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Efficient retrieval of the synaptic vesicle (SV) membrane from the presynaptic plasma

membrane, a process called endocytosis, is crucial for the fidelity of neurotransmission,

particularly during sustained neural activity. Although multiple modes of endocytosis have

been identified, it is clear that the efficient retrieval of the major SV cargos into newly

formed SVs during any of these modes is fundamental for synaptic transmission. It is

currently believed that SVs are eventually reformed via a clathrin-dependent pathway.

Various adaptor proteins recognize SV cargos and link them to clathrin, ensuring the

efficient retrieval of the cargos into newly formed SVs. Here, we summarize our current

knowledge of the molecular signatures within individual SV cargos that underlie efficient

retrieval into SVmembranes, as well as discuss possible contributions of themechanisms

under physiological conditions.
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INTRODUCTION

Synaptic vesicles (SVs) are the storage organelle of neurotransmitters. The arrival of an action
potential elicits the release of neurotransmitter from SVs via exocytosis. After exocytosis, the
constituents of SVs, including lipids and integral membrane proteins, are retrieved by a process
called endocytosis and recycled for the next round of exocytosis (Südhof, 2013). Thus, even without
a supply of proteins and lipids from the cell body, SVs can be locally recycled and reused at
presynaptic terminals within a certain period. Several distinct modes of SV membrane retrieval
have been proposed, largely based on electron microscopy analysis (reviewed by Soykan et al.,
2016). Upon relatively mild stimulation, such as 10Hz, SV membranes are recycled by clathrin-
mediated endocytosis (CME), a process that involves the formation clathrin-coated pits from
the plasma membrane at active zones (AZs) or from cisternal structures at the periphery of the
release sites. With stronger stimulation (e.g., 40Hz, 5–10 s), formation of much larger membranous
structures known as endosome-like vacuoles (ELVs) or activity-dependent bulk endocytosis
(ADBE) occurs; the structures formed are not decorated with clathrin coats (Clayton et al.,
2008; Kononenko et al., 2014). Furthermore, clathrin-independent ultrafast endocytosis (UFE) has
also been proposed to occur predominantly at physiological temperatures, in which endosomes
emerge immediately from the plasma membrane after a brief stimulus (<100 ms) (Watanabe
et al., 2013). In the case of the latter two processes, SVs are subsequently regenerated from the
endosomes in a clathrin-dependent manner (Watanabe et al., 2014). Although another type of
rapid SV retrieval called “kiss-and-run” exocytosis and endocytosis, involving transient fusion pore
formation and subsequent closure, has been observed in neuroendocrine cells, controversy exists
regarding whether the same mechanism exists in neurons (Aravanis et al., 2003; Granseth et al.,
2006).
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Because clathrin itself cannot directly interact with lipids or
various cargo proteins, adaptor proteins play crucial roles in
recruiting the clathrin coat to the cluster sites of the SV cargo to
be endocytosed (Traub and Bonifacino, 2013; Paczkowski et al.,
2015). These adaptors can directly bind to SV cargo proteins,
while simultaneously recruiting the clathrin coat proteins for the
initiation of SV formation, either from the plasma membrane
or endosomes pinched off from the plasma membrane. Among
adaptor proteins, AP-2 (a heterotetramer complex composed of
α, β2, µ2, and σ2 subunits) might play a central role in the
recognition of SV cargos at the plasma membrane, enabling
the selective retrieval of SV cargo proteins and preventing
unexpected contamination of plasmamembrane residents. Other
adaptor protein complexes, such as AP-1 and AP-3, may play
similar, but distinct, roles in the recognition of SV cargos
at different intracelluar sites; e.g., endosomes (Kokotos and
Cousin, 2015). Further, other accessory proteins specific for
certain SV cargos, such as AP-180/clathrin assembly lymphoid
myeloid leukemia (CALM) family, endophilin, and stonin,
likely contribute to cargo selection and efficient retrieval. In
addition to specialized adaptors that link SV cargos to clathrin,
specific or non-selective cargo–cargo interactions within SVs
may contribute to selective cargo retrieval into newborn SVs. The
latter mechanism can be particularly important and economic in
maintenance of the stoichiometry of the major SV components.

In this review, we will first discuss how the faithful retrieval
and maintenance of SV cargo proteins would impact synaptic
transmission. We will then discuss various molecular signatures
within SV cargo proteins that enable efficient sorting into
newborn SVs, which have been identified by pHluorin-based
probes. Moreover, we will consider several endocytic pathways
through which large intermediate compartments are involved
to generate competent SVs. Descriptions of various modes
of endocytosis, i.e., presynaptic membrane retrieval and SV
reformation, can be found in other recently published reviews
(e.g., Kononenko and Haucke, 2015; Soykan et al., 2016).

MAJOR SV CARGOS AND THE
PHYSIOLOGICAL IMPORTANCE
OF THEIR FAITHFUL RETRIEVAL

SVs are equipped with dozens or more proteins that are
responsible for basic synaptic functions, such as neurotransmitter
uptake and exocytosis, as well as for activity-dependent
changes underlying synaptic plasticity. Quantitative molecular
analysis of purified SVs from rodent brains demonstrated
that SVs are “protein-rich” supramolecular complexes, with
approximately a quarter of membrane volume occupied by
the transmembrane helices conferred by abundant membrane
proteins (Takamori et al., 2006). These proteins include the
following: (1) synaptobrevin 2 (Syb2; also referred to as VAMP2),
which is essential for the fusion of the SV membrane with the
plasma membrane; (2) synaptotagmin 1 (Syt1), which functions
as a Ca2+ sensor for exocytosis; (3) vesicular transporters that
allow the SV lumen to be filled with neurotransmitters, such as
glutamate and GABA; and (4) other membrane proteins (SV2

and synaptophysin) with functions that remain elusive. Although
in mammals, these SV proteins consist of multiple isoforms,
which are usually expressed in a subpopulation of neurons, the
average copy numbers of the abundant isoforms in an SV can
vary substantially (Table 1), with Syb2 being the most abundant
protein (30–70 copies per SV) and the vacuolar-type H+-ATPase
(V-ATPase) being the least abundant protein complex (1–2
complexes per SV) (Takamori et al., 2006; Mutch et al., 2011;
Wilhelm et al., 2014). Moreover, there appears to be variation
in the protein number per vesicle. Some SV proteins, such as
SV2, V-ATPase, Syt1 and the vesicular glutamate transporter 1
(VGLUT1), show very little variability in the protein number
between vesicles, whereas Syp, Syb2, and synaptogyrin show
significant intervesicle variability (Mutch et al., 2011). In addition
to the forementioned major SV constituents, SVs contain various
integral membrane proteins, such as endosomal soluble NSF
attachment protein receptors (SNAREs), which seem to be
present on only a subset of SVs. The acquisition of these “minor”
proteins during recycling may confer distinct release properties
on individual SVs (Hoopmann et al., 2010; Hua Z. et al., 2011;
Raingo et al., 2012; Ramirez et al., 2012).

With the exception of V-ATPase, essential proteins for
exocytosis and transmitter uptake appear to have sufficient
“safety margins,” which ensure that sufficient copies of these
components are always present during SV recycling, even if
some proteins fail to be incorporated. For instance, only a
few copies of Syb2 have been shown to be required for rapid
exocytosis (Mohrmann et al., 2010; van den Bogaart et al.,
2010; Sinha et al., 2011). Thus, sustained neurotransmission
does not require the precise retrieval of Syb2 during recycling.
Consistent with this notion, previous research on Syb2+/− mice
failed to identify noticeable electrophysiological phenotypes with
regard to synaptic transmission (Schoch et al., 2001). However,
recent data on Syb2+/− hippocampal slice preparations revealed
reduced basal transmission and altered release probability (Koo
et al., 2015), underscoring the importance of a precisemechanism
to ensure the presence of sufficient copies of Syb2 on SVs
during recycling. Similarly, mice heterozygous for the vesicular
glutamate transporters (VGLUT1 and VGLUT2) exhibited a
wide array of behavioral deficits despite little electrophysiological
phenotype (Takamori, 2006; Tordera et al., 2007; Schallier et al.,
2009; Elizalde et al., 2010). Therefore, even for the major SV
constituents, a mechanism must exist to ensure the faithful
retrieval of SV cargo proteins to generate SVs functionally
competent to maintain the fidelity of neurotransmitter uptake
and SV exocytosis during high activity.

VISUALIZING SV CARGO RETRIEVAL

A green fluorescent protein derivative with enhanced pH
sensitivity (pHluorin) has long been used to monitor SV
dynamics in cultured neurons and has also enabled the
characterization of individual SV cargo dynamics upon various
forms of stimulation (Kavalali and Jorgensen, 2014). When
the luminal domain of an SV cargo protein is tagged with a
pHluorin moiety and the fusion protein is exogenously expressed
in cultured neurons, the fluorescence of the pHluorin probes is
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TABLE 1 | Endocytic motif in the major SV cargos.

Name Abbreviation Function Copy No./SV Endocytic motif

Synaptobrevin2/VAMP2 Syb2 or VAMP2 Catalysis of membrane fusion 32(1), 70(2) PRD,SNARE motif, di-leucine motif

Synaptotagmin 1 Syt1 Ca2+ sensor for synchronous release 7(1), 15(2) Basic motif in C2 domain, di-leucine motif

Synaptophysin Syp Unknown 13(1), 30(2) Tyrosine repeats

Synaptic vesicle protein 2A SV2A Unknown 2(1), 5(2) Tryrosine-based motif

Vesicular glutamate transporter 1 VGLUT1 Glutamate uptake 4(1), 10(2) PRD, di-leucine motif

Vesicular GABA transporter VGAT/VIAAT GABA uptake N.D. di-leucine motif

Functions in neurotransmission, average copy numbers per SV and endocytic motifs within the amino acid sequences are listed. Copy numbers were taken from (1)Mutch et al

or (2)Takamori et al. respectively. N.D. stands for “not determined”. In general, copy numbers of SV proteins estimated in (1)are smaller than those reported in (2). Although both

measurements relied on the usage of specific antibodies for each SV protein,anybody labeling in (1)was performed in situ where accessibility of antibodies to the epitopes could be

limited because of both crowding of the epitopes and possible protein-protein interactions that can mask the epitopes in native vesicles, leading to underestimation of the copy numbers.

quenched in resting conditions owing to the acidic environment
of the SV lumen. When a stimulus is applied to neurons
and exocytosis occurs, pHluorin molecules are exposed to the
extracellular (neutral) solution and, therefore, the fluorescence of
the probe is consequently de-quenched. Thereafter, endocytosis
and the subsequent acidification after (and during) the stimulus
re-quench the fluorescence. According to the schematic view
of the endocytosis process, initial studies using a prototype
of a pHluorin probe called synaptopHluorin (pHluorin is C-
terminally tagged to Syb2) were interpreted based on a premise
that the optical probes share a common destiny with all
other endogenous SV cargo proteins and lipid constituents
(Miesenböck et al., 1998; Sankaranarayanan and Ryan, 2000;
Fernandez-Alfonso and Ryan, 2004). However, subsequent
studies, in which the luminal regions of other SV proteins, such as
Syt1, VGLUT1, Syp, and SV2, were tagged with similar pHluorin
probes, revealed that this premise did not always hold true (Pan
et al., 2015), indicating that the retrieval of individual SV cargo
might be differentially regulated by multiple factors.

