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Abstract—BAR proteins are key components of the synaptic vesicle cycle in nerve terminals. They participate
in the regulation of neurotransmitter release during the fusion of synaptic vesicles with the presynaptic mem-
brane and synaptic vesicle recycling. Localization of these proteins at the sites of liquid–liquid phase separa-
tion in nerve terminals suggests additional functions of these molecules. In the current review, we discuss the
tasks of BAR proteins at different stages of the secretory cycle, including their putative role in liquid–liquid
phase transitions in nerve terminals during synaptic activity. We suggest that BAR proteins, along with their
established functions in exo- and endocytosis, play crucial roles in the organization of the reserve pool of syn-
aptic vesicles and at intermediate stages of the vesicle cycle.
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INTRODUCTION

BAR domain proteins are well-known as molecules
controlling changes in the curvature of biological
membranes. They play key roles in the vital activities
of all cell systems. The abbreviation BAR is composed
of the first letters of the names of three proteins
belonging to this superfamily: Bin1 [1] and Amphiph-
ysin [2] found in mammals and Rvs167 found in
yeasts [3]. The characteristic structural feature of
BAR proteins is the presence of a unique domain con-
sisting of ~200–280 amino acids, which forms an anti-
parallel alpha-helix bundle. During dimerization of
protein molecules, these domains form a positively
charged surface, which is able to bind to the negatively
charged lipids of the cell membrane and control its
curvature (Figs. 1a, 1b) [4, 5]. This unique property
determines the involvement of BAR proteins in many
cellular processes such as the formation of intracellu-
lar vesicles, secretion, as well as the creation of mem-
brane structures of different shapes, e.g., the T-system
of skeletal muscle cells, endosomes, filopodia, mito-
chondria, and autophagosomes [4, 6].

In a wide range of BAR proteins, the following
three groups are distinguished: N-BAR, F-BAR, and
I-BAR. N-BAR proteins during dimerization form a
charged crescent-shaped surface that can stabilize
the maximum membrane curvature [4]. The defining
feature of the BAR domain of N-BAR proteins is the

N-terminal amphipathic helix, which was described
for the first time for the protein amphiphysin [7].
Later it was shown that such amphipathic helix is also
typical of endophilin [8], nardin (RICH1) [9], and
some other proteins. The proteins stabilizing a lesser
curvature of the membrane surface were named after
the typical representatives of Fes/CIP4 homology-
BAR proteins abbreviated as F-BAR proteins [10,
11]. The proteins with the dimers stabilizing an
inverse curvature of the membrane were termed
Inverse-BAR or I-BAR proteins [12–14]. The
groups of BAR proteins differ both in the angle of
curvature stabilization and in the length of the region
interacting with the cell membrane, which deter-
mines the ability of these molecules to form mem-
brane tubes and vesicles in vitro and in vivo with dif-
ferent physical properties [15–18]. The structure of
BAR proteins usually also includes other domains
allowing them to interact with a wide range of pro-
teins and signaling molecules. For example, the
structure of BAR proteins can include pleckstrin
homology (PH) and phox-homology (PX) domains
enabling the proteins to perform additional interac-
tions with lipids, as well as GEF (guanine nucleotide
exchange factor) and GAP (GTP hydrolysis-activat-
ing protein) domains regulating the activity of
GTPases [7]. The most frequently occurring addi-
tional domains are Src homology 3 (SH3) domains
interacting with proline-rich protein sequences,
69
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Fig. 1. BAR proteins and localization of protein liquid condensates involved in the synaptic vesicle cycle in the presynapse.
(a) Schematic representation of the domain organization of BAR proteins involved in the synaptic vesicle cycle. BAR domains
are shown in red; the additional N-terminal amphipathic helix in N-BAR proteins is green. CLAP, the clathrin/AP2-binding site;
PH, the pleckstrin homology domain; Rho, the RhoGAP domain regulating the activity of GTPases. The scale is given for assess-
ing the relative length of amino acid sequences of the proteins. (b) Crystal structure of the dimers of BAR domains of some pro-
teins. The difference in the degree of curvature in N-BAR and F-BAR dimers is indicated. Arrow points to the central amphipa-
thic helix (CAH) of endophilin. (c) Schematic representation of localization of liquid protein condensates involved in the syn-
aptic vesicle cycle. The liquid protein phase organizes a cluster of synaptic vesicles in the presynapse (light blue) and the
periactive zone (PZ), where clathrin-mediated (CME) and clathrin-independent (CIE) endocytosis takes place (yellow). The
liquid protein phase organizing presynaptic projections in the active zone (AZ) is blue. SV, synaptic vesicles; M, mitochondrion;
sEPR, smooth endoplasmic reticulum. 
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PRD [19, 20]. This interaction first and foremost
plays a role in the recruitment of other proteins involved
in various cellular processes. It is interesting that the
SH3 domains of BAR proteins are able to occlude a
proline-rich sequence inside the protein itself, thereby
converting it into an inactive form [21–23].

In the present review, we discuss the functions of
BAR proteins directly involved in the cycle of secre-
tory vesicles in interneuronal synapses in the central
nervous system (CNS).

