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Abstract

Synaptic vesicles (SVs) are the repositories of neurotransmitters. They are locally recycled at
nerve terminals following exocytosis. A unique feature of these vesicles is the uniformity of their
morphology, which is well maintained even after rounds of exocytosis and endocytosis. Several
studies suggest that disruption of clathrin adaptor proteins leads to defects in sorting cargoes and
alterations in SV morphology. Here, we review the links between adaptor proteins and SV size,
and highlight how protein sorting may impact SV architecture. Molecular players such as clathrin,
adaptor proteins, accessory proteins, SV cargoes and lipid composition may act together to
establish a stable regulatory network to maintain SV morphology.

Introduction

Synaptic vesicles (SVs) are tiny membrane-enclosed organelles that store neurotransmitters
at presynaptic terminals. These vesicles undergo Ca2+-dependent fusion with plasma
membrane and, consequently, neurotransmitters are released to propagate chemical signaling
between neurons [1,2]. Following fusion, the membrane and protein components of SVs are
incorporated into the plasma membrane and must be retrieved into newly formed vesicles to
sustain rounds of synaptic transmission [3,4]. Deciphering the molecular mechanisms that
govern SVs dynamics is crucial to understanding how synaptic transmission is precisely
tuned to support neural network activity.

A unique feature of SVs is their uniform size. In a typical synapse, all SVs are round spheres
with ~30-50 nm in diameter (Figure 1a) [4]. The uniform morphology indicates that SVs
store similar amount of neurotransmitters, which tend to increase the reliability of synaptic
transmission. Several models have been proposed to explain how SVs maintain their shape
despite undergoing rounds of exocytosis and endocytosis cycles. A “kiss-and run” model
suggests that SVs discharge their intravascular content through transient fusion pores, which
allow SVs to keep their gross shape and to preserve molecular machinery. This model has
been extensively discussed in several reviews [5,6]. Here, we focus on SV recycling after
full fusion. In these events, SVs completely collapse into plasma membranes. We will
discuss recent progress toward an understanding of how molecular machinery in the
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clathrin-mediated endocytosis pathway contributes to sort SV components and to maintain
vesicle morphology.

SVs are complex organelles

SVs exhibit an extremely high protein/lipid ratio [7°°]. Proteins account for more than 60%
of the total mass of vesicles, suggesting that the vesicle surface is fully covered by proteins
(Figure 1b). Each SV has approximately 600 transmembrane domains, roughly representing
a quarter of vesicle surface. These results suggest that sorting of SV proteins is a major task
for vesicle recycling, and protein composition is likely to play an important role in setting up
the vesicle morphology. Furthermore, heterogeneity in SV protein abundance adds more
challenges to the recycling machinery. For example, only one or two copies of the vacuolar
ATPase reside on a SV. In contrast, each vesicle has roughly seventy copies of the vesicle
SNARE (soluble NSF attachment protein receptor) protein synaptobrevin. Because full
fusion of SV leads to dispersion of SV proteins into the plasma membrane [8,9], these SV
proteins must be recaptured and enriched to the correct abundance to produce functional
SVs. Several studies on endocytic machinery such as adaptor proteins, suggest a potential
link between SV protein sorting and the SV morphology [10°*,11%,12,13,14].

AP2 in synaptic vesicle endocytosis

The clathrin adaptor protein complex AP2 is a major protein—protein interaction hub that
coordinates cargo sorting, accessory protein binding, and membrane internalization during
endocytosis (Figure 1c¢) [15-18]. It internalizes transmembrane proteins by recognizing two
sorting signals, that is, tyrosine-based YxxF (F bulky hydrophobic residue) and dileucine-
based [DE]XXXL [LI] motifs. Disruption of AP2 complexes impairs the retrieval of SV
proteins [19°°] and alters the vesicle morphology [10*,20,21], which demonstrates the
importance of AP2 in SV endocytosis.