One of the intrinsic problems associated with the use of
pHluorin-probes to track SV cargo is that fluorescence signals
do not directly report the dynamics of SV cargos, but depend
on the re-acidification kinetics of the endocytosed vesicle lumen.
Although the pKa of the most frequently-used pHluorin (known
as superecliptic pHluorin: SEP) is better suited to minimize
any contribution of the re-acidification process during CME
(Atluri and Ryan, 2006; Granseth et al., 2006), re-acidification
kinetics can be rate-limiting when large vacuoles are generated
by ADBE or UFE, owing to their large volume (Nicholson-
Fish et al., 2015; Okamoto et al., 2016). Therefore, since a
wide range of stimulation protocols have been used to monitor
SV cargo recycling, ranging from 5 to 80Hz, when multiple
modes of endocytosis could be elicited, it should be noted
that pHluorin signals may include multiple reporter statuses in
various endocytosed vesicles upon repetitive stimulation.

DYNAMICS OF SV CARGO AT THE
PLASMA MEMBRANE

A method to maintain the stoichiometry of all SV cargo
proteins during exocytosis and endocytosis is to avoid the

dispersion of vesicle proteins in a single vesicle, presumably via
relatively tight protein–protein interactions among the cargo
proteins. High-resolution imaging of Syt1 immunostaining by
stimulated emission depletion microscopy revealed that Syt1
remained clustered in isolated patches on the plasma membrane,
regardless of whether the nerve terminals were subjected to
strong stimulation (Willig et al., 2006). This finding indicates that
the Syt1 clusters on an SV do not lose their identity or laterally
disperse at the plasma membrane during SV recycling. Although
it remains unclear whether this behavior is representative of that
of all proteins localized to the SV, it is possible that many other
SV proteins follow the same path as Syt1 to some extent, as
SV proteins were reported to form detergent-resistant complexes
(Bennett et al., 1992). Alternatively, as shown for the plasma
membrane SNARE protein Syntaxin 1A, it is also plausible
that specific lipid-protein interactions, cholesterol-based lipid
rafts, or homomeric SNARE motif interactions play a role in
clustering SV cargos (Lang et al., 2001; Gil et al., 2005; Sieber
et al., 2006; van den Bogaart et al., 2011). The contributions of
other possible factors to preserve protein clusters on SVs, e.g.,
a luminal matrix that “bridges” SV residents, have not yet been
clarified.

In contrast, a large body of research using exogenous

pHluorin-based SV cargo probes and fluorophore-coupled
antibodies, which enable the labeling of endogenous SV proteins,
suggests that SV proteins inserted into the plasma membrane
upon exocytosis rapidly diffuse away from the release sites
and mix with SV proteins present on the plasma membrane
before endocytosis (Sankaranarayanan and Ryan, 2000; Li and
Murthy, 2001; Granseth et al., 2006; Wienisch and Klingauf,
2006). Furthermore, instead of newly exocytosed SV proteins, a
fraction of SV proteins that pre-exist on the plasma membrane is
preferentially retrieved by compensatory endocytosis (Wienisch
and Klingauf, 2006). Notably, fluorescence nanoscopy of surface-
labeled Syt1 showed perisynaptic localization of Syt1 clusters,
presumably representing a “hot spot” for endocytosis (Hua Y.
et al., 2011). In addition, high-resolution time-lapse imaging of
newly exocytosed SV proteins revealed that upon exocytosis,
SV proteins rapidly disperse (Gimber et al., 2015). However,
these proteins are largely confined within the presynaptic
bouton, and subsequently slowly recluster at the periactive zone.
Altogether, it is conceivable that a pre-sorted and pre-clustered
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pool of SV proteins (named the readily retrievable pool of
SV proteins [RRetP]; Hua Y. et al., 2011) on the presynaptic
membrane might be responsible for the initial retrieval of SV
proteins into endocytosed vesicles. During repetitive stimulations
through which the RRetP are exhausted, the SV proteins
inserted into the plasma membrane by exocytosis travel to the
“hot spot” by diffusion and are likely retrieved by subsequent
endocytosis.

RETRIEVAL SIGNALS WITHIN SV
PROTEINS FOR CLATHRIN-MEDIATED SV
REFORMATION

Regardless of endocytosis modes, new SVs appear to be reformed
either from the plasma membrane or eventually from endosomal
compartments presumably via the clathrin-mediated pathway,
and various adaptor proteins that selectively recognize individual
cargo are required to recruit SV cargo into newly generated SVs
(Saheki and De Camilli, 2012). These adaptors can bind directly
to cargo proteins, while simultaneously recruiting the clathrin
coat proteins. As outlined in Introduction, among the adaptor
proteins, AP-2 might be play a central role in the recognition
of SV cargos at the plasma membrane, enabling the selective
retrieval of SV cargo proteins and preventing unexpected
contamination of plasma membrane residents (Traub and
Bonifacino, 2013; Paczkowski et al., 2015). Other adaptor protein
complexes, such as AP-1 and AP-3, may play similar roles
in SV cargo recognition, presumably at different sites, such
as endosomes (Kokotos and Cousin, 2015). Furthermore, for
some SV cargos, other accessory proteins, such as the AP-
180/CALM family, endophilin, and stonin, likely contribute
to cargo selection and efficient retrieval (Voglmaier et al.,
2006; Kononenko et al., 2013; Kaempf et al., 2015; Koo et al.,
2015). Finally, specific or non-selective cargo–cargo interactions
within SVs may contribute to cargo selection into newborn
SVs (Pan et al., 2015; Gordon et al., 2016; Rajappa et al.,
2016).

From a quantitative perspective, the average synapse
contains 1,000–2,000 AP-2 subunits, ∼3,000 AP-180, and
∼2,000 endophilins, whereas it contains 5–10 times more
SV cargos (Wilhelm et al., 2014). Therefore, the total
molecular components responsible for CME would capture
only 10–20% of all the cargo simultaneously, implying that
the number of adaptor proteins would limit the efficient
retrieval of SV cargos by CME upon high-frequency repetitive
stimulation. This may explain why CME is saturable and SV
reformation via ADBE is adopted to deal with excess SV cargo
during periods of repetitive stimulation (Sankaranarayanan
and Ryan, 2000; Clayton et al., 2008; Kononenko et al.,
2014).

In the following sections, we will present amino acid
sequences or motifs within SV proteins that are responsible for
SV cargo recognition by the adaptor proteins that underlie the
efficient retrieval of individual cargo into clathrin-coated vesicles.
We will further describe the contribution of other endocytic

motifs, as well as specific cargo–cargo interactions that affect the
efficiency of SV protein retrieval.

Di-Leucine Motif
A di-leucine motif, known as one of the well-conserved endocytic
motifs, is represented by [E/D]xxxL[L/I] (Kelly et al., 2008).
The motif can be recognized by the AP-2 adaptor complex,
which enables the connection of cargo proteins to clathrin
coats (Figure 1A). Many abundant SV proteins, such as Syt1,
Syb2, and all vesicular neurotransmitter transporters, contain
typical or atypical di-leucine-like motifs in their cytoplasmic
tails. These motifs are required, and are sufficient in most
cases, to target these cargos into small synaptic vesicle-like
microvesicles (SLMVs) in neuroendocrine cells (e.g., PC12 cells)
(Grote and Kelly, 1996; Tan et al., 1998; Blagoveshchenskaya
et al., 1999). Furthermore, phosphorylation and acidic residues
located upstream of the di-leucine motifs in the vesicular
acetylcholine transporter and vesicular monoamine transporter 2
dictate sorting of the transporters to distinct secretory organelles
in PC12 cells, highlighting the importance of negative charges
within the motifs (Krantz et al., 2000). In addition, di-leucine
motifs help prevent the accumulation of stranded cargos in the
plasma membrane, collectively suggesting the important roles
of these motifs in directing the cargo to SLMVs, as well as in
the recruitment of cargo from the plasma membrane (Tan et al.,
1998).

In neurons, the role of di-leucine motifs in the retrieval
of vesicular amino acid transporters has been intensively
investigated using pHluorin-based probes. First, VGLUT1
contains an atypical di-leucine motif at the C-terminal
cytoplasmic tail, and similar sequences are present in
VGLUT2 and VGLUT3 (Voglmaier et al., 2006). Replacing
the hydrophobic residues in the motif with alanine or glycine
results in a significant reduction in the rate of VGLUT1
internalization following repetitive stimulation (e.g., 5Hz, 60 s)
(Voglmaier et al., 2006; Foss et al., 2013; Pan et al., 2015).
Further, VGLUT1 contains two di-leucine-like motifs at the N
terminus, which are not well-conserved in the other isoforms.
In the absence of all three motifs, VGLUT1 becomes stranded
at the cell surface, no longer responds to stimulation, and is
not targeted to SVs. Notably, the C-terminal motif facilitates
the retrieval of VGLUT1 via AP-2, whereas the N-terminal
motifs use AP-1 dependent pathways, indicating that VGLUT1
retrieval is mediated by two distinct mechanisms involving
different adaptor proteins (Foss et al., 2013). In contrast to
VGLUT1, mutations in the C-terminal di-leucine-like motif in
VGLUT2 led to increased surface expression (>10-fold more
than wild-type VGLUT2) and disrupted synaptic targeting of
VGLUT2 (Foss et al., 2013). Thus, although VGLUT2 recycling
is almost exclusively dependent on the C-terminal di-leucine-like
motif, VGLUT1 also relies on its N-terminal trafficking motifs.
Second, putative traffickingmotifs of vesicular GABA transporter
(VGAT: also referred to as VIAAT) have been examined (Santos
et al., 2013). Like VGLUTs, VGAT contains an atypical di-leucine
motif (E39EAVGFA45), consisting of acidic residues at the
−4 and −5 positions upstream of two hydrophobic residues,
and the F44A/AA mutation resulted in reduced retrieval of
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FIGURE 1 | Retrieval mechanisms of SV cargos. (A) Di-leucine motif. AP-2 recognizes a di-leucine or a dileucine-like motif within the cytoplasmic region of SV cargos

(e.g., VGLUT and VGAT). AP-2/cargo protein complexes are incorporated into SV surrounded by clathrin complexes. (B) C2 domain. The basic motif within the C2

domains of Syt 1 is required for binding of AP-2, and the binding is enhanced by a tyrosine-based motif of SV2A. (C) SNARE motif. The SNARE motif of Syb2 binds to

the ANTH domain of AP180/CALM, which recruits clathrin complexes. (D) Proline-rich domain. The proline-rich domain of VGLUT1 interacts with a SH3 domain of

endophilin, which senses membrane curvature and recruits dynamin that mediates membrane tubulation and fission. (E) Cargo–cargo interaction. (Left panel) Syp and

Syb2 form a 1:2 complex on SVs, and the complex is dissociated upon SNARE complex assembly during exocytosis. After exocytosis, the Syp/Syb2 complex is

reformed and incorporated into SV. (Right panel) In the absence of Syp, the efficiency of Syb2 retrieval would be decreased.

VGAT during and after repetitive stimulation. Interestingly, the
E39E40/GG mutation also caused substantial delay of VGAT
retrieval, underscoring the importance of acidic residues in the
di-leucine-like motif. Moreover, single mutations in the acidic
residues led to a shift from the AP-2-dependent pathway to the
AP-3-dependent pathway. These results revealed the following:
(1) hydrophobic residues are more compatible and di-leucine

motifs are more diverse than previously envisioned and (2)
acidic residues in the di-leucine motif may play an essential role
in selective binding to specialized adaptor proteins, including
AP-1/2/3 (see also Proline-rich domain, below).