SECRETORY CYCLE 
AND LIQUID–LIQUID PHASE SEPARATION 

IN CHEMICAL SYNAPSES

Interneuronal chemical synapses are specialized
contacts between nerve cells, which perform the func-
tion of excitatory or inhibitory signal transduction
between neurons in the CNS. Chemical synapses are
structurally asymmetric and convey information from
presynaptic to postsynaptic cells (Fig. 1c). The pre-
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
synapse and the postsynapse are separated by a synap-
tic cleft of approximately 20 nm width, which is sur-
rounded by the outgrowths of glial cells. Signal trans-
duction is triggered by an action potential arriving at
the nerve ending and implemented due to the action of
the secretory cycle of synaptic vesicles, which is com-
pleted by the exocytosis of vesicles and the release of
neurotransmitters into the synaptic cleft. A neu-
rotransmitter interacts with receptors on the postsyn-
aptic membrane, activates ion channels, and thereby
performs signal transduction to another neuron. Neu-
rotransmitters are concentrated in synaptic vesicles, or
bubbles, which accumulate into a cluster on a special-
ized area of the presynaptic membrane, the so-called
active zone (Fig. 1c). In the state of quiescence, some
synaptic vesicles in the cluster are bound to the pre-
synaptic membrane, forming a functional pool of ves-
icles ready for immediate fusion with the presynaptic
membrane and the release of neurotransmitter into the
synaptic cleft when neuronal activity occurs (readily
releasable pool). In addition, there are two supple-
EMBRANE AND CELL BIOLOGY  Vol. 17  No. 2  2023



BAR DOMAIN PROTEINS AS PUTATIVE REGULATORS 71
mentary functional pools of synaptic vesicles: the
recycling pool and the reserve pool, with their vesicles
being mobilized in case of moderate and intensive
activity of the neuron, respectively [24].

Around the presynaptic active zone, there is the so-
called peri-active zone for the recovery of synaptic
vesicles after exocytosis (Fig. 1c) [25]. The basic
mechanism of vesicle formation is clathrin-mediated
endocytosis [26, 27]. In addition, there are other sce-
narios for the restoration of the pool of synaptic vesi-
cles. These include fast and “kiss-and-run” types of
endocytosis, which do not involve clathrin and occur
in both peri-active and active zones [28–31]. At a high
level of synaptic activity, which is accompanied by
exocytosis of many vesicles within a short period of
time, there may be compensatory capture and budding
of large sections of the membrane by the type of
“bulk” endocytosis. It results in the formation of
endosomes, from which synaptic vesicles are then
formed [32]. It should be noted that these mechanisms
of endocytosis are auxiliary and cannot maintain the
function of the synaptic cycle after the classical clath-
rin-mediated endocytosis has been switched off [27].
The newly formed vesicles are filled with a neu-
rotransmitter, transported to the cluster region above
the active zone, and involved again in exocytosis,
thereby closing the synaptic secretory cycle [33–35].

Discoveries of liquid protein condensates and liq-
uid–liquid phase transitions (LLPTs) in cells have
changed in many respects our notions of the mecha-
nisms of cellular processes [36, 37]. As the studies of
recent years have shown, the presynaptic compart-
ments where the cycle of synaptic vesicles occurs are
also organized by the principle of liquid phase separa-
tion [38] (Fig. 1c). The ability to form an interface
under certain conditions in vitro is demonstrated by:
the key protein of the reserve pool, synapsin [39, 40];
presynaptic scaffolding proteins RIM, RIM-BP, and
ELKS, in complex with voltage-gated calcium chan-
nels (VGCC) [38, 41–44]; and proteins initiating
clathrin-mediated endocytosis (FCHo 1/2 and Eps15)
[45] and clathrin-independent endocytosis (syndapin 1
and dynamin 1xA) [46]. It is noteworthy that synaptic
vesicles differently interact with the liquid phase of syn-
apsin and the liquid phase of RIM/RIM-BP/ELKS,
being encapsulated in the former and distributed over
the interface surface of the latter [47]. The liquid
phases of synapsin and RIM/RIM-BP or RIM/ELKS
also interact with each other. Irrespective of the order
of addition of proteins to the mixture, the liquid phase
of synapsin encapsulates protein droplets formed by
RIM/RIM-BP and RIM/ELKS but does not mix
with them, i.e., a kind of “a liquid phase in a liquid
phase” structure is formed. The authors of the work
succeeded in constructing such an organization of liq-
uid phases in vitro. The liquid phase of RIM/RIM-BP
proteins, which was formed on the membrane of a
giant unilamellar vesicle with incorporated VGCC,
bound synaptic vesicles on its surface and was itself
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
encapsulated by the liquid phase of synapsin with ves-
icles included in the latter. These experiments confirm
the hypothesis that such liquid–liquid phase separa-
tion exists also in the living synapse [47].

The biophysical basis of protein transition to the
liquid phase is weak electrostatic interactions between
amino acid residues of their IDR (intrinsically disor-
dered regions), which under certain conditions
become more energetically advantageous for mole-
cules than the interaction between IDR and solvent
molecules. The possibility of this transition is influ-
enced by factors such as pH, temperature, ionic
strength of the solution, and posttranslational modifi-
cations of proteins (due to the changes in charge dis-
tribution in IDR) [48]. A necessary condition for liq-
uid phase formation is also overcoming the concentra-
tion threshold, which is promoted by the phenomenon
of “molecular crowding”, i.e., the presence in the
medium of other high-molecular compounds com-
peting with proteins for molecules of the solvent. In
addition, threshold concentrations of proteins can be
reached locally due to their interaction with other
molecules. For example, experiments in vitro have
shown that the liquid phase of the active zone proteins
RIM/RIM-BP/ELKS is formed at lower concentra-
tions of these proteins in the presence of VGCC, with
which RIM and RIM-BP interact directly through the
PDZ domain (a combination of the first letters of pro-
tein names PSD95, Dlg1, Zo-1) and the SH3 domains,
respectively [42].

