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Wu et al. (2019) establish that the active zone proteins RIM and RIM-BP undergo liquid-liquid phase separa-
tion to tether Ca2+ channels. This important finding sets a new framework to study assembly and function of
the presynaptic nerve terminal.
In a presynaptic nerve terminal, synaptic

vesicles fuse rapidly upon Ca2+ entry at

specialized secretory sites. These sites

are located within active zones, patterned

presynaptic protein scaffolds that pre-

cisely align exocytosis with postsynaptic

receptors (Biederer et al., 2017; Tang

et al., 2016). Previous studies established

that clustering of Ca2+ channels at active

zones is mediated by RIM, RIM-BP, and

likely additional proteins (Kaeser et al.,

2011; Liu et al., 2011). The organizational

principles that drive assembly of these

proteins into functional active zones,

however, have remained elusive. A recent

study by Zhang and colleagues demon-

strates that multivalent, low-affinity inter-

actions between RIM and RIM-BP induce

liquid-liquid phase separation and that

Ca2+ channels are recruited to and further

drive the formation of these condensates

(Wu et al., 2019).

These compelling findings establish a

new principle through which active zones

can assemble in vitro and provide a new

framework for studying presynaptic func-

tion. But how does liquid-liquid phase

separation organize active zones at syn-

apses? Considering protein concentra-

tions and active zone organization at

small hippocampal synapses may help

to start addressing this question. Active

zone composition is heterogeneous with

sub-areas rich in RIM, which may consti-

tute independent release sites (Tang

et al., 2016). While it is not possible to

conclusively count proteins at synapses,

the best available estimates suggest an

average of �40 RIM1 copies per bouton

(Wilhelm et al., 2014). Because only a

few release sites are present per active

zone, experimental estimates suggest

2–10, a single site would contain 4–20
copies of RIM1, similar to the number

of Ca2+ channels per cluster (Biederer

et al., 2017; Wu et al., 2019). Numbers

for RIM-BP2 are probably in the same

range, which is supported by the obser-

vations that similar RIM1 and RIM-BP2

amounts are needed to cluster CaV2.2

Ca2+ channel C-termini for phase separa-

tion. These numbers do not account for

the presence of multiple genes for each

protein family, for example RIM1 and

RIM2. Hence, a single release site may

contain up to 20 copies each of RIM1,

RIM-BP2, and CaV2.2, and levels may

be higher because additional genes

encode similar proteins.

The presence of tens of proteins ap-

pears low to initiate liquid-liquid phase

separation at synapses. Indeed, in vitro

phase separation is only triggered by RIM

and RIM-BP at approximately one order

ofmagnitude above physiological concen-

trations, estimated to be �0.25 mM

(Wilhelm et al., 2014). In vivo, low concen-

trations of these molecules may be suffi-

cient for three reasons. First, lipids may

lower the amount of protein necessary

because lower amounts of RIM and RIM-

BP triggers phase separation onto artificial

lipid bilayers (Wu et al., 2019). Second,

mechanisms other than phase separation

could contribute to higher local concentra-

tions close to the plasma membrane

where active zone phases may form.

Third, additional proteins may directly

participate in phase separation. ELKS,

liprin-a, and Piccolo/Bassoon are ideal

candidates because they are rich in intrin-

sically disordered sequences, are likely

present in similar or up to one order of

magnitude higher concentrations, bind to

RIM or RIM-BP, and co-localize with

them at nanoscale resolution (Biederer
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et al., 2017; Wilhelm et al., 2014). The

requirement for multiple types of proteins

also agrees with the resilience of active

zone structure. Disrupting active zones

at synapses requires removing multiple

gene families (Acuna et al., 2016; Wang

et al., 2016), establishing that there is no

single ‘‘master organizer’’ for active zone

assembly. Instead, many multivalent inter-

actions might contribute to build it and to

keep it in place.

The work by Zhang and colleagues

opens new research directions. Release-

ready vesicles, tethered to Ca2+ channels,

must be in close proximity to target mem-

brane SNAREs and to the phospholipid

PI(4,5)P2. How is the active zone phase

attached to the plasma membrane and

localized close to this essential fusionma-

chinery? Different scenarios can be envi-

sioned. The presynaptic membrane may

contain multiple RIM/RIM-BP conden-

sates near SNARE clusters. Alternatively,

RIM/RIM-BP and SNAREs may be part

of the same phase. In either case, the

low overall concentration of active zone

proteins and nanoscale localization

studies indicate that an active zone con-

sists of small, dense protein hotspots.

Membrane attachment will likely operate

via lipid or protein interactions of the

active zone phase with the target mem-

brane. Possible anchors are Ca2+ chan-

nels, other transmembrane proteins, or

PI(4,5)P2. Loss-of-function or depletion

studies for these membrane components

should be used to assess whether

removing them disrupts active zone

phases or leads to their dislocation from

the target membrane.

Previous studies have established that

postsynaptic densities and synaptic

vesicle clusters are also organized through
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Figure 1. An Active Zone Liquid Phase Organizes the Synapse
The presynaptic active zone phase, assembled by multivalent interactions between RIM, RIM-BP, and
Ca2+ channels, sits at the center of the synapse and potentially connects the vesicle phase with the
postsynaptic phase through transsynaptic interactions. The work by Zhang and colleagues raises three
major questions. First, when and where are the phases assembled and how do they interact with each
other and with the pre- and postsynaptic membranes? Second, how do the presynaptic vesicle and active
zone phases organize vesicle traffic, and how do vesicles move between these phases? Third, how are
the composition and interactions of the various phases regulated to account for dynamic properties of
synaptic transmission? Future work, rooted in the groundbreaking study by Wu et al. (2019), will likely
deliver additional insight into how synapses are assembled, how they work, and how they adapt.
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liquid-liquid phase separation (Milova-

novic et al., 2018; Zeng et al., 2016).

Thus, synapse formation may be consid-

ered a phase separation process in which

two cells and multiple diverse membrane

compartments are arranged through this

organizing principle (Figure 1). The newly

identified active zone phase takes center

stage, as it potentially tethers the three

synaptic phases into a functional synapse.

This raises the questions of how the

phases interact, when and where they

are assembled, and whether additional

synaptic phases exist. For instance, the

synaptic cleft is a protein-dense compart-

ment, and synaptic vesicle endocytosis is

coordinated bymolecular machinery adja-

cent to the active zone. Both contain

candidate proteins for phase separation.

It will be essential to identify the molecular

machinery that connects the known

phases, controls their assembly during

synaptogenesis, and regulates them dur-
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ing plasticity. In the case of the active

zone phase, trans-synaptic interactions

may not only mediate membrane attach-

ment but also alignment with postsynaptic

phases harboring receptors. Furthermore,

elements in the active zone phase

could dynamically interact with synaptic

vesicles that are clustered in the synapsin

phase to tether the two phases together.

Munc13, RIM, and ELKS are predestined

to form bridges between these phases

because they contribute to vesicle dock-

ing, interact with SNARE proteins or vesic-

ular Rab proteins, and contain disordered

sequences. It can be speculated that dy-

namic interplay between the phases regu-

lates the transition of vesicles between

them in a nerve terminal at work and con-

trols the variable coupling distances be-

tween Ca2+ channels and release ready

vesicles.

Ultimately, this groundbreaking study

sets the stage for a working model in
which liquid-liquid phase separation is an

organizing principle for synapses. Future

work will have to find ways to assess this

phenomenon in situ at synapses, identify

when andwhere in a cell these phases first

form, and dissect how themultiple phases

come together to mediate and regulate

synaptic transmission.
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