Altogether, although the detailed roles of the di-leucine-
like motifs of Syt1, Syb2, and other vesicular neurotransmitter
transporters (VMATs/VAChT) in recycling at the presynaptic
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terminal remain to be explored, the existence of di-leucine-like
motifs in the major SV cargos indicate a vital role in their
retrieval. This sequence also predicts which adaptor protein
complexes are involved during recognition, and can ultimately
define the distribution of the SV cargos across SV pools with
distinct release properties.

C2 Domains
Some members of the Syt family are known to be Ca2+

sensors for rapid, synchronized SV exocytosis. Syts are single-
transmembrane proteins with cytoplasmic domains that harbor
tandem C2 domains (C2A and C2B) that interact with Ca2+,
SNAREs, and phospholipids. While the C2B domain appears to
be essential for rapid Ca2+-dependent exocytosis (Mackler et al.,
2002; Nishiki and Augustine, 2004), it also functions as a high
affinity receptor for the µ-subunit of the AP-2 complex (Zhang
et al., 1994), indicating its role in endocytosis. Within the C2B
domain, two adjacent lysine residues, known as the “basic motif,”
are required and sufficient for Ca2+-dependent oligomerization
of Syt1 (Chapman et al., 1998) and AP-2 binding (Haucke et al.,
2000). The basic motif comprising the putative AP-2 binding
site is highly conserved among other Syt family members in
mammals (Grass et al., 2004). Intriguingly, the interaction can
be inhibited by a peptide containing the basic motif, but not by
one containing a classical di-leucine motif (Grass et al., 2004),
suggesting that the basic motif is responsible for recognition
of Syt1 by AP-2 (Figure 1C). In addition, binding between the
basic motif of Syt1 and AP-2 can be markedly enhanced in the
presence of a tyrosine-based endocytic motif (YxxΦ , where Y, x,
and Φ denote a tyrosine, polar residue, and large hydrophobic
side chain, respectively; Haucke and De Camilli, 1999). This
endocytic motif is presumably conferred by another SV protein,
SV2A (see also below, Cargo–cargo interactions). A tyrosine-
based motif containing peptides can simultaneously induce AP-2
and clathrin coat assembly, facilitating clathrin/AP-2 recruitment
onto protein-free liposomes in vitro (Haucke and Krauss, 2002).
These findings collectively indicate that the basic motif of Syt1
is not only responsible for Syt1 retrieval during endocytosis
but also plays a key role in concentrating the endocytic protein
machinery at the “hot spot” of endocytosis, upon the elevation of
cytoplasmic [Ca2+] near release sites.

In addition to the Ca2+-dependent direct binding of Syt1 to
AP-2, another accessory protein named stonin 2 can connect
Syt1 to AP-2, in a Ca2+-independent manner. Stonin 2, whose
drosophila ortholog was originally identified as one of the
temperature-sensitive immobile Drosophila mutants, has a motif
with the consensus sequence WVxF at the N terminus (Maritzen
et al., 2010). This sequence is responsible for binding to the AP-
2 α-adaptin ear domain and µ2 subunit (Walther et al., 2004).
The protein can also bind to the C2 domain of Syt1 through the
C-terminus µ-homology domain (µ-HD), establishing another
physical link between Syt1 and AP-2 (Martina et al., 2001;
Walther et al., 2004). The µ-HD of stonin 2 was necessary for
the sorting of stonin 2 to the presynaptic terminals in cultured
hippocampal neurons and to the plasma membrane upon co-
expression with Syt1 in a neuroblastoma cell line (Walther et al.,
2004). In addition to the biochemical and genetic evidence

supporting a possible role of stonin 2 in the selective retrieval of
Syt1 during endocytosis, the retrieval kinetics of both Syt1 and
Syp were faster in stonin 2-deficient neurons, which was only
observed when high-frequency stimulation (40Hz) was applied
(Kononenko et al., 2013). In contrast, the deletion of stonin 2
resulted in the selective accumulation of Syt1 on the cell surface,
indicating that it was required for maintaining sufficient copies
of Syt1 during constitutive synaptic vesicle recycling, and not for
the rapid retrieval of Syt1 upon stimulation.

Elucidating the contributions of the C2 domains of Syt1 to
its retrieval has proven difficult, mainly because Syt1 plays an
essential role not only in Ca2+-triggered exocytosis, but also in
SV endocytosis (Jorgensen et al., 1995; Poskanzer et al., 2003,
2006; Nicholson-Tomishima and Ryan, 2004; Yao et al., 2011).
Therefore, the interaction might be central to the initiation of
SV endocytosis through recruitment of clathrin and accessory
proteins that are essential for SV reformation.

SNARE Motif
Syb2, the most abundant SV protein and major SNARE on SVs,
is essential for Ca2+-triggered rapid SV fusion to the plasma
membrane. Although Syb2 is abundant (∼70 copies per SV) and
also present on the presynaptic plasma membrane as a potential
RRetP, reduced expression of Syb2 might have a substantial
impact on synaptic transmission (Koo et al., 2015).

Syb2 is a small single-span transmembrane protein, in which
the “SNARE motif” predominates the cytoplasmic domain (∼70
of 90 amino acids). The SNARE motif of Syb2 is critical for
the formation of the SNARE complex with syntaxin 1 and
SNAP-25 at the plasma membrane (Jahn and Scheller, 2006).
However, several studies have indicated that the motif also
works as a retrieval signal during endocytosis. Genetic data in
Caenorhabditis elegans (Nonet et al., 1998; Dittman and Kaplan,
2006) and Drosophila (Zhang et al., 1998; Bao et al., 2005)
demonstrated that the AP-180 N-terminal homology (ANTH)
domain-containing endocytic protein AP180 is associated with
proper SV sorting of Syb2. In mammals, the ANTH domain
family consists of two family members, CALM and AP180.
Biochemically, AP180 and CALM can bind to PtdIns(4,5)P2
and clathrin simultaneously, enabling membrane tethering of
clathrin. Moreover, AP180 (and presumably CALM) can not only
induce clathrin lattice formation in lipid monolayers in vitro, but
also facilitate the formation of clathrin-coated pits in the presence
of AP-2 (Ford et al., 2001).

In addition to their pivotal function in recruiting the endocytic
machinery, both AP180 and CALM bind to the N-terminal
half of the Syb2 SNARE motif through their ANTH domain
(Figure 1D). Interestingly, knockdown of either CALM or
AP180 induced higher surface expression of Syb2-pHluorin, but
not VGLUT1-pHluorin. The simultaneous knockdown of both
further increased the surface expression, suggesting their co-
operative roles in the selective retrieval of Syb2 (Koo et al.,
2011). Further, mutations in Syb2-pHluorin, which diminished
its binding to the ANTH domain, resulted in a marked
increase in its surface expression (∼70%), thus supporting
the important roles of CALM and AP180 in the selective
retrieval of Syb2. Recent research regarding knockout (KO) of

Frontiers in Cellular Neuroscience | www.frontiersin.org 6 January 2018 | Volume 11 | Article 422

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Mori and Takamori Endocytic Motifs in SV Proteins

AP180 in mice substantiated its role in Syb2 retrieval because
surface expression of Syb2-pHluorin, but not Syt1-pHluroin, was
increased. Moreover, the endocytosis of Syb2-pHluorin, but not
Syt1-pHluorin, was diminished (Koo et al., 2015). Collectively,
these findings suggest that, in accordance with a cooperative
contribution of Syp binding to Syb2 (Adams et al., 2015) (see
also below, Cargo–cargo interactions), binding of the N-terminal
SNARE motif of Syb2 to the AP180 family might play a key role
in the selective retrieval of Syb2.

Proline-Rich Domain
A proline-rich domain (PRD) is a protein domain enriched
in proline residues. PRDs are known to interact with various
proteins through their src-homology 3 domains (SH3 domains),
and these interactions mediate the assembly of specific protein
complexes. The endocytic protein dynamin has a crucial role
in membrane fission during vesicle formation. It contains a
C-terminal PRD which interact with the SH3 domains of
various endocytosis proteins, such as endophilin (Ringstad
et al., 1999; Gad et al., 2000). VGLUT1 also contains PRDs
at its C-terminus that interact with the SH3 domain of
endophilin A family proteins (Figure 1B; De Gois et al., 2006;
Vinatier et al., 2006; Voglmaier et al., 2006). Endophilins
contain an N-terminal Bin-Amphiphysin-Rvs (BAR) domain,
which is implicated in the generation of membrane curvature
(Farsad et al., 2001). Considering its association with dynamin,
also via its SH3 domain, endophilin is thought to recruit
dynamin to endocytic sites where the BAR domain may sense
the membrane curvature, during the initial stage of vesicle
endocytosis (Ringstad et al., 1999; but see Milosevic et al.,
2011, suggesting a role of endophilin in the uncoating of
clathrin after fission of endocytosed SVs). Whether endophilin
is involved in clathrin-dependent endocytosis (CME) or in
clathrin-independent endocytosis (CIE) remains under intense
debate (Ringstad et al., 1999; Milosevic et al., 2011). Nevertheless,
VGLUT1-pHluorin lacking PRD (VGLUT1-1PRD), which is
thereby incapable of binding to endophilin, exhibited slower
retrieval from the plasma membrane only at the late phase of
prolonged repetitive stimulation (e.g., 5Hz, 300 s) (Voglmaier
et al., 2006; Pan et al., 2015). However, the delay was less
pronounced compared with that observed with mutations in
the di-leucine-like motif of the VGLUT1 C-terminus, which
was apparent after a shorter stimulation protocol (5Hz, 60 s).
Notably, inhibition of the AP-3 pathway by brefeldin A restored
the rate of VGLUT1-1PRD retrieval, suggesting that the retrieval
of VGLUT1 depends both on AP-2 and AP-3 and that endophilin
may recruit VGLUT1 to the faster AP-2 pathway (Voglmaier
et al., 2006). It should be noted that VGLUT2-pHluorin, which
intrinsically lacked a PRD at its C-terminus, exhibited slower
decay kinetics than VGLUT1-pHluorin (Foss et al., 2013). It
remains to be clarified whether the existence of a PRD in
VGLUT1 alone resulted in the differences between the isoforms.

In addition to the role of the PRD in VGLUT1 retrieval,
this domain may be involved in the regulation of release
probability (Weston et al., 2011). Overexpression of endophilin
in hippocampal neurons increased the release probability,
whereas suppression of endophilin had the opposite effect.

Notably, the increase in release probability induced by exogenous
endophilin was mediated by the BAR domain of endophilin.
Moreover, the effect could be “buffered” by the PRD of VGLUT1,
indicating that the PRD in VGLUT1 may regulate available
endophilinmolecules on SVs that increase the release probability.

Syb2 also contains a PRD at its N-terminus. Although its
role in Syb2 retrieval has not been directly investigated, both
disruption of the Syb2 gene and acute injection of Syb2 N-
terminal peptide (1–26 containing PRD) into the presynaptic
terminal of the calyx of Held significantly reduced endocytosis
itself (Deák et al., 2004; Hosoi et al., 2009). Moreover, the PRD
of Syb2 is involved in efficient SV recruitment to release sites
(Wadel et al., 2007). Thus, the PRD of Syb2 plays a pivotal role
in SV recycling rather than Syb2 retrieval exclusively.