RIM/RIM-BP/ELKS can specifically interact
with each other but not with synapsin. The liquid
phases of RIM/RIM-BP/ELKS and synapsin have
different densities and, accordingly, differ in the force
of surface tension at the interface, which explains why
they do not mix [47].

The interaction between synaptic vesicles and liq-
uid phases is probably determined by their interactions
with proteins being components of the phase. So, syn-
apsin binds directly to the vesicular membrane
through the motif in the conserved domain C and the
ALPS (amphipathic lipid-packing sensor) motif,
while the endocytic proteins bind through their BAR
domains [7, 49]. The transmembrane proteins of syn-
aptic vesicles, e.g., synaptophysin, play an important
role in the concentration of proteins forming the liquid
phase [50]. Thus, synaptic vesicles turn out to be
directly inside the liquid phase of these proteins at the
moment of their formation. At the same time,
RIM/RIM-BP/ELKS proteins have no domains that
can bind directly with membrane lipids, which reduces
the probability of vesicle inclusion in the liquid phase.

During the synaptic cycle, vesicles overcome liquid
phase interfaces with different organization and pro-
tein compositions depending on the level of synaptic
activity (Fig. 1). A phase interface allows the diffusion
of molecules between liquid protein condensates and
the cytosol but is impermeable for large molecular
EMBRANE AND CELL BIOLOGY  Vol. 17  No. 2  2023
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complexes and organelles [48, 51]. Some proteins
present in such compartment act as regulatory pro-
teins, changing the conditions of liquid phase forma-
tion [52]. The properties of BAR proteins suggest that
this group of proteins is involved in the organization of
liquid phases in the synapse as regulatory molecules,
which, together with the known functions in exo- and
endocytosis, contribute to the transition of vesicles to
different presynaptic compartments during the secre-
tory cycle.

BAR PROTEINS 
OF THE SYNAPTIC VESICLE CYCLE

At present, it is known that about six BAR proteins
are involved in the cycle of synaptic vesicles; these are
N-BAR proteins: amphiphysin, endophilin; F-BAR
proteins: syndapin, FCHo, and FCHSD; as well as the
BAR protein oligophrenin. Currently, there are no
data on the involvement of I-BAR proteins in the syn-
aptic cycle [14]. The studies of recent years have
shown that the cycle involves specific isoforms of BAR
proteins, namely: amphiphysins 1/2, endophilin A1,
oligophrenin 1, syndapin 1, FCHo 1/2 and FCHSD
1/2 [53, 54]. The involvement of these isoforms is sup-
posedly determined by the kinetic properties of the
cycle per se, the major ones being the high rate and
efficiency of the secretory process [53–55].

Amphiphysins 1/2. Amphiphysins 1/2 in the human
genome are encoded by two different genes, AMPH
and BIN1 (NCBI Gene ID: 273, 274) (Fig. 1a).
Amphiphysin 1 is mainly expressed in CNS [56] and is
the key protein of the synaptic cycle [55]. Amphiph-
ysin 2, also referred to as SH3P9 and BIN1 (bridging
integrator-1), is expressed in other tissues too, e.g., in
muscles [57, 58].

The structure of amphiphysin 1/2 includes three
major domains: the N-terminal BAR domain, the
clathrin/AP2-binding domain (CLAP), and the C-ter-
minal SH3 domain [59]. The N-BAR domain s of the
protein forms an arc-shaped structure during dimeriza-
tion (Fig. 1b) [7]. Such a structure is able to stabilize
membrane curvature by binding to the negatively
charged surface of the membrane lipid layer [60]. The
CLAP domain of amphiphysin 1 interacts with the key
proteins of clathrin-mediated endocytosis: adaptor
complex AP2 and clathrin [59]. The C-terminal SH3
domain of amphiphysin is able to recruit other pro-
teins containing proline-rich sequences (PRD) in
their structure [61]. Amphiphysins 1/2 can form
homo- and heterodimers [62].

Amphiphysins have an intramolecular mechanism,
which converts the protein into an inactive form as a
result of locking the SH3 domain into the BAR
domain [22, 23, 63]. It has been shown that the SH3
domain is able to bind with the proline-rich sequence
of the H0-helix of the N-BAR domain, which leads to
conformation changes in the protein; as a result, it
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loses the ability to participate in membrane tubula-
tion, and the efficiency of its binding to membrane lip-
ids decreases [63]. This property suggests the existence
of mechanisms of regulation of protein activity, in par-
ticular, through phosphorylation–dephosphorylation.
Studies on synaptosomes have shown that Cdk5
kinase phosphorylates amphiphysin 1 in the presence
of synaptic activity [64]. Endocytosis is accompanied
by dephosphorylation of amphiphysin [64–66]. It is
supposed to involve the Ca2+/calmodulin-dependent
phosphatase calcineurin (CaN) [66].

