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Transient information input to brain leads to persistent changes in neuronal network,
thereby forming memory. Long-term potentiation of synaptic transmission (LTP) is
considered to underlie this process. The major mechanism to induce and maintain
LTP is the regulation of glutamate receptors, especially AMPA receptor (AMPAR).
AMPARs have been found to form segregated clusters, called nanodomain, in
activity dependent manner. This AMPAR nanodomain and presynaptic vesicle
releasing site are aligned together, thereby forming trans-synaptic nanocolumns
which can regulate the efficacy of synaptic transmission. However, the mechanism
underlying AMPARS segregation and activity-dependent regulation remains unclear.
Although the AMPAR nanodomains are formed on the postsynaptic membrane,
there is no direct regulator on the membrane that defines their spatial distribution.
Recently, liquid-liquid phase separation (LLPS) of biological macromolecules was
found to play a critical role in regulating the assembly and segregation of molecules
within various intracellular structures, including postsynaptic density (PSD). For
LLPS, a multimer-multimer interaction is required. In this regard, CaMKI|, a highly
abundant dodecameric protein kinase in the PSD, has ideal features to undergo
LLPS with its binding partners. Ca?*/calmodulin binding to CaMKII opens up a
binding pocket called the T-site, which forms a stable complex with various synaptic
proteins, such as the carboxyl tail of NMDA-type glutamate receptor (NMDAR)
subunit GIuN2B. Once bound, the complex persists even when cellular Ca?*
concentration decreases. Finally, the dodecameric structure of CaMKII allows
multivalent interactions.
Given this, CaMKII was evaluated whether it has an ability to undergo LLPS with
PSD proteins and, if it does, how it can affect the distribution and function of
AMPAR nanodomains. The results showed that the Ca2+ activation of CaMKIlI
allows the multivalent interaction between CaMKI|I and the carboxyl tail of GIuUN2B
(GIluN2Bc) which leads to the formation of LLPS with other PSD proteins,
including PSD-95, and the carboxy! tail of stargazin (STGc, an auxiliary subunit of
AMPAR critical for determining its synaptic distribution, as a proxy of the AMPA
receptor). The CaMKIl-mediated LLPS persisted in a manner requiring CaMKII
T286 autophosphorylation. Furthermore, the two subtypes of glutamate receptors,
AMPAR and NMDAR, were segregated through the formation of phase-in-phase
structure.
The segregation of AMPAR and NMDAR nanodomains was recapitulated in
neurons as revealed by direct stochastic optical reconstruction microscopy
(dSTORM), a super-resolution imaging. Neuroligin-1 (NLGN1), a neuronal

adhesion molecule, which clusters presynaptic neurexin and other active zone
proteins, also segregates together with AMPAR. On the other hand, bidirectional
regulation of synaptic strength has been reported as the synaptic plasticity. To test if
the LLPS can be reversed, Camk2nl, the endogenous inhibitor of CaMKII which
also interacts with CaMKII via the T-site, was applied to the CaMKII-mediated
LLPS. The results showed that CaMKII-mediated LLPS collapsed by the Camk2n1.
In addition, when the cell-permeable CN21, the minimum binding site to CaMKII of
Camk2n1, was applied to the neuron, the overlapping area of AMPAR and NMDAR
nanodomains increased, suggesting the segregation of AMPAR and NMDAR
nanodomains requires the T-site binding to CaMKI.

Taken together, activated CaMKIIl can undergo persistent LLPS in PSD and
establishes AMPAR nanodomain beneath active transmitter release site, thereby
conducting a novel mechanism of activity-dependent and persistent synaptic
plasticity.
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