAG N-lobe with or without addition of an excess amount of Stg (see Supplementary information, Fig. S2a for the
full spectra). d Selected regions of the 'H,"”N HSQC spectra of the GAG domain with or without addition an excess amount Stg. Residues
corresponding to the GAG C-lobe are colored in green. (see Supplementary information, Fig. S2b for the full spectra.). e Mapping of the
backbone amide chemical shift changes of N-lobe (left) or GAG (right) induced by Stg binding to their respective structures (see
Supplementary information, Fig. S2 for details). f Surface representation showing the electrostatic potential of GAG contoured at +7 kT/e.
Mutations in Arc 7NQ and Arc 3E are indicated in green and orange boxes, respectively (also see Supplementary information, Fig. S5b). g Left:
ITC-based measurements showing Arc’s binding to Stg 9aa and Stg R7A. 200 uM Stg 9aa or Stg R7A in syringe was titrated to 20 uM Arc.
Middle: Comparisons of Stg’s binding to Arc 7NQ and Arc 3E. 200 uM Stg in syringe was titrated to 20 uM each indicated Arc mutant. Right: the
measured Ky values. h Fluorescence images showing the phase separation of Stg and PSD-95 in the presence of Arc 3E or Arc 7NQ. 15 uM Stg
and 5 pM PSD-95 were pre-mixed for condensation, followed by the addition of individual Arc mutant with indicated concentration. Note that
the images of Arc WT (top row) are the same as those in the middle row of Fig. 1d, as these are from the same experiment and Arc WT serves
as the control for comparing the results from the two panels. i Quantification data showing the droplet numbers formed by Stg and PSD-95 in
h. Results were from three independent batches of imaging assays and presented as means + SD. Again, the quantification for “WT" is the

same as the curve of “Stg & PSD-95" in Fig. 1f.
<

primary binding site for Stg and the C-lobe plays an auxiliary role
in enhancing Arc’s binding to Stg.

We used NMR spectroscopy to visualize the binding of both N-
and C-lobe of the Arc GAG domain to Stg. Titrating Stg to the
>N-labeled GAG N-lobe induced specific chemical changes to the
residues in the Stg “P-S-Y"-motif binding pocket of the N-lobe
(Fig. 2¢, e, left), which is in line with the reported structural
studies.>*® Notably, in addition to chemical shift changes in the
N-lobe, titrating Stg to the '°N-labeled GAG domain induced peak
broadening of many residues in different sub-regions in the
C-lobe (Fig. 2d, e; Supplementary information, Fig. S2a, b),
indicating that the C-lobe of GAG weakly interacts with residues
C-terminal to the “P-S-Y"-motif in Stg (Fig. 2e). Consistent with
binding strengths of various Arc fragments to Stg (i.e., GAG > N-
lobe > C-lobe), the GAG domain of Arc robustly dispersed
condensates formed by PSD-95 and Stg, whereas the C-lobe only
showed a mild effect (Supplementary information, Fig. S3a, b). The
full-length Arc was more effective than the GAG domain in
dispersing the Stg/PSD-95 condensates (Supplementary informa-
tion, Fig. S3a, b), although the full-length Arc and GAG display
same affinity in binding to Stg (Fig. 2b). This is likely due to
increased avidity of the full-length Arc in binding to Stg caused by
dimerization of Arc by its the N-terminal coiled-coil domain.

The C-lobe of the Arc GAG domain contains two negatively
charged surfaces that are juxtaposed to the Stg “P-S-Y"-motif
binding pocket of the N-lobe (Fig. 2).3® Importantly, the “P-S-Y"-
motif of Stg is immediately followed by a stretch of Arg residues (7
conserved Arg residues referred to as the Arg-motif; Figs. 2a and 3a).
Thus, the charge-charge interaction between the Arg-motif of Stg
and the C-lobe of GAG enhances the overall binding as well as the
interaction specificity between Arc and Stg. We validated the above
analysis with biochemistry experiments.

First, a short 9-residue peptide containing the “P-S-Y”-motif of
Stg (Stg 9aa, 225-RIPSYRYRY-233) showed a remarkably weak
affinity in binding to Arc (K4 ~240 uM; Fig. 2g), indicating that the
short “P-S-Y"-motif alone is not sufficient for Stg to bind to Arc.
Second, neutralization of seven Arg residues in the Stg Arg-motif
with Ala (R230, R232, R235, R236, R238, R242, R250 to A, termed as
Stg R7A) also dramatically weakened the interaction between Arc
and Stg (Kq ~90 uM; Fig. 2g), confirming that the Arg-motif of Stg
is indispensable for the interaction between Arc and Stg.
Consistently, NMR-based titration experiments revealed that,
compared to Stg WT, the Stg R7A mutant showed dramatically
weakened chemical shift perturbation to the >N-GAG domain
(Supplementary information, Fig. S4). In particular, there was no
detectable chemical shift perturbations to the residues in the
C-lobe of GAG when titrating with Stg R7A (Supplementary
information, Fig. S4c), further supporting that the Arg-motif of Stg
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interacts with the C-lobe of GAG. Third, neutralizing the negatively
charged surfaces on the GAG domain by replacing seven exposed
Glu and Asp with GIn and Asn, respectively (E215Q, D216N, E282Q,
D289N, D315N, D317N, E320Q, named as Arc 7NQ; Supplementary
information, Fig. S5a) weakened the binding between Arc and Stg
(Fig. 2f, g and Supplementary information, Fig. S5b). Conversely,
further increasing the negative charge density in the regions near
the negatively charged surfaces of the GAG C-lobe by introducing
three extra Glu residues (by replacing T278, Q285, and Q323 with
Glu and the mutant is donated as Arc 3E; Fig. 2f and
Supplementary information, Fig. S5b) led to several fold enhance-
ment on the Arc/Stg interaction (Fig. 2g). Fully consistent with the
above binding experiments, Arc 7NQ was much less capable of
dispersing the Stg/PSD-95 condensates, whereas the Arc 3E
mutant was even more potent than the WT protein in dispersing
the Stg/PSD-95 condensates (Fig. 2h, i). By comparing the circular
dichroism (CD) spectrum of each mutant with that of WT Arc, we
concluded that the mutations introduced to Arc 7NQ or Arc 3E did
not alter the overall folding of the protein (Supplementary
information, Fig. S5c-e).