Cargo–Cargo Interactions
Apart from the endocytic motifs of major SV cargos that play a
crucial role in their retrieval, described above, other interactions
(both specific and non-specific) among SV cargos might play
a role in their cooperative retrieval. In fact, major SV proteins
were shown to form distinct protein complexes, depending on the
detergents used for solubilization (Bennett et al., 1992), a finding
suggesting their multiple interactions in vivo. Moreover, the
construction of a 3Dmodel of an average SV revealed that the SV
is a protein-rich structure with one quarter of the membrane area
occupied by the transmembrane domains of SV cargo proteins
(Takamori et al., 2006). This finding indicated that non-selective
hydrophobic interactions, as well as specific sequence-dependent
interactions between cytoplasmic tails of individual cargos, are
likely to occur in an SV. There is now evidence to support
the notion that direct interactions among SV cargos might also
significantly influence their cooperative retrieval, as described
below.

SV2, which is structurally similar to sugar transporters and
functionally implicated in epilepsy (Crowder et al., 1999; Janz
et al., 1999; Lynch et al., 2004), binds specifically to the C2B
domain of Syt1 through its N-terminus cytoplasmic tail. This
binding, which may or may not be Ca2+-dependent (Schivell
et al., 1996; Lazzell et al., 2004), depends on the phosphorylation
of the Thr84 residue of SV2A by the casein kinase 1 family (Pyle
et al., 2000; Zhang et al., 2015). Although the mutagenesis of T84
in SV2A showed a subtle effect on SV2A recycling, abolishing
the phosphorylation-dependent SV2A interaction with Syt1 by
mutagenesis of the C2B domain of Syt1(K326/328A) and shRNA
knockdown of SV2A, resulted in a faster retrieval of Syt1-
pHluorin, but not Syp-pHluorin (Kaempf et al., 2015). Further,
disruption of the tyrosine-based motif in the SV2A N-terminus
(Y46SRF) resulted in a higher proportion of Syt1 on the plasma
membrane (Yao et al., 2010). These results collectively indicated
that SV2A might function as a molecular chaperone of Syt1,
limiting the retrieval of Syt1 during endocytosis.

Syp and Syb2, the two most abundant proteins on SVs, are
known to form a heterodimer complex, probably via the labile
interactions between the transmembrane domains of the two
proteins (Edelmann et al., 1995; Washbourne et al., 1995). In
the presence of cholesterol, the complex is stable and can be
purified from native brains (Adams et al., 2015). Consistent
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with biochemical data, the structure of the complex analyzed
by single particle three-dimensional EM reconstruction revealed
that Syp and Syb2 assembled into a hexameric ring structure,
wherein 6 Syp molecules formed the basis of the ring structure,
with 6 Syb2-dimers located in between (Arthur and Stowell,
2007; Adams et al., 2015). This stoichiometry resembles that
of those proteins in purified SVs (∼30 Syp and ∼70 Syb2/SV)
(Takamori et al., 2006); if such were the case, a single SV
would contain 5–6 Syp/Syb2 complexes. However, the extent
of complex formation is modulated under various conditions
(Becher et al., 1999; Khvotchev and Südhof, 2004), suggesting
that the formation of the complex must be controlled by dynamic
regulation during neuronal activities. Despite the critical role of
Syb2 in SV exocytosis, i.e., mediating the final step of membrane
fusion of SVs to the plasma membrane, the presynaptic function
of Syp is largely unknown, although subtle alterations in short-
term plasticity in Syp-deficient neurons was previously reported
(McMahon et al., 1996). Recently, however, it was demonstrated
that Syb2 retrieval was markedly reduced in Syp-KO neurons,
especially after strong repetitive stimulation (200 APs at 10Hz).
The retrieval of other SV cargo proteins, such as VGLUT1 and
Syt1, however, was only mildly affected during the late phase of
retrieval (Figure 1E; Gordon et al., 2011). As the global turnover
of SVs in Syp-KO neurons was intact, it appears that Syp plays
a specific role in the retrieval of Syb2 during endocytosis. An
independent study using Syp-KO mice, however, revealed not
only that retrieval of Syt1-pHluorin and SV2A-pHluorin was
delayed, but also that compensatory endocytosis after repetitive
stimulation was impeded in Syp-KO neurons. These results
indicated a role for Syp in SV membrane endocytosis, rather
than the selective retrieval of Syb2 into newborn SVs (Kwon and
Chapman, 2011). More recently, another study using Syp-KO
neurons demonstrated that Syp supported the NSF-dependent
disassembly of Syb2 clustering at the release sites. The loss of
Syp resulted in remarkable short-term depression (measured by
a Syb2-pHluorin probe), suggesting that Syp-Syb2 interaction
is essential for efficient Syb2 clearance from the release sites
upstream of endocytosis, but not for its retrieval (Rajappa
et al., 2016). Consistent with these findings, imbalance in the
levels of Syp and Syb2 resulted in alterations in the surface
expression of Syb2 (Gordon et al., 2016; Rajappa et al., 2016),
strongly indicating that Syp levels might affect presynaptic
Syb2 localization and targeting to SVs. Therefore, in addition
to Syb2 interaction with AP180/CALM via the SNARE motif
(Figure 1D), its interaction with Syp contributes to the efficient
retrieval of Syb2.

In addition to the critical roles of specific cargo–cargo
interactions in their retrieval described above, relatively non-
selective cargo–cargo interactions may occur during retrieval.
For instance, removal of VGLUT1, as well as impairment of
VGLUT1 retrieval through mutation of the di-leucine motif,
impeded the retrieval of other cargos, such as SV2A-pHluorin,
Syp-pHluorin, and Syb2-pHluorin, but not Syt1-pHluorin
(Pan et al., 2015). As VGLUT1-pHluorin exhibits the fastest
decay kinetics after stimulation among the pHluorin-based
probes, these observations indicated that VGLUT1 somehow
orchestrates the recruitment of other SV proteins into newborn

SVs. Interestingly, VGLUT1-pHluorin lacking both the di-
leucine-like motif and PRD at its C-terminus had no effect
on the retrieval kinetics of SV2A-pHluorin and Syp-pHluorin,
indicating that VGLUT1 dictates the retrieval of other SV
cargos via its PRD (Pan et al., 2015). However, in the presence
of “slow” VGLUT1-pHluorin lacking the di-leucine-like motif,
both SV2-pHluorin and Syp-pHluorin exhibited faster retrieval
kinetics than the mutant VGLUT1-pHluorin, indicating that
other regulatory mechanisms to control retrieval must be present
independent of VGLUT1 (Pan et al., 2015).

These observations suggest that VGLUT1 dictates the retrieval
of other SV cargos, but how does the expression of VGLUT1
affect the retrieval of other SV cargos? First, chronic alterations
in VGLUT1 levels may alter the protein composition of SVs
and endosomes, including trafficking proteins, such as rab3,
rab5, and synapsin (Fremeau et al., 2004; Siksou et al., 2013).
Moreover, gene disruption of VGLUT1 in mice resulted in
the flattening of SVs under certain fixation conditions, as well
as the accumulation of endosomal tubular structures, with
concomitant changes in the expression levels of endosomal
proteins, indicating that expression of VGLUT1 may support a
recycling pathway. Furthermore, because VGLUTs concentrate
glutamate in SVs, and also exhibit Cl− conductance, the function
of VGLUT as a transporter may result in osmotic imbalances
across the SV membrane (Maycox et al., 1988; Tabb et al.,
1992; Schenck et al., 2009; Preobraschenski et al., 2014; Eriksen
et al., 2016). It remains largely unknown whether these physical
changes in SVs resulting from the functions of VGLUTs have
any influence on the clustering of other SV proteins. Finally,
it remains to be seen whether similar mechanisms by which
transporters play central roles in coordinating retrieval of other
SV cargos exist in different vesicle populations carrying different
vesicular neurotransmitter transporters, including other VGLUT
isoforms.

CARGO RETRIEVAL DURING
CLATHRIN-INDEPENDENT ENDOCYTOSIS

As described earlier, multiple modes of membrane retrieval
exist. Morphological evidence has revealed that unlike clathrin-
coated vesicles that are predominantly generated at the plasma
membrane after mild stimulation (e.g., 5Hz), clathrin-free large
ELVs accumulate after high-frequency repetitive stimulation
(e.g., 40Hz) during ADBE (Heuser and Reese, 1973; Clayton
et al., 2008; Kononenko et al., 2014). This finding suggests that
SV cargos should be sorted into these endosomes. Although
clathrin-coated vesicles are subsequently formed from the ELVs
(Takei et al., 1995; Kononenko et al., 2014), whether all SV cargos
are incorporated into the ELVs remains unclear. The major
discrepancy regarding SV cargo retrieval upon high frequency
repetitive stimulations arose from experiments in which CME
was inhibited. First, there are clear indications that disruption
of CME during 40Hz stimulation, e.g., knock-down of AP-2
subunits or clathrin heavy chain, resulted in a slowdown of
decay kinetics of pHluorin-based probes, arguing that CME is
a predominant pathway for most SV cargos (Granseth et al.,

Frontiers in Cellular Neuroscience | www.frontiersin.org 8 January 2018 | Volume 11 | Article 422

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Mori and Takamori Endocytic Motifs in SV Proteins

2006; Nicholson-Fish et al., 2015). With the same stimulation,
disruption of ADBE by syndapin 1 knockdown does not affect the
retrieval of Syp (Clayton et al., 2009; Nicholson-Fish et al., 2015),
indicating that Syp is not retrieved through ADBE. Notably,
VAMP4-pHluorin, a homolog of VAMP2/Syb2, is selectively
retrieved into vesicles generated by ADBE, which are slowly
re-acidified presumably owing to their large volume-to-surface
ratio (Nicholson-Fish et al., 2015; Okamoto et al., 2016). Further,
the retrieval of VAMP4 during ADBE depends on a di-leucine
motif of VAMP4, and knockdown of VAMP4 abolished dextran
uptake by ADBE, indicating that VAMP4 is not only an ADBE-
specific cargo but is also essential for ADBE. In contrast, recent
studies have reported that the endocytic retrieval of SV cargos
upon similar stimulation was largely unaffected by treatments
that blocked CME (Kim and Ryan, 2009; Kononenko et al., 2014;
Wu et al., 2014). In this scenario, SV cargos are retrieved into
ELVs and subsequently sorted into SVs in a clathrin-dependent
manner.

Another type of CIE is UFE, which involves rapid invagination
and pinch-off of larger vacuole-like membrane structures within
50ms. UFE was identified when cultured hippocampal neurons
were stimulated optogenetically and rapidly frozen for electron
microscopic studies (Watanabe et al., 2013). This mode of
endocytosis was predominant when experiments were performed
at physiological temperatures (∼35◦C) (Watanabe et al., 2014).
These morphological observations were subsequently supported
by high-resolution membrane capacitance measurements in
hippocampal and cerebellar mossy fiber terminals in which
single action potentials triggered very rapid (τ ∼470ms)
clathrin-independent/dynamin-dependent membrane retrieval
(Delvendahl et al., 2016).