Endophilin A1. The mammalian genome contains
three SH3GL1–3 genes (NCBI Gene ID: 6455, 6456,
6457; Homo sapiens) encoding endophilins A1–A3
and two SH3GLB1, 2 genes (NCBI Gene ID: 56904,
54673; Homo sapiens) encoding endophilins B1 and
B2 (Fig. 1a). Endophilin A1 is specific to CNS; endo-
philin A2 is expressed in all tissues; endophilin A3 has
been found in the brain and testicles [67–69]. Endo-
philins B1 and B2 are expressed in all tissues including
the brain [16]. In nerve terminals, endophilins A are
associated with the synaptic membrane [19]. Endo-
philins B have been detected mainly in association
with membrane organelles such as mitochondria,
autophagosomes, lysosomes, and endoplasmic reticu-
lum (EPR) [70–72]. On the surface of some organ-
elles, e.g., autophagosomes, endophilins A are colo-
calized with endophilins B [71, 72].

Determination of the crystal structure of endophi-
lin has shown that the protein-comprises two major
domains: the N-terminal BAR domain and the C-ter-
minal SH3 domain linked through a variable region [8].
Endophilin is the only one of the N-BAR proteins that
has an additional H1 insert (H1I) in the N-BAR
domain structure. During dimerization, the central
amphipathic helix (CAH) is formed due to the pres-
ence of this insert on the protein surface facing the
membrane [8, 69] (Fig. 1b). This structural peculiarity
allows endophilins not only to stabilize but also to
actively generate membrane curvature; the CAH is
incorporated into the lipid layer, specifying its asym-
metry and, accordingly, curvature [9].

The central region of endophilin A1 can undergo
phosphorylation, which entails a change in the radius
of curvature of membrane structures stabilized by this
protein in vitro [73]. It is supposed that BAR proteins
pass into an active state during dephosphorylation by
CaN. In line with this assumption, the enhanced pro-
tein kinase activity and phosphorylation of BAR pro-
teins in the synaptic terminal led to a decrease in the
efficiency of endocytosis [74].

It is known that endophilin, similar to amphiphysin,
has an intramolecular locking mechanism, which is
regulated by posttranslational modifications of the pro-
tein [23, 75]. The SH3 domain is also able to bind to the
H0-helix of the N-BAR domain, which leads to confor-
mational changes in the BAR domain [23].
EMBRANE AND CELL BIOLOGY  Vol. 17  No. 2  2023
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Oligophrenin 1. Oligophrenin 1 is encoded by the
OPHN1 gene (NCBI Gene ID: 4983; Homo sapiens);
it is a RhoGAP protein regulating the activity of Rho
GTPases. Oligophrenin 1 is expressed in CNS and is
present both in the nerve terminals and in the den-
drites of neurons [76]. The protein structure includes
the BAR domain localized at the N-terminus, the PH
domain, the central RhoGAP domain, and the SH3
domains at the C-terminus of the molecule [77, 78].
The protein is involved both in the cycle of synaptic
vesicles [78] and in the morphogenesis of dendritic
spines [79]. The mechanism of autoinhibition has not
been described for oligophrenin. Protein mutations
are associated with the development of X-linked intel-
lectual disability in humans [76].

Syndapin 1. The mammalian genome contains
three genes of the F-BAR protein syndapin (PAC-
SIN1–3) encoding its three isoforms: syndapins 1–3
(NCBI Gene ID: 29993, 11252, 2976; Homo sapiens).
Syndapin 1 is expressed solely in CNS and accumu-
lates in nerve endings. Syndapin 2 is detected in all tis-
sues and organs. The expression of syndapin 3 is high
in skeletal and cardiac muscles, but can also be
detected in the lungs, the kidneys, the brain, the pla-
centa, and the pancreas [80].

The syndapin 1 monomer comprises the F-BAR
domain, the variable region, and the C-terminal SH3
domain. X-ray structure analysis has shown that the
structure of the F-BAR domain of syndapin is generally
similar to that in other F-BAR proteins. The F-BAR
domain in the syndapin dimer has a lesser curvature of
the surface compared to the N-BAR domains of endo-
philin and amphiphysin dimers. At the interface
between the central and distal regions of the F-BAR
domain of syndapin, there are also hydrophobic loops
allowing syndapins 1 and 2 to actively alter the mem-
brane curvature [81, 82].

Syndapin 1, similar to endophilin A1 and
amphiphysins 1 and 2, is capable of autoinhibition,
when its SH3 domains interact with the F-BAR
domain, blocking some part of its membrane-binding
surface. However, the interaction between the domains
occurs not through the canonical SH3/PRD interac-
tion but due to the formation of hydrogen bonds and
salt bridges and, therefore, is sensitive to the pH and
ionic strength of the solution [82]. Although syndapin
1 has several phosphorylation sites localized mainly at
the N-terminus of the F-BAR domain and in the vari-
able region, none of these sites can regulate the auto-
inhibition of syndapin. Instead, the release of syn-
dapin from autoinhibition is regulated by the interac-
tion between proline-rich sequences of other proteins,
e.g., dynamin, and its SH3 domains; as a result, the
dimer changes its conformation and again becomes
capable of binding with the membrane [83].

FCHSD1/2. The vertebrate genome contains two
genes of FCHSD proteins (F-BAR and double SH3
domains protein): FCHSD1 and FCHSD2 (NCBI
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Gene ID: 89848, 9873; Homo sapiens) [84]. The pre-
dominant isoform is FCHSD2, the expression of
which is detected in almost all tissues, in particular,
the cerebral cortex, the cerebellum, the kidneys, the
liver, and the testis, while FCHSD1 is expressed at a
much lower level [85].