Taken together, our above biochemical studies have revealed a
revised binding mode between Arc and Stg as illustrated in Fig. 2a.
The “P-S-Y"-motif and the following Arg-motif bind to the N- and
C-lobe of Arc GAG domain, respectively. The two binding sites
together generate specific and strong interaction between Arc
and Stg. Importantly, we showed recently that the Arg-motif of Stg
is also critical for binding to PSD-95.3? Thus, the Arc dosage-
dependent PSD condensate dispersion observed in Fig. 1 is likely
mediated by a direct competition of Arc with PSD-95 for binding
to Stg. Since the Stg/PSD-95 interaction (or interactions between
TARPs and MAGUKSs) is critical for AMPAR synaptic clustering via
phase separation,® Arc can act as an effective regulator in
modulating AMPAR synaptic clustering by competing with PSD-95
for Stg and thus dispersing AMPARs from the PSD condensate.

Phosphorylation of S228 in the “P-S-Y”-motif of Stg renders
the PSD condensate insensitive to Arc
Stargazin, as well as other TARP family members such as TARP y-8,
undergoes extensive activity-dependent phosphorylation.3*™** Ser
residues within the cassette containing the “P-S-Y"-motif and the
Arg-motif (Fig. 3a) are prime phosphorylation sites.*> Phosphor-
ylation in this region is reported to modulate TARPs interactions
with both phospholipids and PSD-95 and in turn regulates
synaptic targeting of AMPARs.3>*'*3 There are nine Ser residues
in the Stg cassette, with one located in the “P-S-Y"-motif and the
rest scattered along the Arg-motif (Fig. 3a).

To verify whether Stg phosphorylation changes its interaction
with Arc, we generated nine different Stg variants each with
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individual Ser-to-Asp replacement to mimic Ser phosphorylation.
Imaging-based assay showed that none of the mutations had
large impact on phase separation between Stg and PSD-95
(Fig. 3b, upper panel; quantified in Fig. 3c). Except for the $S228D
Stg mutant, Arc could effectively disperse condensates formed
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Arc concentration (uM)

between PSD-95 and each of the Stg mutants (Fig. 3b bottom
panel, ¢). Consistent with this finding, $228D Stg showed a 6-fold
decrease in binding to Arc. In contrast, the rest of the eight
phosphorylation-mimicking mutants of Stg showed no or modest
changes in binding to Arc (Fig. 3d, e). In parallel, we demonstrated
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Fig. 3 Phosphorylation of S228 in the “P-S-Y”-motif of Stg renders PSD condensates insensitive to Arc. a Sequence alignment showing
conserved motifs identified in the cytoplasmic tails of the TARP family members. Featured motifs are denoted by colored circles and triangles
as indicated. H Homo sapiens, m Mus musculus. b Fluorescence images showing the phase separation of PSD-95 with individual Stg Ser-to-
Asp variants without (up) or with addition of Arc (down). 15 uM individual Stg mutant and 5 uM PSD-95 were pre-mixed and 20 uM Arc was
added for dispersion. ¢ Quantification data showing the droplet numbers formed by PSD-95 and each individual Stg mutant in (b). Results
were from three independent batches of imaging assays and presented as means + SD. d ITC-based measurements showing Arc’s binding to
different Stg phosphorylation-mimicking variants. 200 uM individual Stg mutant in syringe was titrated to 20 uM Arc. e Table summarizing Ky
values of each Stg variant binding to Arc (green) or to PSD-95 (pink). f Schematic diagram illustrating the imaging assay to simultaneously
visualize Arc-mediated dispersion of Stg WT, Stg 5228D, and GIuN2B. For PSD reconstitutions, 2.5 uM Stg WT, 2.5 uM Stg S228D and 5 uM
GIuN2B were mixed with 4x PSD condensates formed by PSD-95, GKAP, Shank3 and Homer3 (each at 5 uM). g Confocal microscope images
showing the droplet enrichment changes of Stg WT, Stg-S228D and GIuN2B in the PSD condensates as a function of Arc concentration.
h Quantification of data in g showing the enrichment changes of Stg WT, Stg-5228D and GIuN2B during Arc titration. Results were from three

independent batches of imaging assays and presented as means + SD.

that none of these nine Stg mutants had any impact on Stg's
binding to PSD-95 (Fig. 3e and Supplementary information,
Fig. S6). Finally, using synthetic phospho-Stg peptides, we showed
that phosphorylation of Ser228 prevented Stg from being
dispersed by Arc from the Stg/PSD-95 condensates. In contrast,
Arc could effectively disperse Ser237 phosphorylated Stg from the
Stg/PSD-95 condensates (Supplementary information, Fig. S7).

Then we used our “7x PSD” reconstitution system to test whether
Arc might selectively disperse Stg from the PSD condensates. In this
assay, we mixed equal amount of Stg WT and Stg S228D with
GIuN2B, PSD-95, SynGAP, GKAP, Shank3 and Homer3. We simulta-
neously labeled GIuN2B, Stg WT and 5$228D with different dyes and
recorded the fluorescent intensities of each protein in droplets
during the Arc titration (Fig. 3f). As expected, Stg WT was potently
dispersed by Arc. In contrast, Stg $228D, much like GIuN2B, was
resistant from being dispersed by Arc (Fig. 3g, h).

In summary, we discovered that phosphorylation of Ser228 in
Stg can specifically weaken its binding to Arc but not to PSD-95.
Thus, phosphorylation of Ser228 can essentially eliminate Arc’s
capacity in dispersing Stg from the PSD condensate. This finding
may be directly linked to well established observation that Arc
selectively down-regulates AMPAR level in inactive synapses.” We
picture that phosphorylation of Ser228 of Stg does not occur in
inactive synapses and thus Arc enrichment in such synapses (e.g.,
via binding to inactive CaMKIl) can effectively disperse AMPARs
from PSD for subsequent endocytosis.

Arc downregulates Stg and TARP y-8, but not TARP y-3

In TARPs, the Ser in the “P-S-Y"-motif is conserved among Stargazin,
TARP y-4 and TARP y-8, but not in TARP y-3, which is a Pro instead
(Fig. 3a). The “P-S-Y"-motif on Stargazin forms a B-strand upon
binding to the GAG N-lobe** With Pro in the “P-X-Y"-motif is expected
to dramatically weaken TARP y-3’s binding to Arc. We tested this
hypothesis by performing quantitative [TC-based binding measure-
ments between the GAG domain and the entire cytoplasmic tail of
both TARP y-8 and TARP y-3 (termed as y-8 and y-3 from hereon).
Similar to Stg, y-8 was found to bind to Arc with high affinity. In fact,
the binding between Arc and y-8 is slightly stronger than that
between Arc and Stg (Fig. 4a). In contrast, y-3 showed a very weak
binding (Ky > 60 uM) to Arc. Notably, replacing Pro226 (the Pro in the
“P-P-Y"-motif) with Ser converted y-3 into a strong Arc binder (Fig. 4a).