When SV cargo retrieval was assessed at physiological
temperature, the retrieval of pHluorin-based probes (Syt1
and Syp, among others) in cultured hippocampal neurons
was largely clathrin-independent, but dependent on formin-
dependent actin assembly (Soykan et al., 2017). Considering
that clathrin appears to be dispensable for membrane retrieval
at physiological temperatures and that re-acidification kinetics

may be rate-limiting for the decay of pHluorin fluorescence
(Egashira et al., 2015; Nicholson-Fish et al., 2015; Okamoto
et al., 2016), the previously reported involvement of clathrin-
dependent retrieval motifs at room temperature with the use
of pHluorin probes should be carefully reconciled in future
experiments.

CONCLUDING REMARKS

In this report, we have summarized our current knowledge
regarding the molecular signatures of SV proteins, which
affect the efficiency of their retrieval. Some motifs are cargo-
specific, but some interact with multiple adaptor proteins,
presumably with different kinetics. This complexity of cargo-
adaptor interactions may be responsible for the fidelity and
efficiency of SV cargo retrieval within a wide range of synaptic
activity. In addition, some SV cargos, such as VGLUTs, Syb2,
and Syt1, contain multiple retrieval motifs that are recognized
by different adaptor proteins. As SV membranes are reformed

via multiple modes at different speeds depending on neural
activity, the existence of multiple motifs in individual cargos
may represent a “safeguard” system to maintain the amount of
essential SV cargo at any time. Future studies will be needed
to proceed toward a complete mechanistic understanding of SV
cargo retrieval.

AUTHOR CONTRIBUTIONS

YM prepared initial drafts of the manuscript and the figure and
ST finalized them.

ACKNOWLEDGMENTS

This study was supported by grants from JSPS KAKENHI
(16H04675) and the JSPS Core-to-Core Program, A. Advanced
Research Networks, and a research grant from The Naito
Foundation to ST. We would like to thank Editage (www.editage.
jp) for English language editing.

REFERENCES

Adams, D. J., Arthur, C. P., and Stowell, M. H. (2015). Architecture of the

synaptophysin/synaptobrevin complex: structural evidence for an entropic

clustering function at the synapse. Sci. Rep. 5:13659. doi: 10.1038/srep13659

Aravanis, A. M., Pyle, J. L., and Tsien, R. W. (2003). Single synaptic vesicles fusing

transiently and successively without loss of identity. Nature 423, 643–647.

doi: 10.1038/nature01686

Arthur, C. P., and Stowell, M. H. (2007). Structure of synaptophysin:

a hexameric MARVEL-domain channel protein. Structure 15, 707–714.

doi: 10.1016/j.str.2007.04.011

Atluri, P. P., and Ryan, T. A. (2006). The kinetics of synaptic vesicle

reacidification at hippocampal nerve terminals. J. Neurosci. 26, 2313–2320.

doi: 10.1016/S0896-6273(04)00113-8

Bao, H., Daniels, R. W., MacLeod, G. T., Charlton, M. P., Atwood, H.

L., and Zhang, B. (2005). AP180 maintains the distribution of synaptic

and vesicle proteins in the nerve terminal and indirectly regulates the

efficacy of Ca2+-triggered exocytosis. J. Neurophysiol. 94, 1888–1903.

doi: 10.1152/jn.00080.2005

Becher, A., Drenckhahn, A., Pahner, I., Margittai, M., Jahn, R., and Ahnert-Hilger,

G. (1999). The synaptophysin-synaptobrevin complex: a hallmark of synaptic

vesicle maturation. J. Neurosci. 19, 1922–1931.

Bennett, M. K., Calakos, N., Kreiner, T., and Scheller, R. H. (1992). Synaptic vesicle

membrane proteins interact to form a multimeric complex. J. Cell. Biol. 116,

761–775. doi: 10.1083/jcb.116.3.761

Blagoveshchenskaya, A. D., Hewitt, E. W., and Cutler, D. F. (1999). Di-

leucine signals mediate targeting of tyrosinase and synaptotagmin to

synaptic-like microvesicles within PC12 cells. Mol. Biol. Cell 10, 3979–3990.

doi: 10.1091/mbc.10.11.3979

Chapman, E. R., Desai, R. C., Davis, A. F., and Tornehl, C. K. (1998).

Delineation of the oligomerization, AP-2 binding, and synprint binding region

of the C2B domain of synaptotagmin. J. Biol. Chem. 273, 32966–32972.

doi: 10.1074/jbc.273.49.32966

Clayton, E. L., Anggono, V., Smillie, K. J., Chau, N., Robinson, P. J., and

Cousin, M. A. (2009). The phospho-dependent dynamin-syndapin

interaction triggers activity-dependent bulk endocytosis of synaptic

vesicles. J. Neurosci. 29, 7706–7717. doi: 10.1523/JNEUROSCI.1976-

09.2009

Frontiers in Cellular Neuroscience | www.frontiersin.org 9 January 2018 | Volume 11 | Article 422

www.editage.jp
www.editage.jp
https://doi.org/10.1038/srep13659
https://doi.org/10.1038/nature01686
https://doi.org/10.1016/j.str.2007.04.011
https://doi.org/10.1016/S0896-6273(04)00113-8
https://doi.org/10.1152/jn.00080.2005
https://doi.org/10.1083/jcb.116.3.761
https://doi.org/10.1091/mbc.10.11.3979
https://doi.org/10.1074/jbc.273.49.32966
https://doi.org/10.1523/JNEUROSCI.1976-09.2009
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Mori and Takamori Endocytic Motifs in SV Proteins

Clayton, E. L., Evans, G. J., and Cousin, M. A. (2008). Bulk synaptic vesicle

endocytosis is rapidly triggered during strong stimulation. J. Neurosci. 28,

6627–6632. doi: 10.1523/JNEUROSCI.1445-08.2008

Crowder, K. M., Gunther, J. M., Jones, T. A., Hale, B. D., Zhang, H. Z., Peterson,

M. R., et al. (1999). Abnormal neurotransmission in mice lacking synaptic

vesicle protein 2A (SV2A). Proc. Natl. Acad. Sci. U.S.A. 96, 15268–15273.

doi: 10.1073/pnas.96.26.15268

Deák, F., Schoch, S., Liu, X., Südhof, T. C., and Kavalali, E. T. (2004). Synaptobrevin

is essential for fast synaptic-vesicle endocytosis. Nat. Cell Biol. 6, 1102–1108.

doi: 10.1038/ncb1185

De Gois, S., Jeanclos, E., Morris, M., Grewal, S., Varoqui, H., and Erickson,

J. D. (2006). Identification of endophilins 1 and 3 as selective binding

partners for VGLUT1 and their co-localization in neocortical glutamatergic

synapses: implications for vesicular glutamate transporter trafficking

and excitatory vesicle formation. Cell Mol. Neurobiol. 26, 679–693.

doi: 10.1007/s10571-006-9054-8

Delvendahl, I., Vyleta, N. P., von Gersdorff, H., and Hallermann, S. (2016).

Fast, temperature-sensitive and clathrin-independent endocytosis at central

synapses. Neuron 90, 492–498. doi: 10.1016/j.neuron.2016.03.013

Dittman, J. S., and Kaplan, J. M. (2006). Factors regulating the abundance and

localization of synaptobrevin in the plasma membrane. Proc. Natl. Acad. Sci.

U.S.A. 103, 11399–11404. doi: 10.1073/pnas.0600784103

Edelmann, L., Hanson, P. I., Chapman, E. R., and Jahn, R. (1995). Synaptobrevin

binding to synaptophysin: a potential mechanism for controlling the exocytotic

fusion machine. EMBO J. 14, 224–231.

Egashira, Y., Takase, M., and Takamori, S. (2015). Monitoring vacuolar-type

H+ ATPase-mediated proton influx into synaptic vesicles. J. Neurosci. 35,

3701–3710. doi: 10.1523/JNEUROSCI.4160-14.2015

Elizalde, N., Pastor, P. M., Garcia-García, A. L., Serres, F., Venzala, E., Huarte,

J., et al. (2010). Regulation of markers of synaptic function in mouse models

of depression: chronic mild stress and decreased expression of VGLUT1. J.

Neurochem. 114, 1302–13014. doi: 10.1111/j.1471-4159.2010.06854.x

Eriksen, J., Chang, R., McGregor, M., Silm, K., Suzuki, T., and Edwards, R. H.

(2016). Protons regulate vesicular glutamate transporters through an allosteric

mechanism. Neuron 90, 768–780. doi: 10.1016/j.neuron.2016.03.026

Farsad, K., Ringstad, N., Takei, K., Floyd, S. R., Rose, K., and De Camilli, P. (2001).

Generation of high curvaturemembranesmediated by direct endophilin bilayer

interactions. J. Cell Biol. 155, 193–200. doi: 10.1083/jcb.200107075

Fernandez-Alfonso, T., and Ryan, T. A. (2004). The kinetics of synaptic

vesicle pool depletion at CNS synaptic terminals. Neuron 41, 943–953.

doi: 10.1523/JNEUROSCI.4425-05.2006

Ford, M. G., Pearse, B. M., Higgins, M. K., Vallis, Y., Owen, D. J., Gibson, A.,

et al. (2001). Simultaneous binding of PtdIns(4,5)P2 and clathrin by AP180

in the nucleation of clathrin lattices on membranes. Science 291, 1051–1055.

doi: 10.1126/science.291.5506.1051

Foss, S. M., Li, H., Santos, M. S., Edwards, R. H., and Voglmaier, S. M. (2013).

Multiple dileucine-like motifs direct VGLUT1 trafficking. J. Neurosci. 33,

10647–10660. doi: 10.1523/JNEUROSCI.5662-12.2013

Fremeau, R. T., Kam, K., Qureshi, T., Johnson, J., Copenhagen, D. R.,

Storm-Mathisen, J., et al. (2004). Vesicular glutamate transporters 1 and 2

target to functionally distinct synaptic release sites. Science 304, 1815–1819.

doi: 10.1126/science.1097468

Gad, H., Ringstad, N., Löw, P., Kjaerulff, O., Gustafsson, J., Wenk, M., et al. (2000).

Fission and uncoating of synaptic clathrin-coated vesicles are perturbed by

disruption of interactions with the SH3 domain of endophilin. Neuron 27,

301–312. doi: 10.1016/S0896-6273(00)00038-6

Gil, C., Soler-Jover, A., Blasi, J., and Aguilera, J. (2005). Synaptic proteins and

SNARE complexes are localized in lipid rafts from rat brain synaptosomes.

Biochem. Biophys. Res. Commun. 329, 117–124. doi: 10.1016/j.bbrc.2005.01.111

Gimber, N., Tadeus, G., Maritzen, T., Schmoranzer, J., and Haucke, V. (2015).