The FCHSD1/2 structure includes the N-terminal
F-BAR domain, two SH3 domains, and the C-termi-
nal proline-rich region. An important difference
between FCHSD1/2 and other F-BAR proteins is that
their membrane-binding surface has a zero curvature,
i.e., FCHSD1/2 can bind to f lat regions of the mem-
brane and are incapable of its tubulation [86]. It has
been shown that the FCHSD2 homolog in Drosoph-
ila, Nervous Wreck, has an intramolecular locking
mechanism, which is similar to the mechanism of
autoinhibition in syndapin. At the same time, the SH3
domains of the protein (the SH3b domain plays the
key role here) bind to positively charged regions at the
ends of the F-BAR domain due to electrostatic inter-
actions. Interestingly, the interaction between SH3
and F-BAR domains in this protein is able not only
to reduce the interaction with the membrane but also
results in the formation of various oligomers on its
surface in case of changes in the lipid membrane
charge [21]. It still has to be elucidated how the mech-
anism of FCHSD2 autoinhibition works in mammals.

FCHo1/2. The mammalian genome contains two
genes of FCHo proteins (from Fer/Cip4 homology
domain-only): FCHo1 and FCHo2 (NCBI Gene
ID: 23149, 115548; Homo sapiens), encoding the two
respective protein isoforms. The expression of both
isoforms is detected in numerous organs and tissues;
however, FCHo1 demonstrates a higher level of
expression in the brain compared to FCHo2 [87].

FCHo proteins comprise an F-BAR domain and a
μHD domain linked through a disordered linker
region [88]. The F-BAR domain in the FCHo dimer
is characterized by a low curvature of membrane-
binding surface and S-shape, though less marked
compared to syndapin [89]. For FCHo proteins, the
mechanism of autoinhibition has not been described.

It should be noted that the amino acid sequences of
many BAR proteins contain IDRs that can be involved
in the formation of a liquid protein phase [90]. The
interaction with the vesicular membrane, the presence
of IDRs and SH3 domains, and the autoinhibition
ability are significant arguments in favor of the fact
that these molecules can regulate the state of protein
liquid phases in the nerve terminal.

FUNCTIONS OF BAR PROTEINS
IN THE CYCLE OF SYNAPTIC VESICLES

AND THEIR ROLE 
IN LIQUID PHASE REGULATION

BAR proteins in the synaptic vesicle cycle were ini-
tially identified as molecules involved in endocytosis.
EMBRANE AND CELL BIOLOGY  Vol. 17  No. 2  2023
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Fig. 2. Scheme illustrating the involvement of BAR proteins in the regulation of liquid protein phases formed at different stages
of the synaptic cycle. The upper left-hand side of the scheme shows the organization of the reserve pool in the quiescent state
(Rest). BAR proteins are in the monomeric autoinhibited state and stabilize the liquid phase of synapsin that arranges vesicles
into a cluster. F-BAR proteins (FCHo, FCHSD, and partially syndapin) are localized in the periactive zone. During stimulation
(the upper right-hand side of the scheme), the calcium entry through voltage gated Ca2+ channels results in phosphorylation of
synapsin with the involvement of CaMKII and destruction of the liquid phase in the cluster. N-BAR proteins undergo dephos-
phorylation and dimerization, which leads to the interaction with the membrane of synaptic vesicles and other endocytic proteins,
e.g., dynamin and synaptojanin, which are also localized in the cluster in the quiescent state. Dynamin here can simultaneously
bind syndapin and interact with amphiphysin present on the vesicular membrane. Vesicles are shifted to the active zone and fused
with the presynaptic membrane. ВAR proteins involved in the regulation of these stages are in a soluble state in the axoplasm.
During endocytosis (the bottom part of the scheme), ВAR proteins again become components of liquid protein condensate in the
periactive zone (yellow). Vesicle budding from the membrane with the involvement of dynamin GTPase is accompanied by post-
translational modifications of the proteins and destruction of the liquid phase. BAR proteins interact with synapsin, which results
in an increase in its local concentration. Dephosphorylation of synapsin, followed by intensification of its interaction with vesi-
cles, results in the replacement of BAR proteins on the surface of vesicles and the formation of the liquid phase. Posttransla-
tional modifications and the formation of autoinhibited monomers of BAR proteins lead to the stabilization of the liquid phase
and organization of vesicles into a cluster. For details, see the text. Large arrows indicate the direction of the synaptic cycle.
The liquid phase of synapsin is shown in light blue; amphiphysin, orange; endophilin A, red; syndapin 1, gray; dynamin, yellow;
FCHo and FCHSD are green; voltage-gated calcium channels, violet; calcium ions, red circles; synaptojanin, gray circles.
Abbreviations: CaMKII, Ca2+/calmodulin-dependent protein kinase II; CaN, calcineurin; CME, clathrin-mediated endocy-
tosis; CIE, clathrin-independent endocytosis. 
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Further studies showed that BAR proteins also play an
important role in synapses at other stages of the synaptic
cycle, from the coupling of exo- and endocytosis to the
retrieval of vesicles into the cluster in the active zone.
Some BAR proteins are constantly present in the peri-
active zone, while other BAR proteins occur in the clus-
ter of synaptic vesicles in the quiescent state and migrate
to the periactive zone during synaptic activity [59, 91–
93]. For example, endophilin, amphiphysin, and syn-
dapin are localized in the clusters of synaptic vesicles
organized by the liquid phase of synapsin, above the
active zone, and are delivered to the periactive zone of
the presynapse during synaptic activity after the fusion
of vesicles with the membrane in the active zone [59,
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
91–94]. A number of endocytic proteins such as
dynamin, synaptojanin, and intersectin migrate
together with the BAR proteins listed above [91, 95, 96].
At the same time, the proteins undergo dephosphory-
lation by CaN [53, 66, 91–93] (Fig. 2).