Totally consistent with the above biochemical analysis, Arc could
very effectively disperse the y-8/PSD-95 condensates, likely due to
its stronger binding to Arc compared to other TARPs (Fig. 4b, c). In
contrast, Arc could not disperse the y-3/PSD-95 condensates.
However, Arc could effectively disperse the condensates formed by
the P226S mutant of y-3 with PSD-95 (Fig. 4d, e).

Synapses in certain brain regions simultaneously express
multiple isoforms of TARPs.****> We investigated whether Arc
might display certain selectivity in dispersing different isoforms
of TARPs from condensates formed by PSD scaffold proteins.
We mixed Stg, y-8 and y-3 (each at 2.5 uM and labeled with
different fluorophores; Fig. 4f) with five other PSD components
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(PSD-95, SynGAP, GKAP, Shank3, and Homer3; each at 5puM,
with Shank3 labeled with Alexa-647). In the absence of Arg, all
three TARPs were highly concentrated in the reconstituted PSD
condensates (Fig. 4g). We then titrated the PSD condensates
with Arc and quantified the dispersion of each TARP from the
PSD condensates as a function of increasing concentrations of
Arc added. We discovered that y-8, likely due to its strongest
binding to Arc, was most effectively dispersed from PSD
condensates by Arc. Stg could also be dispersed by Arc, though
less effectively compared to y-8. Arc could not disperse y-3 from
the PSD condensates (Fig. 4g, h). In fact, the enrichment of y-3
in the PSD condensates was slightly increased upon Arc
addition, likely due to additional binding slots freed up by
dissociation of y-8 and Stg from PSD-95. It is interesting to note
that the dominant TARP isoform expressed in hippocampus of
mice is y-8, and the activity of hlppocampal neurons is highly
sensitive to the dosage of Arc.>

Arc effectively disperses PSD condensate-mediated Stg
clustering on lipid membranes
In synapses, the PSD is tethered to postsynaptic membranes by
AMPARs and in return the PSD clusters AMPARs through direct
TARP/MAGUK interactions. We showed that adding the PSD
scaffold proteins to membrane-tethered Stg could be used as a
proxy to study PSD formation and PSD-mediated AMPAR
clustering on membrane surface via phase separation (Fig. 5a).3'3?
Consistent with our earlier findings, PSD components including
PSD-95, GKAP, Shank3 and Homer3 (each in 1 uM concentration)
induced formation of sub-micron-sized clusters enriched with Stg on
supported lipid bilayers (SLBs). The membrane clustering of Stg was
progressively diminished when increasing amount of Arc was added
(Fig. 5b). It is noted that in this membrane system, Arc could
effectively disperse Stg clustering with Arc concentration as low as
0.5-1 uM (Fig. 5b). We further investigated the capabilities of the Arc
3E and Arc 7NQ mutants in dispersing PSD condensate-mediated Stg
clustering on membrane surface. Arc 3E was even more potent in
dispersing Stg clustering than Arc WT did, whereas Arc 7NQ could
not disperse Stg clustering on membrane surface (Fig. 5¢, d).
Finally, we evaluated the clustering of the Stg $228D mutant on
lipid membranes by the PSD condensates. On SLBs, Stg $228D
formed clusters upon addition of PSD scaffold proteins as
effectively as Stg WT did (Fig. 5e, f). Different from Stg WT, the
clustered Stg $228D mutant could not be dispersed by Arc WT, Arc
3E, or Arc 7NQ (Fig. 5e, f), indicating that phosphorylation of
Ser228 in the “P-S-Y"-motif of Stg does not impact its clustering by
the PSD scaffold proteins on the membrane surface, but the
formed Stg clusters are refractory from being dispersed by Arc. We
repeated the same sets of the experiments shown in Fig. 5c—f but
by replacing Stg with y-8. Arc could effectively disperse y-8
clustering induced by PSD condensates on membrane surface, but
the PSD condensate-mediated clustering of y-8 S264D (corre-
sponding to $228D on Stg) could not be dispersed by Arc WT or
Arc 3E (Supplementary information, Fig. S8).
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Acute Arc concentration-dependent dispersion of Stg from This is in apparent odd with the fact that PSD-95 binds to Stg with
the PSD condensate is a unique property manifested by phase a ~10-fold higher affinity than Arc does to Stg (Fig. 6a). Following
separation the equilibrium theory underlying the direct competition between
The biochemical data shown in Fig. 1 showed that the phase- Arc and PSD-95 in binding to Stg in dilute solution, Arc would need
separation of PSD-95 and Stg is very sensitive to Arc concentration. to be at concentrations much higher than that of PSD-95 in order
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Fig. 4 Arc selectively disperses Stg and TARP y-8, but not TARP y-3, from the PSD condensates. a ITC-based measurements showing Arc’s
binding to y-8, y-3 WT, and y-3 P226S. 200 yM TARP_CT in syringe was titrated to 20 uM Arc GAG. b Fluorescence images showing the phase
separation of PSD-95 (5 uM) and y-8 (15 uM) with or without addition of Arc (20 uM). ¢ Quantification data showing the droplet numbers
formed by y-8 and PSD-95 in b. Results were from 3 independent batches of imaging assays and presented as means + SD. d Fluorescence
images showing the phase separation of PSD-95 (5uM) and y-3 WT or y-3 P226S (15uM) with or without addition of Arc (20 uM).
e Quantification data showing the droplet numbers formed by PSD-95 and y-3 WT or y-3 P226S in d. Results were from 3 independent batches
of imaging assays and presented as means + SD. f Schematic diagram illustrating the imaging assay to simultaneously visualize Stg WT, y-8,
and y-3 with increasing concentration of Arc. 2.5 uM Stg, 2.5 uM y-8 and 2.5 uM y-3 were mixed with 4x PSD condensates formed by PSD-95,
GKAP, Shank3 and Homer3 (each at 5 pM). As high concentration of total TARPs led to heterogeneous distributions of different PSD proteins
inside each single droplet (data not shown here), we used a special form of GKAP (with Ser-phosphorylation on the third GK-binding-repeat to
enhance GKAP’s association to PSD-95) to stabilize our reconstitution system thus allowing all the PSD proteins to perfectly colocalize.>
g Confocal microscope images showing the droplet enrichment changes of Stg WT, y-8, y-3 and Shank3 in PSD droplets during the Arc
titration. h Statistics analysis showing the enrichment changes of Stg WT, y-8, y-3 and Shank3 during the Arc titration in g. Results were from 3
independent batches of imaging assays and presented as means + SD.

to effectively disrupt the PSD-95/Stg complex. Thus, it appears that,
in the condensed phase formed by phase separation, the
competition between Arc and PSD-95 in binding to Stg does not
follow the conventional equilibrium theory.