Diffusional spread and confinement of newly exocytosed synaptic vesicle

proteins. Nat. Commun. 6:8392. doi: 10.1038/ncomms9392

Gordon, S. L., Harper, C. B., Smillie, K. J., and Cousin, M. A. (2016). A fine

balance of synaptophysin levels underlies efficient retrieval of synaptobrevin II

to synaptic vesicles. PLoSONE 11:e0149457. doi: 10.1371/journal.pone.0149457

Gordon, S. L., Leube, R. E., and Cousin, M. A. (2011). Synaptophysin is required

for synaptobrevin retrieval during synaptic vesicle endocytosis. J. Neurosci. 31,

14032–14036. doi: 10.1523/JNEUROSCI.3162-11.2011

Granseth, B., Odermatt, B., Royle, S. J., and Lagnado, L. (2006). Clathrin-mediated

endocytosis is the dominant mechanism of vesicle retrieval at hippocampal

synapses. Neuron 51, 773–786. doi: 10.1016/j.neuron.2006.08.029

Grass, I., Thiel, S., Höning, S., and Haucke, V. (2004). Recognition of a

basic AP-2 binding motif within the C2B domain of synaptotagmin

is dependent on multimerization. J. Biol. Chem. 279, 54872–54880.

doi: 10.1074/jbc.M409995200

Grote, E., and Kelly, R. B. (1996). Endocytosis of VAMP is facilitated by a synaptic

vesicle targeting signal. J. Cell Biol. 132, 537–547. doi: 10.1083/jcb.132.4.537

Haucke, V., and De Camilli, P. (1999). AP-2 recruitment to synaptotagmin

stimulated by tyrosine-based endocytic motifs. Science 285, 1268–1271.

doi: 10.1126/science.285.5431.1268

Haucke, V., and Krauss, M. (2002). Tyrosine-based endocytic motifs stimulate

oligomerization of AP-2 adaptor complexes. Eur. J. Cell Biol. 81, 647–653.

doi: 10.1078/0171-9335-00289

Haucke, V., Wenk, M. R., Chapman, E. R., Farsad, K., and De Camilli,

P. (2000). Dual interaction of synaptotagmin with mu2- and alpha-

adaptin facilitates clathrin-coated pit nucleation. EMBO J. 19, 6011–6019.

doi: 10.1093/emboj/19.22.6011

Heuser, J. E., and Reese, T. S. (1973). Evidence for recycling of synaptic vesicle

membrane during transmitter release at the frog neuromuscular junction. J.

Cell Biol. 57, 315–344. doi: 10.1083/jcb.57.2.315

Hoopmann, P., Punge, A., Barysch, S. V., Westphal, V., Bückers, J., Opazo, F., et al.

(2010). Endosomal sorting of readily releasable synaptic vesicles. Proc. Natl.

Acad. Sci. U.S.A. 107, 19055–19060. doi: 10.1073/pnas.1007037107

Hosoi, N., Holt, M., and Sakaba, T. (2009). Calcium dependence of exo-

and endocytotic coupling at a glutamatergic synapse. Neuron 63, 216–229.

doi: 10.1016/j.neuron.2009.06.010

Hua, Y., Sinha, R., Thiel, C. S., Schmidt, R., Hüve, J., Martens, H., et al. (2011).

A readily retrievable pool of synaptic vesicles. Nat. Neurosci. 14, 833–839.

doi: 10.1038/nn.2838

Hua, Z., Leal-Ortiz, S., Foss, S. M., Waites, C. L., Garner, C. C., Voglmaier, S.

M., et al. (2011). v-SNARE composition distinguishes synaptic vesicle pools.

Neuron 71, 474–487. doi: 10.1016/j.neuron.2011.06.010

Jahn, R., and Scheller, R. H. (2006). SNAREs–engines for membrane fusion. Nat.

Rev. Mol. Cell Biol. 7, 631–643. doi: 10.1038/nrm2002

Janz, R., Goda, Y., Geppert, M., Missler, M., and Südhof, T. C. (1999). SV2A

and SV2B function as redundant Ca2+ regulators in neurotransmitter release.

Neuron 24, 1003–1016. doi: 10.1016/S0896-6273(00)81046-6

Jorgensen, E. M., Hartwieg, E., Schuske, K., Nonet, M. L., Jin, Y., and Horvitz, H.

R. (1995). Defective recycling of synaptic vesicles in synaptotagmin mutants of

Caenorhabditis elegans. Nature 378, 196–199. doi: 10.1038/378196a0

Kaempf, N., Kochlamazashvili, G., Puchkov, D., Maritzen, T., Bajjalieh, S. M.,

Kononenko, N. L., et al. (2015). Overlapping functions of stonin 2 and SV2 in

sorting of the calcium sensor synaptotagmin 1 to synaptic vesicles. Proc. Natl.

Acad. Sci. U.S.A. 112, 7297–7302. doi: 10.1073/pnas.1501627112

Kavalali, E. T., and Jorgensen, E. M. (2014). Visualizing presynaptic function. Nat.

Neurosci. 17, 10–16. doi: 10.1038/nn.3578

Kelly, B. T., McCoy, A. J., Späte, K., Miller, S. E., Evans, P. R., Höning, S., et al.

(2008). A structural explanation for the binding of endocytic dileucine motifs

by the AP2 complex. Nature 456, 976–979. doi: 10.1038/nature07422

Khvotchev, M. V., and Südhof, T. C. (2004). Stimulus-dependent dynamic homo-

and heteromultimerization of synaptobrevin/VAMP and synaptophysin.

Biochemistry 43, 15037–15043. doi: 10.1021/bi048290+

Kim, S. H., and Ryan, T. A. (2009). Synaptic vesicle recycling

at CNS synapses without AP-2. J. Neurosci. 29, 3865–3874.

doi: 10.1523/JNEUROSCI.5639-08.2009

Kokotos, A. C., and Cousin, M. A. (2015). Synaptic vesicle generation from central

nerve terminal endosomes. Traffic 16, 229–240. doi: 10.1111/tra.12235

Kononenko, N. L., Diril, M. K., Puchkov, D., Kintscher, M., Koo, S. J., Pfuhl,

G., et al. (2013). Compromised fidelity of endocytic synaptic vesicle protein

sorting in the absence of stonin 2. Proc. Natl. Acad. Sci. U.S.A. 110, E526–E535.

doi: 10.1073/pnas.1218432110

Kononenko, N. L., and Haucke, V. (2015). Molecular mechanisms of presynaptic

membrane retrieval and synaptic vesicle reformation. Neuron 85, 484–496.

doi: 10.1016/j.neuron.2014.12.016

Kononenko, N. L., Puchkov, D., Classen, G. A., Walter, A. M., Pechstein, A.,

Sawade, L., et al. (2014). Clathrin/AP-2 mediate synaptic vesicle reformation

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 January 2018 | Volume 11 | Article 422

https://doi.org/10.1523/JNEUROSCI.1445-08.2008
https://doi.org/10.1073/pnas.96.26.15268
https://doi.org/10.1038/ncb1185
https://doi.org/10.1007/s10571-006-9054-8
https://doi.org/10.1016/j.neuron.2016.03.013
https://doi.org/10.1073/pnas.0600784103
https://doi.org/10.1523/JNEUROSCI.4160-14.2015
https://doi.org/10.1111/j.1471-4159.2010.06854.x
https://doi.org/10.1016/j.neuron.2016.03.026
https://doi.org/10.1083/jcb.200107075
https://doi.org/10.1523/JNEUROSCI.4425-05.2006
https://doi.org/10.1126/science.291.5506.1051
https://doi.org/10.1523/JNEUROSCI.5662-12.2013
https://doi.org/10.1126/science.1097468
https://doi.org/10.1016/S0896-6273(00)00038-6
https://doi.org/10.1016/j.bbrc.2005.01.111
https://doi.org/10.1038/ncomms9392
https://doi.org/10.1371/journal.pone.0149457
https://doi.org/10.1523/JNEUROSCI.3162-11.2011
https://doi.org/10.1016/j.neuron.2006.08.029
https://doi.org/10.1074/jbc.M409995200
https://doi.org/10.1083/jcb.132.4.537
https://doi.org/10.1126/science.285.5431.1268
https://doi.org/10.1078/0171-9335-00289
https://doi.org/10.1093/emboj/19.22.6011
https://doi.org/10.1083/jcb.57.2.315
https://doi.org/10.1073/pnas.1007037107
https://doi.org/10.1016/j.neuron.2009.06.010
https://doi.org/10.1038/nn.2838
https://doi.org/10.1016/j.neuron.2011.06.010
https://doi.org/10.1038/nrm2002
https://doi.org/10.1016/S0896-6273(00)81046-6
https://doi.org/10.1038/378196a0
https://doi.org/10.1073/pnas.1501627112
https://doi.org/10.1038/nn.3578
https://doi.org/10.1038/nature07422
https://doi.org/10.1021/bi048290$+$
https://doi.org/10.1523/JNEUROSCI.5639-08.2009
https://doi.org/10.1111/tra.12235
https://doi.org/10.1073/pnas.1218432110
https://doi.org/10.1016/j.neuron.2014.12.016
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Mori and Takamori Endocytic Motifs in SV Proteins

from endosome-like vacuoles but are not essential for membrane retrieval at

central synapses. Neuron 82, 981–988. doi: 10.1016/j.neuron.2014.05.007

Koo, S. J., Kochlamazashvili, G., Rost, B., Puchkov, D., Gimber, N., Lehmann,

M., et al. (2015). Vesicular synaptobrevin/VAMP2 levels guarded

by AP180 control efficient neurotransmission. Neuron 88, 330–344.

doi: 10.1016/j.neuron.2015.08.034

Koo, S. J., Markovic, S., Puchkov, D., Mahrenholz, C. C., Beceren-Braun, F.,

Maritzen, T., et al. (2011). SNARE motif-mediated sorting of synaptobrevin

by the endocytic adaptors clathrin assembly lymphoid myeloid leukemia

(CALM) and AP180 at synapses. Proc. Natl. Acad. Sci. U.S.A. 108, 13540–13545.

doi: 10.1073/pnas.1107067108

Krantz, D. E., Waites, C., Oorschot, V., Liu, Y., Wilson, R. I., Tan, P. K.,

et al. (2000). A phosphorylation site regulates sorting of the vesicular

acetylcholine transporter to dense core vesicles. J. Cell. Biol. 149, 379–396.

doi: 10.1083/jcb.149.2.379

Kwon, S. E., and Chapman, E. R. (2011). Synaptophysin regulates the kinetics

of synaptic vesicle endocytosis in central neurons. Neuron 70, 847–854.

doi: 10.1016/j.neuron.2011.04.001

Lang, T., Bruns, D., Wenzel, D., Riedel, D., Holroyd, P., Thiele, C., et al.

(2001). SNAREs are concentrated in cholesterol-dependent clusters that

define docking and fusion sites for exocytosis. EMBO J. 20, 2202–2213.

doi: 10.1093/emboj/20.9.2202

Lazzell, D. R., Belizaire, R., Thakur, P., Sherry, D. M., and Janz, R. (2004).

SV2B regulates synaptotagmin 1 by direct interaction. J. Biol. Chem. 279,

52124–52131. doi: 10.1074/jbc.M407502200

Li, Z., and Murthy, V. N. (2001). Visualizing postendocytic traffic of

synaptic vesicles at hippocampal synapses. Neuron 31, 593–605.

doi: 10.1016/S0896-6273(01)00398-1

Lynch, B. A., Lambeng, N., Nocka, K., Kensel-Hammes, P., Bajjalieh, S. M.,

Matagne, A., et al. (2004). The synaptic vesicle protein SV2A is the binding

site for the antiepileptic drug levetiracetam. Proc. Natl. Acad. Sci. U.S.A. 101,

9861–9866. doi: 10.1073/pnas.0308208101

Mackler, J. M., Drummond, J. A., Loewen, C. A., Robinson, I. M., and Reist, N. E.