The available data on the properties of the proteins
discussed above raises the question: how do BAR pro-
teins perform their functions in the presynaptic secre-
tory cycle and participate in the regulation of LLPTs?

Presynaptic BAR proteins in the quiescent state. As
mentioned previously, synaptic vesicles are organized
into a cluster by the liquid phase of the presynaptic
protein synapsin. Experiments in vitro have shown
EMBRANE AND CELL BIOLOGY  Vol. 17  No. 2  2023
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that the liquid phase of synapsin is formed due to weak
interactions between IDR of protein molecules [39].
For this purpose, its interaction with the SH3 domains
of BAR proteins must be impaired. This assumption is
supported by experiments demonstrating that the
introduction of synapsin IDR antibodies disturbs the
organization of the reserve pool of vesicles in the lam-
prey presynapse at rest [40]. It can be assumed that
synapsin dephosphorylation and subsequent interac-
tion with the vesicular membrane through the ALPS
motif and C-domain in the liquid phase results in the
displacement of BAR proteins from the membrane
surface and their transition to a monomeric closed
state or, like in the case of endophilin, the protein can
be bound to VGLUT1 (vesicular glutamate trans-
porter) [97]. The inactivation of SH3 interactions is
supported by experiments where the blocking of the
SH3 domains of amphiphysin and the SH3A domain
of intersectin by antibodies were found not to lead to
the destruction of the reserve pool in the quiescent
state [40]. At the same time, the presence of IDRs in
the structure of BAR proteins can contribute to the
maintenance of the liquid phase of synapsin, as shown
for other proteins [98–100]. This is also consistent
with the assumption that the SH3 domains of other
endocytic proteins in the formed liquid phase of syn-
apsin are inactive [101].

Experiments have shown that synapsin, during
synaptic activity, undergoes complex phosphorylation
[39, 53, 102] (Fig. 2). Phosphorylation with the
involvement of calcium/calmodulin-dependent pro-
tein kinase II (CaMK II) causes a transition of the
protein (LLPT) from the liquid phase into the soluble
form, allowing synaptic vesicles to migrate to the
active zone of the presynapse [39]. Dephosphoryla-
tion of BAR proteins by Ca2+/calmodulin-dependent
phosphatase, CaN, in this case, makes them active,
which promotes transition to the active and then peri-
active zone [53, 54, 66, 91].

Exocytosis. Studies in recent years suggest the
involvement of BAR domain-containing proteins in
different stages of exocytosis in the presynapse,
including pore formation during the fusion of vesicles
with the presynaptic membrane. For example,
enhanced expression of endophilin increases the prob-
ability of neurotransmitter release [103]. By the exam-
ple of glutamatergic neurons of the rat cerebral cortex,
it has been shown that the interaction between endophi-
lin A1 and vesicular glutamate transporter VGLUT1
decreases the efficiency of exocytosis [97]. This inter-
action is based on the affinity of the proline-rich
sequence of VGLUT1 to the SH3 domain of endophi-
lin A1. Thus, VGLUT1 binds endophilin A1 mono-
mers, decreasing the amount of “active” endophilin
on the membrane surface of vesicles involved in the
synaptic cycle.

In addition, the interaction of the SH3 domain of
endophilin may be an important factor during the pos-
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itive regulation of exocytosis. The synaptic scaffold
protein intersectin binds to endophilin as a result of
interaction between their SH3 domains [104]. The
endophilin–intersectin complex is thought to play a
key role in exocytosis. This hypothesis has been sup-
ported by work in chromaffin cells of adrenal glands,
which use vesicles like those in synapses for the secre-
tion of biologically active molecules. It has been
shown that endophilins A1 and A2 act in tandem with
intersectin, increasing the probability of neurotrans-
mitter release [105]. It has been hypothesized that
such stimulation is implemented through the interac-
tion between intersectin and SNARE proteins that is
regulated by endophilin. Further studies are required
to confirm whether this mechanism works in inter-
neuronal synapses.

The probable role of amphiphysin 1 in exocytosis
has been shown in synaptosomes isolated from mouse
brain. The experiments on assessment of the efficiency
of release of f luorescent dye loaded into vesicles have
shown that, in the case of the amphiphysin 1 gene
knockout (when reduced expression of amphiphysin 2
is also observed), the intensity of exocytosis substan-
tially decreases compared to the wild type [55]. In
addition, the involvement of amphiphysin 1 in exocy-
tosis has been confirmed in model experiments with
the fusion of vesicles with the presynaptic membrane
in neuroendocrine cells. This study indicated the
direct recruitment of amphiphysin 1 to the site of ves-
icle fusion [106].