We designed another competition experiment to test this
hypothesis. Mimicking protein concentrations in living synapses,*
we fixed PSD-95 at 100 uM and Stg at 25 pM. Under this condition,
Stg was saturated by PSD-95 and the mixture underwent phase
separation to form highly dense PSD-95/Stg droplets (Fig. 6b).
Next, we titrated Arc into this phase separated PSD-95/Stg
mixture. Remarkably, Arc could disperse the PSD-95/Stg con-
densates with exquisite sensitivity (Fig. 6b, c). For example, in the
presence of 10 uM Arc (i.e,, at a 2.5-fold lower concentration of Stg
and only 1/10 of PSD-95), ~80% of PSD-95/Stg droplets were
dispersed. We plotted the normalized number of PSD-95/Stg
droplets as a function of the Arc concentration and observed a
sharp Arc concentration-dependent dispersion curve for the PSD-
95/Stg condensates (Fig. 6d, orange curve), reflecting a highly
cooperative process for phase separation to occur or to disperse.
In a stark contrast, if the competition between Arc and PSD-95 in
binding to Stg follows the equilibrium theory in dilute solution
(Fig. 6d, the simulated curve in blue), Arc-mediated PSD-95/Stg
condensate dispersion barely begins at 100 uM Arc and only ~50%
of Stg would dissociate from PSD-95 when Arc reached 1000 pM.
Obviously, Arc would never reach such high concentration in
synapses. Additionally, the simple competition model (i.e., the
non-cooperative hyperbolic curve in blue, Fig. 6d) could not
support acute Arc-concentration dependent dispersion of AMPARs
from the PSD.

Hence, we propose that phase separation-mediated condensation
of AMPAR:s (as the result of direct binding of TARPs to MAGUKs in the
PSD condensate) not only allows stable localization and clustering of
AMPARs at synapses, but also builds in unique regulatory mechan-
isms for dynamic regulations of AMPARs in response to different
synaptic stimulations. In this study, we discovered that Arc can
acutely and sensitively disperse the PSD condensate-mediated Stg
clustering even though it binds to Stg weaker than PSD-95 does
(Fig. 6e). Once dispersed from the condensed PSD, AMPARs can be
effectively removed from synapses via endocytosis.'> Our finding is
in line with numerous reported findings in the literature that Arc can
acutely down-regulate synaptic AMPAR level and thus modulate
synaptic plasticity.'>'® The model depicted in Fig. 6e further predicts
that phase separation-mediated AMPAR clustering by the PSD
condensate allows synapses to be sensitively (both in terms of time
and by molecular components) and bi-directionally modulated by
synaptic stimulations.

Arc disrupts synaptic localization of Stargazin via specific
interaction

We next asked whether Arc modulates Stargazin synaptic
targeting through the binding mode characterized by our
biochemical studies. We transfected N-terminally GFP-tagged
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Stargazin full-length (named as GFP-Stargazin) into mature
primary hippocampal neurons (DIV16-18). GFP-Stargazin alone
showed perfect synaptic localization indicated by GFP spine/shaft
signal ratio (Fig. 7a, b). Next, full-length, WT Arc with a C-terminal
mCherry tag was expressed to mimic Arc upregulation. The
synaptic localization of GFP-Stargazin was impeded by the
overexpression of Arc-mCherry (~40% decrease compared to the
control). Compared with WT, Arc-mCherry 3E was even more
potent in dispersing GFP-Stargazin clustering in the synapses
(~70% decrease compared to the control). The loss-of-function
mutant of Arc, Arc-mCherry 7NQ, instead showed no impact on
the synaptic targeting and clustering of GFP-Stargazin (Fig. 7a, b).

We also tested how phosphorylation on Ser228 might
potentially influence Arc-mediated Stargazin synaptic dispersion.
We used GFP-Stargazin S228D mutant to mimic constitutive
phosphorylation of Ser228 in its “P-S-Y"-motif. In parallel, we used
GFP-Stargazin S228A mutant to mimic non-phosphorylated
Stargazin. GFP-Stargazin S228A behaved similarly as GFP-
Stargazin WT as it also underwent synaptic dispersion by Arc-
mCherry WT and 3E but was refractory to the Arc 7NQ mutant
(Fig. 7¢c, d). In contrast, GFP-Stargazin S228D, was resistant to the
overexpression of the WT as well as all of three mutants of Arc
(Fig. 7e, f). Taken together, the above neuronal culture experi-
ments, together with in vitro biochemical studies, indicate that
Arc-mediated Stargazin down-regulation from synapses is likely
via specific interaction between Arc and Stargazin and its
consequent dispersion from the PSD condensate.

Arc GAG domain is sufficient in dispersing Stargazin clustering
in synapses

Arc facilitates AMPAR endocytosis in synapses via direct interac-
tion with endophilin or dynamin.'> Our study above suggests that
Arc down-regulates AMPAR clustering via dispersing its condensa-
tion in the PSD. We asked whether Arc-TARP interaction may
affect its binding to the two endocytic proteins. We found that Arc
GAG domain has no detectable binding to dynamin2 or to
endophilin3 (Supplementary information, Fig. S9), suggesting that
the Arc-TARP interaction is independent of the Arc-endocytic
machineries interactions. To further delineate the mechanism
underlying the Arc-mediated AMPAR removal from synapses, we
tested whether the Arc GAG domain (i.e,, an Arc mutant lacking
endophilin binding) might be sufficient in down-regulating
Stargazin synaptic clustering in cultured neurons. To simplify our
assay system, we replaced the entire Stargazin extracellular and
transmembrane domains with the single transmembrane helix
from platelet-derived growth factor receptor (PDGFR) and the
resulted construct was named as GFP-PDGFR-TM-Stg_CT. GFP-
PDGFR-TM-Stg_CT was completely disassociated from the core
AMPARs and thus avoided possible complications of its synaptic
trafficking and clustering contributed by the receptor core
subunits or other TARPs associated with the receptor core. As
reported,”® GFP-PDGFR-TM-Stg_CT was nicely trafficked to and
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Fig. 5 Arc effectively disperses PSD condensate-mediated Stg clustering on lipid membranes. a Schematic diagram showing the
clustering of Stg on SLBs by the PSD condensates formed by four scaffold proteins.?? In this assay, Stg was labeled with Alexa-555 at 5%
for fluorescent imaging. b Confocal microscope images showing that the PSD condensate-mediated membrane clustering of Stg is
progressively diminished upon addition of increasing amount of Arc. ¢ Confocal microscope images showing the membrane clustering of
Stg WT by the PSD condensates in the presence of Arc WT, Arc 3E and Arc 7NQ, respectively. d Statistics analysis showing the numbers of
Stg clusters on SLBs in the presence of Arc or its variants as shown in c. Results were from 3 independent batches of imaging assays and
presented as means + SD. e Confocal microscope images showing the membrane clustering of Stg S228D by the PSD condensates in the
presence of Arc WT, Arc 3E and Arc 7NQ, respectively. f Statistics analysis showing the numbers of Stg S228D cluster on SLBs as shown in
e. Results were from 3 independent batches of imaging assays and presented as means + SD. Scale bar, 4 pm.