(2002). The C2B Ca2+-binding motif of synaptotagmin is required for synaptic

transmission in vivo. Nature 418, 340–344. doi: 10.1038/nature00846

Maritzen, T., Podufall, J., and Haucke, V. (2010). Stonins – specialized

adaptors for synaptic vesicle recycling and beyond? Traffic 11, 8–15.

doi: 10.1111/j.1600-0854.2009.00971.x

Martina, J. A., Bonangelino, C. J., Aguilar, R. C., and Bonifacino, J. S. (2001). Stonin

2: an adaptor-like protein that interacts with components of the endocytic

machinery. J. Cell Biol. 153, 1111–1120. doi: 10.1083/jcb.153.5.1111

Maycox, P. R., Deckwerth, T., Hell, J. W., and Jahn, R. (1988). Glutamate uptake

by brain synaptic vesicles. energy dependence of transport and functional

reconstitution in proteoliposomes. J. Biol. Chem. 263, 15423–15428.

McMahon, H. T., Bolshakov, V. Y., Janz, R., Hammer, R. E., Siegelbaum, S. A.,

and Südhof, T. C. (1996). Synaptophysin, a major synaptic vesicle protein,

is not essential for neurotransmitter release. Proc. Natl. Acad. Sci. U.S.A. 93,

4760–4764. doi: 10.1073/pnas.93.10.4760

Miesenböck, G., De Angelis, D. A., and Rothman, J. E. (1998). Visualizing secretion

and synaptic transmission with pH-sensitive green fluorescent proteins.Nature

394, 192–195. doi: 10.1038/28190

Milosevic, I., Giovedi, S., Lou, X., Raimondi, A., Collesi, C., Shen, H.,

et al. (2011). Recruitment of endophilin to clathrin-coated pit necks is

required for efficient vesicle uncoating after fission. Neuron 72, 587–601.

doi: 10.1016/j.neuron.2011.08.029

Mohrmann, R., de Wit, H., Verhage, M., Neher, E., and Sørensen, J. B. (2010). Fast

vesicle fusion in living cells requires at least three SNARE complexes. Science

330, 502–505. doi: 10.1126/science.1193134

Mutch, S. A., Kensel-Hammes, P., Gadd, J. C., Fujimoto, B. S., Allen, R. W., Schiro,

P. G., et al. (2011). Protein quantification at the single vesicle level reveals that a

subset of synaptic vesicle proteins are trafficked with high precision. J. Neurosci.

31, 1461–1470. doi: 10.1523/JNEUROSCI.3805-10.2011

Nicholson-Fish, J. C., Kokotos, A. C., Gillingwater, T. H., Smillie, K. J., and Cousin,

M. A. (2015). VAMP4 is an essential cargomolecule for activity-dependent bulk

endocytosis. Neuron 88, 973–984. doi: 10.1016/j.neuron.2015.10.043

Nicholson-Tomishima, K., and Ryan, T. A. (2004). Kinetic efficiency of

endocytosisat mammalian CNS synapses requires synaptotagmin I. Proc. Natl.

Acad. Sci. U.S.A. 101, 16648–16652. doi: 10.1073/pnas.0406968101

Nishiki, T., and Augustine, G. J. (2004). Dual roles of the C2B domain of

synaptotagmin I in synchronizing Ca2+-dependent neurotransmitter release.

J. Neurosci. 24, 8542–8550. doi: 10.1523/JNEUROSCI.2545-04.2004

Nonet, M. L., Saifee, O., Zhao, H., Rand, J. B., and Wei, L. (1998). Synaptic

transmission deficits in Caenorhabditis elegans synaptobrevin mutants. J.

Neurosci. 18, 70–80.

Okamoto, Y., Lipstein, N., Hua, Y., Lin, K. H., Brose, N., Sakaba, T., et al. (2016).

Distinct modes of endocytotic presynaptic membrane and protein uptake at the

calyx of Held terminal of rats and mice. Elife 5:e14643. doi: 10.7554/eLife.14643

Paczkowski, J. E., Richardson, B. C., and Fromme, J. C. (2015). Cargo adaptors:

structures illuminate mechanisms regulating vesicle biogenesis. Trends Cell

Biol. 25, 408–416. doi: 10.1016/j.tcb.2015.02.005

Pan, P. Y., Marrs, J., and Ryan, T. A. (2015). Vesicular glutamate transporter

1 orchestrates recruitment of other synaptic vesicle cargo proteins

during synaptic vesicle recycling. J. Biol. Chem. 290, 22593–22601.

doi: 10.1074/jbc.M115.651711

Poskanzer, K. E., Fetter, R. D., and Davis, G. W. (2006). Discrete residues

in the C2B domain of synaptotagmin I independently specify endocytic

rate and synaptic vesicle size. Neuron 50, 49–62. doi: 10.1016/j.neuron.2006.

02.021

Poskanzer, K. E., Marek, K. W., Sweeney, S. T., and Davis, G. W. (2003).

Synaptotagmin I is necessary for compensatory synaptic vesicle endocytosis

in vivo. Nature 426, 559–563. doi: 10.1038/nature02184

Preobraschenski, J., Zander, J. F., Suzuki, T., Ahnert-Hilger, G., and Jahn, R.

(2014). Vesicular glutamate transporters use flexible anion and cation binding

sites for efficient accumulation of neurotransmitter. Neuron 84, 1287–1301.

doi: 10.1016/j.neuron.2014.11.008

Pyle, R. A., Schivell, A. E., Hidaka, H., and Bajjalieh, S. M. (2000). Phosphorylation

of synaptic vesicle protein 2modulates binding to synaptotagmin. J. Biol. Chem.

275, 17195–17200. doi: 10.1074/jbc.M000674200

Raingo, J., Khvotchev, M., Liu, P., Darios, F., Li, Y. C., Ramirez, D. M. O.,

et al. (2012). VAMP4 directs synaptic vesicles to a pool that selectively

maintains asynchronous neurotransmission. Nat. Neurosci. 15, 738–745.

doi: 10.1038/nn.3067

Rajappa, R., Gauthier-Kemper, A., Böning, D., Hüve, J., and Klingauf, J.

(2016). Synaptophysin 1 clears synaptobrevin 2 from the presynaptic

active zone to prevent short-term depression. Cell Rep. 14, 1369–1381.

doi: 10.1016/j.celrep.2016.01.031

Ramirez, D. M. O., Khvotchev, M., Trauterman, B., and Kavalali, E. T.

(2012). Vti1a identifies a vesicle pool that preferentially recycles at

rest and maintains spontaneous neurotransmission. Neuron 73, 121–134.

doi: 10.1016/j.neuron.2011.10.034

Ringstad, N., Gad, H., Löw, P., Di Paolo, G., Brodin, L., Shupliakov, O., et al.

(1999). Endophilin/SH3p4 is required for the transition from early to late

stages in clathrin-mediated synaptic vesicle endocytosis. Neuron 24, 143–154.

doi: 10.1016/S0896-6273(00)80828-4

Saheki, Y., and De Camilli, P. (2012). Synaptic vesicle endocytosis. Cold Spring

Harb. Perspect. Biol. 4:a005645. doi: 10.1101/cshperspect.a005645

Sankaranarayanan, S., and Ryan, T. A. (2000). Real-time measurements of vesicle-

SNARE recycling in synapses of the central nervous system. Nat. Cell Biol. 2,

197–204. doi: 10.1038/35008615

Santos, M. S., Park, C. K., Foss, S. M., Li, H., and Voglmaier, S. M.

(2013). Sorting of the vesicular GABA transporter to functional vesicle

pools by an atypical dileucine-like motif. J. Neurosci. 33, 10634–10646.

doi: 10.1523/JNEUROSCI.0329-13.2013

Schallier, A., Massie, A., Loyens, E., Moechars, D., Drinkenburg, W., Michotte,

Y., et al. (2009). vGLUT2 heterozygous mice show more susceptibility to

clonic seizures induced by pentylenetetrazol. Neurochem. Int. 55, 41–44.

doi: 10.1016/j.neuint.2008.12.019

Schenck, S., Wojcik, S. M., Brose, N., and Takamori, S. (2009). A chloride

conductance in VGLUT1 underlies maximal glutamate loading into synaptic

vesicles. Nat. Neurosci. 12, 156–162. doi: 10.1038/nn.2248

Schivell, A. E., Batchelor, R. H., and Bajjalieh, S. M. (1996). Isoform-specific,

calcium-regulated interaction of the synaptic vesicle proteins SV2 and

synaptotagmin. J. Biol. Chem. 271, 27770–27775. doi: 10.1074/jbc.271.44.27770

Schoch, S., Deák, F., Königstorfer, A., Mozhayeva, M., Sara, Y., Südhof, T. C., et al.

(2001). SNARE function analyzed in synaptobrevin/VAMP knockout mice.

Science 294, 1117–1122. doi: 10.1126/science.1064335

Frontiers in Cellular Neuroscience | www.frontiersin.org 11 January 2018 | Volume 11 | Article 422

https://doi.org/10.1016/j.neuron.2014.05.007
https://doi.org/10.1016/j.neuron.2015.08.034
https://doi.org/10.1073/pnas.1107067108
https://doi.org/10.1083/jcb.149.2.379
https://doi.org/10.1016/j.neuron.2011.04.001
https://doi.org/10.1093/emboj/20.9.2202
https://doi.org/10.1074/jbc.M407502200
https://doi.org/10.1016/S0896-6273(01)00398-1
https://doi.org/10.1073/pnas.0308208101
https://doi.org/10.1038/nature00846
https://doi.org/10.1111/j.1600-0854.2009.00971.x
https://doi.org/10.1083/jcb.153.5.1111
https://doi.org/10.1073/pnas.93.10.4760
https://doi.org/10.1038/28190
https://doi.org/10.1016/j.neuron.2011.08.029
https://doi.org/10.1126/science.1193134
https://doi.org/10.1523/JNEUROSCI.3805-10.2011
https://doi.org/10.1016/j.neuron.2015.10.043
https://doi.org/10.1073/pnas.0406968101
https://doi.org/10.1523/JNEUROSCI.2545-04.2004
https://doi.org/10.7554/eLife.14643
https://doi.org/10.1016/j.tcb.2015.02.005
https://doi.org/10.1074/jbc.M115.651711
https://doi.org/10.1016/j.neuron.2006.02.021
https://doi.org/10.1038/nature02184
https://doi.org/10.1016/j.neuron.2014.11.008
https://doi.org/10.1074/jbc.M000674200
https://doi.org/10.1038/nn.3067
https://doi.org/10.1016/j.celrep.2016.01.031
https://doi.org/10.1016/j.neuron.2011.10.034
https://doi.org/10.1016/S0896-6273(00)80828-4
https://doi.org/10.1101/cshperspect.a005645
https://doi.org/10.1038/35008615
https://doi.org/10.1523/JNEUROSCI.0329-13.2013
https://doi.org/10.1016/j.neuint.2008.12.019
https://doi.org/10.1038/nn.2248
https://doi.org/10.1074/jbc.271.44.27770
https://doi.org/10.1126/science.1064335
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Mori and Takamori Endocytic Motifs in SV Proteins

Sieber, J. J., Willig, K. I., Heintzmann, R., Hell, S. W., and Lang, T. (2006). The

SNARE motif is essential for the formation of syntaxin clusters in the plasma

membrane. Biophys. J. 90, 2843–2851. doi: 10.1529/biophysj.105.079574

Siksou, L., Silm, K., Biesemann, C., Nehring, R. B., Wojcik, S. M., Triller, A., et al.