Oligophrenin 1 is another BAR protein, the role of
which is associated with the regulation of exocytosis in
central synapses. Experiments in hippocampal cul-
tures of mouse neurons have shown that this protein
increases the probability of fusion of synaptic vesicles
with the membrane [107]. In addition, it is thought
that it plays a role in the coupling of exo- and endocy-
tosis. On the one hand, oligophrenin 1 inactivates the
RhoA/ROCK signaling pathway which, in turn, sup-
presses endocytosis through endophilin phosphoryla-
tion [77]. On the other hand, the PRD region of oligo-
phrenin 1 directly interacts with the SH3 domain of
endophilin A1, and the impairment of this interaction
in case of mutations in the PRD domain of oligo-
phrenin 1 slows down the recirculation of synaptic ves-
icles [78]. The molecular mechanism underlying this
phenomenon has been recently analyzed in detail
[108]. It has been proposed that oligophrenin 1 is asso-
ciated with pore formation during the fusion of the
vesicle with the presynaptic membrane through the
GAP domain and controls the subsequent capture of
the vesicular membrane using the BAR domain. Thus,
the protein provides the spatial and temporal coupling
of exocytosis and endocytosis.

Endocytosis. During the recovery of synaptic vesi-
cles in the periactive zone, the protein complexes
involved in various forms of endocytosis again form a
liquid phase (Fig. 2). As mentioned previously, one of
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the key mechanisms of the recovery of synaptic vesi-
cles is clathrin-mediated endocytosis, which is initi-
ated in the presynaptic membrane regions enriched in
phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2).
Endocytosis proceeds in several stages; as a result, a
synaptic vesicle is budded from the membrane. BAR
proteins are key participants in this process. A number
of studies suggest that some F-BAR proteins can be
constantly present in the periactive zone and recruited
to the sites of endocytosis by protein complexes asso-
ciated with the vesicular membrane enriched in
PI(4,5)P2 [46, 109]. The first F-BAR proteins recruited
to the region of formation of a future vesicle are
FCHo1/2 proteins, which, in turn, attract the Eps15
protein and intersectin to the site of endocytosis [110].
Studies in vitro have shown that FCHo2 homodimers
form ring-shaped structures on the membrane sur-
face, comparable to the size of the sites of clathrin-
mediated endocytosis, which contributes to the clus-
tering of PI(4,5)P2 molecules [111]. In addition, the
linker region of FCHo1/2 can interact with adaptor
protein AP2, which also results in its clustering within
the membrane and destabilization of its closed confor-
mation. After that, PI(4,5)P2, as well as clathrin and
other endocytosis proteins, begin to compete with
FCHo1/2 for the binding to AP2, which leads to the
transition of the adaptor protein into an open confor-
mation and triggers the subsequent stages of endocy-
tosis [112]. It is believed that the liquid phase can be
formed at the very initial stages of the assembly of a
clathrin-coated pit [45].

Endophilin and amphiphysin are recruited to the
zone of formation of a clathrin-coated pit already at
early stages of endocytosis [113]. For example, the
introduction of anti-endophilin antibodies leads to the
cessation of endocytosis in the periactive zone in the
giant axon of the lamprey at the initial stages of mem-
brane invagination of the clathrin-coated pit [114],
while the introduction of antibodies against the
CLAP domain of amphiphysin results in disturbance
of the shape of clathrin-coated vesicles, which also
indicates impaired assembly of the clathrin coat at
early stages [59].

The experiments with living organisms and the
model experiments with liposomes in vitro have
shown active participation of N-BAR proteins endo-
philin A1 and amphiphysins 1/2 in the stages of vesicle
budding from the membrane and clathrin coat disas-
sembly [53, 54]. For example, the impaired interac-
tion between amphiphysins and dynamin in the giant
synapse of the lamprey as a result of the introduction
of the SH3 domain of amphiphysin leads to the accu-
mulation of invaginated clathrin-coated pits in the
periactive zone [20]. At the same time, under condi-
tions of excessive expression of the SH3 domains of
endophilin in the presynapse, together with the accu-
mulation of invaginated clathrin-coated pits around
the active zone, there are also numerous clathrin-
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coated vesicles [115]. Triple knockout of the endophi-
lin A1–A3 genes in mice also results in the accumula-
tion of clathrin-coated vesicles in the axoplasm [116].
Endophilin shows an affinity both to dynamin and to
synaptojanin involved in clathrin coat disassembly
from vesicles [19, 116]. Taken together, these data
indicate a decisive role of amphiphysin at the stages of
preparation for the scission of a clathrin-coated pit
from the membrane surface and a role of endophilin in
the recruitment of synaptojanin and the subsequent
clathrin coat disassembly in the newly formed vesicles.

Amphiphysin interacts with the proline-rich region
of dynamin through the SH3 domain, recruiting
dynamin GTPase for polymerization around the neck
of the clathrin-coated pit for the subsequent vesicle
budding from the membrane [20, 53]. It is a result of
the mechanochemical activity of dynamin [117]. Vesi-
cle budding is followed by rapid disassembly of its
clathrin coat. This process involves a polyinositol
phosphatase synaptojanin [53, 118]. Synaptojanin is
recruited by the SH3 domain of endophilin and
hydrolyzes PI(4,5)P2 to PI(4)P, which results in the
detachment of all adaptor proteins from the vesicle
surface and formation of a platform for the recruit-
ment of auxilin and other molecules involved in clath-
rin coat disassembly [53, 119].