clustered at synapses when expressed in hippocampal neurons
(Fig. 8a, b), illustrating the critical roles of the Stg/PSD-95
interaction and phase separation in Stargazin’s synaptic cluster-
ing.3? Expression of WT Arc GAG down-regulated GFP-PDGFR-TM-
Stg_CT synaptic clustering. The GAG 3E mutant, which has an
enhanced binding to Stg compared to WT GAG, was more potent
in dispersing GFP-PDGFR-TM-Stg_CT synaptic clustering. Conver-
sely, the GAG 7NQ mutant, which is defective in binding to Stg,
was not effective in dispersing GFP-PDGFR-TM-Stg_CT synaptic
clustering (Fig. 8a, b). We also constructed GFP-PDGFR-TM-Stg_CT
$228D and S228A mutants to assay their dispersions by the Arc
GAG. Similar to what was observed for the full-length Arc in Fig. 7,
GFP-PDGFR-TM-Stg_CT S228A could be effectively dispersed by
Arc GAG, whereas the GFP-PDGFR-TM-Stg_CT S228D mutant did
not respond to the Arc GAG domain (Fig. 8¢, d). The above
experiments indicated that the binding between Arc GAG domain
and the Stargazin tail is necessary and sufficient to disperse
Stargazin from synapses. It should be noted that our experiment is
not contradictory to endocytosis mediated AMPAR removal upon
Arc increase in synapses. Dispersion of AMPARs from the PSD by
Arc presumably moves PSD-clustered AMPARs to extra-synaptic
regions of synapses, which become accessible to the endocytic
machinery (Fig. 6e).

Finally, we tested whether the sensitive, Arc-dependent
dispersion of Stg from the PSD-95/Stg condensates could occur
in synapses using the simplified but highly specific GFP-PDGFR-
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TM-Stg_CT and Arc GAG system. Overexpression of PSD-95
together with GFP-PDGFR-TM-Stg_CT led to enhanced synaptic
clustering of GFP-PDGFR-TM-Stg_CT (Fig. 8a, b vs e, f),
presumably due to enhanced PSD-95/Stg phase separation.?'3?
Under this PSD-95 overexpression condition, GFP-PDGFR-TM-
Stg_CT is likely saturated by PSD-95. If competition between Arc
GAG and PSD-95 for GFP-PDGFR-TM-Stg_CT operated with the
conventional equilibrium theory in dilute solution, Arc GAG
would be very hard to compete with PSD-95 in binding to GFP-
PDGFR-TM-Stg_CT. Our experiment suggested otherwise. WT Arc
GAG could down-regulate synaptic clustering of GFP-PDGFR-TM-
Stg_CT and the Arc GAG 3E mutant was more potent in doing
so. In contrast, the Arc GAG 7NQ mutant was not capable of
dispersing GFP-PDGFR-TM-Stg_CT clusters in synapses (Fig. 8e, f).
Thus, the results presented in Figs. 7 and 8 support the
model shown in Fig. 6e depicting Arc-mediated dispersion of
Stg and hence likely AMPARs from the PSD condensate in
synapses.

DISCUSSION

It is somewhat counter intuitive that Arc, one of most important
memory-related genes rapidly and robustly induced by various
neuronal activities,'>?%?' encodes a scaffold protein instead of a
transcription factor. The best-known function of Arc is to acutely
weaken synapses that are not stimulated (i.e., modulating Hebbian
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plasticity)® or to scale down activities of synapses in neurons with
high network activity (i.e., regulating homeostatic plasticity).'”
Mechanistically, Arc is required for removal of synaptic AMPARs
via endocytosis.”> Since the endocytic machinery is located
outside the PSD where clustered AMPARs are situated, there
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must be additional mechanism(s) underlying Arc-mediated
synaptic AMPAR removal.

In this work, we discovered that via simultaneously binding to
the “P-S-Y"-motif and the Arg-motif of the C-terminal tail of TARPs,
Arc specifically and effectively competes with PSD-95 in binding to
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Fig. 7 The specific Arc/Stg interaction is required for Arc-induced down-regulation of Stargazin from synapses. a Representative confocal
images of cultured rat hippocampal neurons expressing GFP-Stargazin, and mCherry or individual mCherry-tagged Arc WT, Arc 3E and Arc
7NQ, respectively. b Quantification of averaged GFP-Stargazin spine/shaft intensity ratio on rat hippocampal neurons expressing individual
Arc constructs. Error bars indicate + SEM. One-way ANOVA followed by Tukey’s post hoc test, n=7 neurons, 20-50 spines per neuron,
**¥P < 0.001, **P < 0.01, *P < 0.05. c Representative confocal images of cultured rat hippocampal neurons expressing GFP-Stargazin S228A, and
mCherry or individual mCherry-tagged Arc WT, Arc 3E and Arc 7NQ, respectively. d Quantification of averaged GFP-Stargazin S228A spine/
shaft intensity ratio on rat hippocampal neurons expressing individual Arc constructs. Error bars indicate + SEM. One-way ANOVA followed by
Tukey's post hoc test, n =7 neurons, 20-50 spines per neuron, ***P < 0.001, **P < 0.01, *P < 0.05. e Representative confocal images of cultured
rat hippocampal neurons expressing GFP-Stargazin S228D, and mCherry or individual mCherry-tagged Arc WT, Arc 3E and Arc 7NQ,
respectively. f Quantification of averaged GFP-Stargazin $228D spine/shaft intensity ratio on rat hippocampal neurons expressing individual
Arc genes. Error bars indicate + SEM. One-way ANOVA followed by Tukey’s post hoc test, n = 7 neurons, 20-50 spines per neuron, ***P < 0.001,