(2013). A role for vesicular glutamate transporter 1 in synaptic vesicle clustering

and mobility. Eur. J. Neurosci. 37, 1631–1642. doi: 10.1111/ejn.12199

Sinha, R., Ahmed, S., Jahn, R., and Klingauf, J. (2011). Two synaptobrevin

molecules are sufficient for vesicle fusion in central nervous system synapses.

Proc. Natl. Acad. Sci. U.S.A. 108, 14318–14323. doi: 10.1073/pnas.1101818108

Soykan, T., Kaempf, N., Sakaba, T., Vollweiter, D., Goerdeler, F., Puchkov, D.,

et al. (2017). Synaptic vesicle endocytosis occurs on multiple timescales and

is mediated by formin-dependent actin assembly. Neuron 93, 854–866.e4.

doi: 10.1016/j.neuron.2017.02.011

Soykan, T., Maritzen, T., and Haucke, V. (2016). Modes and mechanisms

of synaptic vesicle recycling. Curr. Opin. Neurobiol. 39, 17–23.

doi: 10.1016/j.conb.2016.03.005

Südhof, T. C. (2013). Neurotransmitter release: the last millisecond in the life of a

synaptic vesicle. Neuron 80, 675–690. doi: 10.1016/j.neuron.2013.10.022

Tabb, J. S., Kish, P. E., Van Dyke, R., and Ueda, T. (1992). Glutamate transport into

synaptic vesicles. Roles of membrane potential, pH gradient, and intravesicular

pH. J. Biol. Chem. 267, 15412–15418.

Takamori, S. (2006). VGLUTs: ‘exciting’ times for glutamatergic research?

Neurosci. Res. 55, 343–351. doi: 10.1016/j.neures.2006.04.016

Takamori, S., Holt, M., Stenius, K., Lemke, E. A., Grønborg, M., Riedel, D.,

et al. (2006). Molecular anatomy of a trafficking organelle. Cell 127, 831–846.

doi: 10.1016/j.cell.2006.10.030

Takei, K., McPherson, P. S., Schmid, S. L., and De Camilli, P. (1995). Tubular

membrane invaginations coated by dynamin rings are induced by GTP-gamma

S in nerve terminals. Nature 374, 186–190. doi: 10.1038/374186a0

Tan, P. K., Waites, C., Liu, Y., Krantz, D. E., and Edwards, R. H.

(1998). A leucine-based motif mediates the endocytosis of vesicular

monoamine and acetylcholine transporters. J. Biol. Chem. 273, 17351–17360.

doi: 10.1074/jbc.273.28.17351

Tordera, R. M., Totterdell, S., Wojcik, S. M., Brose, N., Elizalde, N.,

Lasheras, B., et al. (2007). Enhanced anxiety, depressive-like behaviour and

impaired recognition memory in mice with reduced expression of the

vesicular glutamate transporter 1 (VGLUT1). Eur. J. Neurosci. 25, 281–290.

doi: 10.1111/j.1460-9568.2006.05259.x

Traub, L. M., and Bonifacino, J. S. (2013). Cargo recognition in clathrin-

mediated endocytosis. Cold Spring Harb. Perspect. Biol. 5:a016790

doi: 10.1101/cshperspect.a016790

van den Bogaart, G., Holt, M. G., Bunt, G., Riedel, D., Wouters, F. S., and Jahn,

R. (2010). One SNARE complex is sufficient for membrane fusion. Nat. Struct.

Mol. Biol. 17, 358–364. doi: 10.1038/nsmb.1748

van den Bogaart, G., Meyenberg, K., Risselada, H. J., Amin, H., Willig, K. I.,

Hubrich, B. E., et al. (2011). Membrane protein sequestering by ionic protein-

lipid interactions. Nature 479, 552–555. doi: 10.1038/nature10545

Vinatier, J., Herzog, E., Plamont, M. A., Wojcik, S. M., Schmidt, A., Brose, N.,

et al. (2006). Interaction between the vesicular glutamate transporter type

1 and endophilin A1, a protein essential for endocytosis. J. Neurochem. 97,

1111–1125. doi: 10.1111/j.1471-4159.2006.03821.x

Voglmaier, S. M., Kam, K., Yang, H., Fortin, D. L., Hua, Z., Nicoll, R. A., et al.

(2006). Distinct endocytic pathways control the rate and extent of synaptic

vesicle protein recycling. Neuron 51, 71–84. doi: 10.1016/j.neuron.2006.05.027

Wadel, K., Neher, E., and Sakaba, T. (2007). The coupling between synaptic

vesicles and Ca2+ channels determines fast neurotransmitter release. Neuron

53, 563–575. doi: 10.1016/j.neuron.2007.01.021

Walther, K., Diril, M. K., Jung, N., and Haucke, V. (2004). Functional dissection of

the interactions of stonin 2 with the adaptor complex AP-2 and synaptotagmin.

Proc. Natl. Acad. Sci. U.S.A. 101, 964–969. doi: 10.1073/pnas.0307

862100

Washbourne, P., Schiavo, G., and Montecucco, C. (1995). Vesicle-associated

membrane protein-2 (synaptobrevin-2) forms a complex with synaptophysin.

Biochem. J. 305, 721–724. doi: 10.1042/bj3050721

Watanabe, S., Rost, B. R., Camacho-Pérez, M., Davis, M. W., Söhl-Kielczynski,

B., Rosenmund, C., et al. (2013). Ultrafast endocytosis at mouse hippocampal

synapses. Nature 504, 242–247. doi: 10.1038/nature12809

Watanabe, S., Trimbuch, T., Camacho-Pérez, M., Rost, B. R., Brokowski, B.,

Söhl-Kielczynski, B., et al. (2014). Clathrin regenerates synaptic vesicles from

endosomes. Nature 515, 228–233. doi: 10.1038/nature13846

Weston, M. C., Nehring, R. B., Wojcik, S. M., and Rosenmund, C. (2011).

Interplay between VGLUT isoforms and endophilin A1 regulates

neurotransmitter release and short-term plasticity. Neuron 69, 1147–1159.

doi: 10.1016/j.neuron.2011.02.002

Wienisch, M., and Klingauf, J. (2006). Vesicular proteins exocytosed and

subsequently retrieved by compensatory endocytosis are nonidentical. Nat.

Neurosci. 9, 1019–1027. doi: 10.1038/nn1739

Wilhelm, B. G., Mandad, S., Truckenbrodt, S., Kröhnert, K., Schäfer, C.,

Rammner, B., et al. (2014). Composition of isolated synaptic boutons

reveals the amounts of vesicle trafficking proteins. Science 344, 1023–1028.

doi: 10.1126/science.1252884

Willig, K. I., Rizzoli, S. O., Westphal, V., Jahn, R., and Hell, S. W. (2006). STED

microscopy reveals that synaptotagmin remains clustered after synaptic vesicle

exocytosis. Nature 440, 935–939. doi: 10.1038/nature04592

Wu, Y., O’Toole, E. T., Girard, M., Ritter, B., Messa, M., Liu, X., et al.

(2014). A dynamin 1-, dynamin 3- and clathrin-independent pathway of

synaptic vesicle recycling mediated by clathrin-independent pathway of

synaptic vesicle recycling mediated by bulk endocytosis. Elife 3:e01621.

doi: 10.7554/eLife.01621

Yao, J., Kwon, S. E., Gaffaney, J. D., Dunning, F. M., and Chapman, E. R. (2011).

Uncoupling the roles of synaptotagmin I during endo- and exocytosis of

synaptic vesicles. Nat. Neurosci. 15, 243–249. doi: 10.1038/nn.3013

Yao, J., Nowack, A., Kensel-Hammes, P., Gardner, R. G., and Bajjalieh, S. M.

(2010). Cotrafficking of SV2 and synaptotagmin at the synapse. J. Neurosci. 30,

5569–5578. doi: 10.1523/JNEUROSCI.4781-09.2010

Zhang, B., Koh, Y. H., Beckstead, R. B., Budnik, V., Ganetzky, B., and

Bellen, H. J. (1998). Synaptic vesicle size and number are regulated by a

clathrin adaptor protein required for endocytosis. Neuron 21, 1465–1475.

doi: 10.1016/S0896-6273(00)80664-9

Zhang, J. Z., Davletov, B. A., Südhof, T. C., and Anderson, R. G. (1994).

Synaptotagmin I is a high affinity receptor for clathrin AP-2: implications

for membrane recycling. Cell 78, 751–760. doi: 10.1016/S0092-8674(94)

90442-1

Zhang, N., Gordon, S. L., Fritsch, M. J., Esoof, N., Campbell, D. G., Gourlay, R.,

et al. (2015). Phosphorylation of synaptic vesicle protein 2A at Thr84 by casein

kinase 1 family kinases controls the specific retrieval of synaptotagmin-1. J.

Neurosci. 35, 2492–2507. doi: 10.1523/JNEUROSCI.4248-14.2015

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Mori and Takamori. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) or licensor are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 12 January 2018 | Volume 11 | Article 422

https://doi.org/10.1529/biophysj.105.079574
https://doi.org/10.1111/ejn.12199
https://doi.org/10.1073/pnas.1101818108
https://doi.org/10.1016/j.neuron.2017.02.011
https://doi.org/10.1016/j.conb.2016.03.005
https://doi.org/10.1016/j.neuron.2013.10.022
https://doi.org/10.1016/j.neures.2006.04.016
https://doi.org/10.1016/j.cell.2006.10.030
https://doi.org/10.1038/374186a0
https://doi.org/10.1074/jbc.273.28.17351
https://doi.org/10.1111/j.1460-9568.2006.05259.x
https://doi.org/10.1101/cshperspect.a016790
https://doi.org/10.1038/nsmb.1748
https://doi.org/10.1038/nature10545
https://doi.org/10.1111/j.1471-4159.2006.03821.x
https://doi.org/10.1016/j.neuron.2006.05.027
https://doi.org/10.1016/j.neuron.2007.01.021
https://doi.org/10.1073/pnas.0307862100
https://doi.org/10.1042/bj3050721
https://doi.org/10.1038/nature12809
https://doi.org/10.1038/nature13846
https://doi.org/10.1016/j.neuron.2011.02.002
https://doi.org/10.1038/nn1739
https://doi.org/10.1126/science.1252884
https://doi.org/10.1038/nature04592
https://doi.org/10.7554/eLife.01621
https://doi.org/10.1038/nn.3013
https://doi.org/10.1523/JNEUROSCI.4781-09.2010
https://doi.org/10.1016/S0896-6273(00)80664-9
https://doi.org/10.1016/S0092-8674(94)90442-1
https://doi.org/10.1523/JNEUROSCI.4248-14.2015
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Molecular Signatures Underlying Synaptic Vesicle Cargo Retrieval
	Introduction
	Major Sv Cargos and the Physiological Importance of Their Faithful Retrieval
	Visualizing SV cargo retrieval
	Dynamics of SV cargo at the plasma membrane
	Retrieval Signals Within SV Proteins for Clathrin-mediated SV Reformation
	Di-Leucine Motif
	C2 Domains
	SNARE Motif
	Proline-Rich Domain
	Cargo–Cargo Interactions

	Cargo retrieval during clathrin-independent endocytosis
	Concluding Remarks
	Author Contributions
	Acknowledgments
	References