A recent study has also shown that intersectin,
through an SH3–SH3 interaction, recruits the F-BAR
protein FCHSD2 to the base of the clathrin-coated
pit; the latter protein binds to the f lat membrane
regions at the pit base and triggers actin polymeriza-
tion mediated by the activation of N-WASP and
Arp2/3. Presumably, actin polymerization directed
from the pit base to the clathrin coat of a future vesicle
facilitates the final stages of clathrin-mediated endo-
cytosis [86]. It should be noted that the homolog of
this protein in the neuromuscular synapses of Drosoph-
ila, Nervous Wreck (NWK), is localized solely in the
periactive zone during the synaptic cycle, which sug-
gests analogous localization of FCHSD2 in central syn-
apses [86]. The impaired recruitment of NWK to the
sites of vesicle assembly results in vesicle size abnormal-
ity, indicating the important role of this F-BAR protein
even at the early stages of endocytosis [120].

BAR proteins are also involved in other nonclassical
scenarios of endocytosis. For example, it has been
shown that endophilin A is involved in the recycling of
synaptic vesicles through ultrafast endocytosis [28–30]
and fast endophilin-mediated endocytosis (FEME)
[121–123, review 124]. In addition, syndapin 1 has
been shown to participate in ultrafast endocytosis and
to act, as demonstrated by experiments with primary
neuronal cultures and with isolated proteins, as an
adapter between the presynaptic membrane and the
molecules of dynamin splice isoform Dyn1xA with the
formation of a protein condensate, or a liquid phase.
Apparently, this is the way how preparative local accu-
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mulation of dynamin occurs in the zone of endocyto-
sis, thereby accelerating the kinetics of the process [46].

Syndapin 1 also plays an important role in bulk endo-
cytosis. Experiments with the giant axons of the lamprey
as well as with mammalian primary neuronal cultures,
have demonstrated that bulk endocytosis requires not
only the presence of functionally active syndapin but
also its interaction with dynamin 1 [82, 94]. The condi-
tion of this interaction is the dephosphorylation of
dynamin 1 by the Ca2+/calmodulin-dependent phos-
phatase calcineurin [125]. The blocked interaction
between CaN and dynamin 1 impairs the formation of
synaptic vesicles on the surface of bulk endosomes and
makes it impossible to restore the reserve pool [126].

Formation of the presynaptic cluster of vesicles.
There are grounds to believe that, after vesicle budding
from the presynaptic membrane and clathrin coat dis-
assembly, proteins such as endophilin and amphiph-
ysin remain on the surface of vesicles (Fig. 2). It is not
improbable that syndapin falls into the cluster with
vesicles of a larger diameter, which are formed during
clathrin-independent endocytosis [46]. An interesting
property of the SH3 domains of endophilin, amphiph-
ysin, and syndapin is the ability to interact with syn-
apsin [127–129]. These interactions may contribute to
the increase in the local concentration of synapsin on
the surface of newly formed vesicles for the subsequent
transition of synapsin into the liquid phase. Currently,
there is no clear evidence of the role of BAR proteins
in the restoration of the cluster of vesicles during syn-
aptic activity. Further studies are required to elucidate
the detailed mechanisms of involvement of these pro-
teins. Our hypothesis is supported by the experiments,
where the knockout of endophilin genes is accompa-
nied by the decrease in the size of clusters of synaptic
vesicles in synapses [116]; however, there may be other
explanations for the above observation, e.g., impaired
endocytosis. The knockout of the amphiphysin 1 and
syndapin 1 genes has no significant effect on the orga-
nization of the clusters of synaptic vesicles in nerve
endings [55, 130]. It is not improbable that the func-
tions of these proteins are redundant because other
presynaptic molecules also work at this stage of the
secretory cycle. The function of concentrating syn-
apsin near the presynaptic active zone is performed,
e.g., by the scaffold protein intersectin, which has a
cassette of SH3 domains and can form multimeric
synapsin-binding complexes [39, 40, 101, 131]. Bio-
chemical experiments have shown that, in the case of
intersectin, the interaction with synapsin is possible
only under conditions stimulating protein phosphory-
lation. This fact suggests that synapsin binds to the
SH3 domains in the phosphorylated state [101, 131].

CONCLUSIONS
The experiments of recent years indicate that BAR

proteins are involved in the work of the synaptic secre-
tory cycle at many of its stages. The ability of some
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synaptic proteins to undergo phase transition from a
solution into a liquid phase with unique properties has
fundamentally changed our ideas of the principles of
work of the synaptic secretory cycle. Some of the
hypotheses presented in this review have to be further
confirmed. It should be noted that the functions of BAR
proteins in nerve endings are not confined to the cycle
of synaptic vesicles. For example, it has been shown that
endophilins are involved in autophagy and mitochon-
drial membrane modifications [71, 72, 132–134].
Amphiphysins and NWK/FCHCD2 can participate
in the coupling of membrane processes with cytoskel-
etal rearrangement [86, 109, 135, 136]. New data indi-
cate the involvement of LLPTs in these processes too
[137–139]. Further studies of the role of LLPTs in
central synapses will contribute to a broader under-
standing of cellular mechanisms, which provide signal
transduction in nerve endings, and potential sources
of pathologies in the central nervous system.
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