**P <0.01, ¥P < 0.05. Scale bar, 20 pm.
<

TARPs. Most importantly, due to this competition, Arc can disperse
TARPs (and thus AMPARs) from being concentrated and clustered
in the reconstituted PSD condensates, which are formed via
liquid-liquid phase separation. This Arc-mediated TARP dispersion
from PSD is exquisitely sensitive to the concentration of Arc, a
finding that matches well with numerous previously studies of
Arc-dependent AMPAR downscaling in cultured neurons and in
neurons of living animals.'®'7?%?® One may envision that acute
Arc protein level increase, via local mRNA translation and
subsequent specific Arc protein enrichment in an unstimulated
synapse,” disperses AMPARs from the PSD condensates and
facilitates the endocytosis of the dispersed receptors at the extra-
synaptic sites. This acute Arc-mediated AMPAR dispersion from
PSD may be a molecular mechanism underlying Arc’s function in
the Hebbian form of synaptic plasticity. Arc mRNA transcription is
also known to be dramatically upregulated upon neuronal
stimulations.'> There is a time-delay for Arc being translated
from these newly transcribed messengers. It is possible that this
form of Arc may be able to target synapses that were previously
activated, thus leading to a global downscaling of these synapses,
and thereby achieving Arc-mediated homeostatic synaptic scaling.
It appears that the unique temporal regulations of Arc biogenesis
and specific Arc enrichment into synapses at the basal state, both
of which are tightly linked with different forms of neuronal
stimulations, make the scaffold protein Arc ideal for modulating
synaptic plasticity.

Synaptic strength is directly and almost linearly correlated with the
physical size and PSD area of a synapse.”’ We have demonstrated
that phase separation likely underlies the formation of PSD and PSD-
mediated clustering of glutamate receptors.>' %7 Several hallmarks
of phase separation-mediated formation of condensed molecular
assemblies including PSDs are particularly attractive for activity-
mediated synaptic plasticity. First, phase separation-mediated PSD
formation is highly cooperative (i.e., with a switch-like property) and
very sensitive to concentrations of protein components, meaning
that synapse formation and growth or downsizing of synapses can be
rapidly induced by neuronal activity. Second, modulations of PSD
condensate formation or dispersion are also highly cooperative and
follow yet still unknown mechanism(s) that is distinctly different from
conventional equilibrium theory in dilute solutions. In this study, Arc
can cooperatively and very effectively disperse TARPs from the PSD
condensates in an Arc concentration range reachable in living
neurons, although Arc binds to TARPs with a ~10-fold weaker affinity
than PSD-95 does (Fig. 6). We showed in another example earlier that
Homer1a, the product of another immediate early gene Homer1a and
a synaptic scaffold protein, can effectively disperse the PSD
condensates by acting on the Homer/Shank node of the entire PSD
assembly network>' We anticipate that the PSD condensate, a
condensed molecular assembly falling into the regime of soft matter
physics, will continue to offer many new properties that do not exist
in the theoretical framework for dilution solutions. Third, PSD
condensate formation and dispersion are very sensitive to activity-
induced modifications of proteins. In this study, we showed that
phosphorylation of the Ser residue in the “P-S-Y”-motif of TARP's tail
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renders the PSD-clustered TARPs totally insensitive to Arc (Figs. 3 and
5). It is known that synaptic activation can lead to the phosphoryla-
tion of the Ser residue in the “P-S-Y"-motif of TARPs.** Thus, TARP-
bound AMPARs in active synapses are refractory to Arc-mediated
downscaling. In contrast, synapses with basal activities can enrich Arc
via binding to non-activated CaMKII3 and subsequently enhance
AMPAR removal by Arc-mediated dispersion from the PSD con-
densates. Conversely, in activated synapses, activation of CaMKIl can
effectively phosphorylate scaffold proteins including SAPAPs.>?
Phosphorylation of SAPAPs dramatically enhances its binding to
PSD-95, promotes phase separation of the PSD assembly, and
enhances formation of synapses with larger spine heads.>>** Thus,
Arc can facilitate Hebbian strengthening of activated synapses and
hetero-synaptic weakening of locally unstimulated synapses
simultaneously.?®

We demonstrated that Arc shows very different binding affinities
to the different isoforms of TARPs. It binds to TARP-y8 with the
highest affinity, to Stargazin with a slightly weaker affinity, and
almost no binding to TARP-y3. Interestingly, the binding affinities
between TARPs and Arc are nicely correlated with the ability of Arc in
dispersing TARPs from the PSD condensates (Fig. 4). Arc is most
effective in dispersing TARP-y8 from PSD but not capable of doing so
for TARP-y3. Different isoforms of TARPs are distinctly expressed in
different brain regions.*>*® It is possible that AMPARs with different
TARPs as auxiliary subunits may display different sensitivities to Arc in
terms of Arc-mediated synaptic removal. It is noted that TARP-y8 is
the dominant isoform of TARPs expressed in hippocampus in mice,
and hippocampal neurons are very sensitive in responding to Arc
level changes.

The TARP binding of Arc is likely an evolutionary gain of the
function that is diverged from its ancient GAG domain-mediated
capsid formation.>>*® Analytical ultracentrifuge (AUC) assay shows
that, in the presence of TARP_CT, the full-length Arc cannot
oligomerize but instead form a weak dimer in solution (Supple-
mentary information, Fig. S10). It is noted that, from the capsid
structure formed by Drosophila Arc, a short extension immedi-
ately preceding the N-terminal Arc GAG N-lobe binds to the same
pocket as the “P-X-Y"-motif peptides do to the GAG N-lobe. 3387
This N-terminal extension of the GAG domain is critical for Arc
capsid formation.”” Displacement of this N-terminal extension
from the Arc GAG N-lobe by TARP_CT provides an explanation to
why the TARP-bound Arc cannot form oligomeric capsid structure.

In summary, we have provided evidence indicating that Arc, via
directly binding to TARPs, may effectively disperse AMPARs from the
PSD condensates formed via phase separation. Such Arc-mediated
AMPAR dispersion from PSD may be a possible mechanism
underlying how Arc, as a scaffold protein, can effectively modulate
both Hebbian and homeostatic forms of synaptic plasticity.

METHOD DETAILS

Protein expression and purification

Sequences encoding various proteins were generated using
standard PCR-based methods, each cloned into a vector
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Fig. 8 The GAG domain of Arc is sufficient in dispersing Stargazin clusters in synapses. a Representative confocal images of cultured
mouse hippocampal neurons expressing GFP-PDGFR-TM-Stg_CT WT, iRFP670 (as the cell fill), and mCherry or individual mCherry-tagged GAG
WT, GAG 3E and GAG 7NQ, respectively. b Quantification of averaged GFP-PDGFR-TM-Stg_CT spine/shaft intensity ratios normalized with
iRFP670 in mice hippocampal neurons expressing individual Arc constructs. Error bars indicate + SEM. One-way ANOVA followed by Tukeys
post hoc test, “n” equals number of neurons with 20-30 spines per neuron, ***P < 0.001, **P < 0.01, *P < 0.05. c Representative confocal images
of cultured mouse hippocampal neurons expressing GFP-PDGFR-TM-Stg_CT S228A (up) or $228D (down), iRFP670, and mCherry or GAG-
mCherry. d Quantification of averaged GFP-PDGFR-TM-Stg_CT S228A or 5228D spine/shaft intensity ratios normalized with iRFP670 in mice
hippocampal neurons expressing mCherry or GAG-mCherry. Error bars indicate + SEM. One-way ANOVA followed by Tukey’s post hoc test, “n”
equals number of neurons with 20-30 spines per neuron, ***P <0.001, **P < 0.01, *P < 0.05. e Representative confocal images of cuItured
mouse hippocampal neurons expressing GFP-PDGFR-TM-Stg_CT WT, iRFP670, PSD-95, and mCherry or individual mCherry-tagged GAG WT,
GAG 3E and GAG 7NQ, respectively. f Quantification of averaged GFP-PDGFR-TM-Stg_CT spine/shaft intensity ratios normalized with iRFP670
in mice hippocampal neurons expressing individual Arc constructs. Error bars indicate + SEM. One-way ANOVA followed by Tukey’s post hoc
test, “n” equals number of neurons with 20-30 spines per neuron, ***P < 0.001, **P < 0.01, *P < 0.05.
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containing an N-terminal Trx-Hisg or a Hisg-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 (Agilent) in LB medium at 16°C
overnight and protein expression was induced by 0.25 mM IPTG
(final concentration) at ODgoo between 0.6 and 0.8. Uniformly
>N-labeled GAG and GAG N-lobe for NMR analysis were prepared
by growing bacteria in M9 minimal medium using '°’NH,Cl as the
sole nitrogen source. Typically, each recombinant protein was
purified using a nickel-NTA agarose affinity column followed by a
size-exclusion chromatography (Superdex 200 or Superdex 75)
with a column buffer containing 50 mM Tris, pH 8.0, 100 mM Nadl,
1 mM EDTA, 2 mM DTT.

For purifications of PSD-95 (UniProt: P78352-1) and Homer3
(UniProt: Q9NSC5-1), a mono Q ion-exchange chromatography
was added to remove DNA contamination and degraded proteins
after the size-exclusion chromatography by Superdex 200. After
cleavage by HRV 3C protease, the Trx-Hisg or Hisg-affinity tag was
separated by another step of size-exclusion chromatography
using Superdex 200 with the column buffer containing 50 mM Tris,
pH 8.0, 100 mM NaCl, 1 mM EDTA, 2 mM DTT.

Stg (NCBI: NP_031609, 203D-323V), y-8 (NCBI: NP_573453, 228E-
423V, without Ala341-Ala349 in our template) and y-3 (NCBI:
NP_062303.2, 202E-315V), GIuN2B (Uniprot: Q00960, 1170G-
1482V) were expressed at 37°C for 3h to minimize protein
degradation. For y-3 and GIuN2B, 8 M urea was used during the
Trx-Hise/Hisg-affinity purification step. Urea was removed imme-
diately after protein binding to the nickel-NTA agarose beads.
Proteins eluted from the affinity column were then purified by
Superdex 75 size-exclusion chromatography with a column buffer
containing 50 mM Tris, pH 8.0, 300 mM NaCl, 1 mM EDTA, 2 mM
DTT. After affinity tag cleavage by HRV 3C protease, a mono S ion-
exchange chromatography was used to remove the Trx-Hisg tag
and DNA contamination from TARP_CTs. Proteins were exchanged
into a working buffer containing 50 mM Tris, pH 8.0, 100 mM NaCl,
1 mM EDTA, 2mM DTT by a HiTrap desalting column.

Trx-Hisg-3C-Hisg-Stg and y-8, as well as their Ser-to-Asp mutants,
were expressed at 37 °C for 3 h and purified by nickel-NTA agarose
affinity chromatography in the presence of 8 M urea, followed by
Superdex 75 size-exclusion chromatography with a buffer containing
50 mM Tris, pH 8.0, 300 mM NaCl, 1 mM EDTA, 2 mM DTT. The affinity
tag was cleaved by HRV 3 C protease and removed by a step of
mono S ion-exchange chromatography. Each purified protein was
finally exchanged into a working buffer containing 50 mM Tris, pH
8.0, 300 mM NaCl, T mM TCEP by a HiTrap desalting column.

Protein fluorescence labeling

For amide labeling. Highly purified proteins were exchanged into
a NaHCOs buffer (containing 100 mM NaHCOs; pH 8.3, 300 mM
NaCl, 1 mM EDTA and 2 mM DTT) and concentrated to 5-10 mg/
mL. Alexa-647 NHS ester (Invitrogen) and iFluor-488/Cy3/iFluor-
405 NHS ester (AAT Bioquest) were dissolved by DMSO making
stock solutions at the concentration of 10 mg/mL. Each dye and
the protein to be labeled were mixed at a molar ratio of 1:1 and
the reaction was lasted for 1 h at room temperature. Reaction was
quenched by 200 mM Tris, pH 8.2. The fluorophores and other
small molecules were removed from the proteins by passing the
reaction mixture through a HiTrap desalting column with buffer
containing 50 mM Tris, pH 8.0, 100 mM NaCl, 1T mM EDTA and
2mM DTT.

For cysteine labeling. Hiss-Stg WT and S228D were labeled at a
specific site away from the Hisg-tag, the P-S-Y-motif, the Arg-motif
and PBM in order to minimize any potential impact of the
conjugated fluorophore on the binding of Stg to Arc or PSD-95.
Cys302, which is adjacent to PBM of Stg, was substituted with Ser.
Thr215 was then converted to Cys for the single site fluorophore
conjugation. For Hisg-y-8 WT and Hisg-y-8 S264D, Cys235 was
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substituted with Ser and Ser239 was converted to Cys for
fluorescence labeling. The resulting Hise-Stg and Hisg-y-8 (WT
and mutants) were each prepared in a labeling buffer (50 mM Tris,
pH 7.5, 300 mM NaCl, 1TmM EDTA and 1 mM TCEP) with final
concentration of 2 mg/mL. iFluor-555 maleimide (stock solution
with 10mg/mL in DMSO) were added with 1:1 protein-to-
fluorophore molar ratio and incubated for 1 h at room tempera-
ture. The fluorophores and other small molecules were removed
from the proteins by passing the reaction mixture through a
HiTrap desalting column with buffer containing 50 mM Tris, pH
8.0, 300 mM NaCl and 1 mM TCEP.

Fluorescence labeling efficiency was measured by Nanodrop
2000 (ThermoFisher). In imaging assays, fluorescence-labeled
proteins 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.'>? Briefly, proteins (with affinity tags
cleaved and removed) were prepared in a buffer containing
50 mM Tris, pH 8.0, 100 MM NaCl, 1T mM EDTA, and 2 mM DTT and
pre-cleared via high-speed centrifugations. Proteins were then
mixed or diluted with buffer to designated combinations and
concentrations. For imaging assay, protein samples were injected
into a homemade flow chamber for DIC and fluorescent imaging
with a Nikon Ni-U upright fluorescence microscope (40x lenses) or
with a Zeiss LSM880 confocal microscope (63x lenses) imaging at
room temperature. Images and fluorescence intensities of signals
were analyzed by the ImageJ software.

ITC assay

ITC measurements were carried out on a MicroCal VP-ITC
calorimeter at 25°C. Proteins used for ITC measurements were
dissolved in an assay buffer composed of 50 mM Tris, pH 8.0,
100 mM NacCl, 1 mM EDTA, and 2 mM DTT. 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 corresponding interactors (concentrations for
each reaction are indicated in the figure legends). For each
titration point, a 10 uL aliquot of a protein sample in the syringe
was injected into the interacting protein in the cell at a time
interval of 2min. Titration data were analyzed using the
Origin7.0 software and fitted with the one-site binding model.

Lipid bilayer preparation and phase separation assay

Small unilamellar vesicle (SUV) preparation, cover glass washing
and lipid coating, lipid bilayer phase separation assay followed our
previously described procedures.®' Supported membrane bilayers
were made of 97.9% POPC, 2% DGS-NTA-Ni’* and 0.1% PE-
PEG5000. 0.5 uM Hiss-TARP_CT was added and incubated with
SLBs for 1 h at room temperature, followed by washing with the
cluster buffer (50 mM Tris, pH 8.2, 100 mM NaCl, T mM TCEP, 1 mg/
mL BSA) for three times to remove unbound TARP_CT. Other PSD
components (each in 1 uM) were added to the SLB-containing
chamber to induce phase separation to occur on the lipid bilayers.
Arc at the indicated concentrations were then added to assay Arc-
induced TARP_CT dispersion by confocal microscopic imaging
after 10 min incubation of the PSD proteins with the TARP_CT-
anchored SLBs.

NMR spectroscopy

NMR samples contained 0.1 mM of the uniformly '°N-labeled GAG
or GAG N-lobe in 50 mM Tris, 100 mM NaCl, 1 mM DTT and 1 mM
EDTA at pH 7.0. NMR spectra were acquired at 25°C on a Varian
Inova 800 MHz spectrometer equipped with an actively z-gradient
shielded triple resonance probe. The backbone assignments of Arc
GAG were obtained by using the data from a previous study.>®
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Primary hippocampal neuron culture

For synaptic dispersion of GFP-Stargazin by full-length Arc, hippo-
campal neurons from embryonic day 18 (E18) rats were seeded on
poly-L-lysine coated coverslips. The cells were plated in neurobasal
media (GIBCO) containing 50 U/mL penicillin, 50 mg/mL streptomycin,
and 2 mM GlutaMax supplemented with 2% (vol/vol) B27 (GIBCO) and
5% horse serum (Hyclone). At DIV6, cells were maintained in glia-
conditioned NM1 (neurobasal media with 2 mM GlutaMax, 1% FBS,
2% B27, 1x FDU, 5 mM uridine [SIGMA F0503], and 5 mM 5-Fluro-2/-
deoxyuridine [SIGMA U3003]). Cells were transfected at DIV15-18 with
LipofectAMINE2000 (Invitrogen) in accordance with the manufacture’s
manual. After 6-7 days, cells were fixed with 4% (vol/vol)
paraformaldehyde (PFA) together with 4% (wt/vol) sucrose in 1x
PBS (pH 7.5) and then mounted on slides for imaging.

For synaptic dispersion of GFP-PDFR-Stg_CT by Arc GAG,
hippocampal neuronal cultures were prepared from E17 C57BL/6
WT mice hippocampi. Cells were seeded on PDL/Laminin double-
coated glass coverslips (Neuvitro) in 12-well plates. The cells were
plated in neurobasal media containing 50 U/mL penicillin, 50 mg/
mL streptomycin, and 2mM GlutaMax supplemented with 2%
(vol/vol) B27 (GIBCO) and 10% FBS. At DIV, cells were maintained
in neurobasal media with 2mM GlutaMax, 2% B27, 1% FBS,
1x FDU. Cells were cotransfected at DIV19 with plasmids by using
Lipofectamine 2000 reagent (Invitrogen). Cells were fixed at DIV20
with 4% (vol/vol) PFA together with 4% (wt/vol) sucrose in 1x PBS
(pH 7.5) and then mounted on slides for imaging.

AUC analysis

Sedimentation velocity experiments were performed on a Beck-
man XL-l analytical ultracentrifuge equipped with an eight-cell
rotor at the speed of 32,000 rpm at 25 °C. The scans were taken for
360 times with intervals of 5 min at absorption at 280 nm. All data
were calibrated with the buffer as the background. The partial
specific volume of protein samples and the buffer density were
calculated using the program SEDNTERP. The final sedimentation
velocity data were analyzed and fitted to a continuous sedimenta-
tion coefficient distribution model using the program SEDFIT.

Quantification and statistical analysis

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 transition
imaging assay were expressed as means + SD. Data of primary rat
neuron culture were expressed as means+SEM and data of
mouse neuron culture were expressed as means+SD; ns, not
significant; *P < 0.05, **P<0.01 and ***P<0.001 using one-way
ANOVA with Tukey's multiple comparison test.

Data are judged to be statistically significant when P < 0.05 by
one-way ANOVA with 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 experi-
ments related to cell cultures and imaging studies were performed
in blinded fashion.
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