The AP2 complex is thought to function as an obligate tetramer that is composed of four
subunits — two large subunits a and 2, a medium subunit p2, and a small subunit 02
[18,22]. In cultured hippocampal neurons, removal of the u2 subunits by shRNA leads to a
~96% loss of the AP2 complexes, suggesting that the only stable form is the tetrameric AP2
complex [19°]. However, studies in Caenorhabditis elegans suggest an alternative view, in
which the AP2 hemicomplexes, a-02 and 32-u2 both exist to sort cargoes for SV
endocytosis [10**,20]. Further analyses showed that, in animals that lack either a-adaptin/
APA-2 or u2/APM-2, the number of SVs decreases and the vesicle size increases. These
defects become more severe in the apa-2, apm-2 double mutants, suggesting that the AP2
hemicomplexes play genetically distinct functions in SV endocytosis. One difference
between the two hemicomplexes resides in their ability to recognize cargoes, for example,
the a-02 hemicomplexes bind di-leucine motifs [23], while the f2-p2 hemicomplexes
interact with tyrosine-based YxxF motifs [24]. Therefore, it is likely that the hemicomplexes
internalize different sets of cargo proteins onto SVs in C. elegans. It is currently unclear
whether AP2 hemicomplexes function in mammalian neurons. While p2 knockdown leads
to degradation of AP2, it remains possible that both hemicomplexes and tetrameric AP2
complexes exist and act in concert in wild type neurons to sort SV proteins.
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In the absence of AP2, synaptic vesicle endocytosis persists at some level, suggesting the
existence of compensatory mechanisms. In hippocampal neurons, removal of AP2 slows
down but does not prevent the retrieval of SV proteins from plasma membranes [19°]. In C.
elegans, 30% of SVs remain in the mutant animals that lack AP2 [10*°]. Several endocytic
proteins, including members of the heterotetrameric adaptors (e.g., AP1 and AP3) and other
monomeric endocytic proteins (e.g., AP180 and stonin2) may contribute to the
compensatory mechanisms [19°,25,26].

Cargo recognition by AP180/CALM

AP180 (neuronal clathrin assembly protein) and CALM (Clathrin-assembly lymphoid
myeloid leukaemia protein) are two monomeric adaptor proteins that play important roles in
clathrin-mediated endocytosis [4]. Their function is thought to recruit clathrin to the
membrane of endocytic vesicles because of their ability to simultaneously bind membrane
and clathrin (Figure 1c). However, clathrin-mediated endocytosis persists in the absence of
yeast AP180 homologues Yap1801 and Yap1802 [28]. Instead of recruiting clathrin,
Yap1801/Yap1802 appear to play a role in sorting and recycling vesicle-associated
membrane proteins (VAMPS) [29]. Several studies further suggest that, in neurons, AP180
and CALM selectively sort cargoes such as SNARE proteins [13,30°,31,32], and contribute
to the maintenance of vesicle morphology.

AP180 is mainly expressed in neuronal tissues. Mutant flies, worms, and cultured
hippocampal neurons that lack AP180 proteins exhibit SV endocytosis defects, that is,
enlarged SVs and mislocalized vesicle SNARE protein VAMP2/synaptobrevin2 on axonal
membranes [13,14,33,34]. The sorting capability of neuronal AP180 seems to be less
specific than its close homologues in yeast. Several proteins including synaptotagmin,
synaptophysin, intersectin, and postsynaptic glutamate receptors show altered distribution in
the absence of AP180 [33,35-37]. Biophysical analyses have shown that the AP180 N-
terminal homology (ANTH) domain weakly binds the N-terminal half of the SNARE motif
of VAMP2 ([30°] but also see [38°]), which provides a potential mechanism for the AP180
recognition of VAMP2/synaptobrevin2.

CALM is ubiquitously expressed in all mammalian cells. Knockdown of CALM expression
in neurons causes selective increases in surface accumulation of VAMP2/synaptobrevin2,
which is similar to the defects in AP180 deficient cells. SVs also become larger in the
absence of CALM [33]. The defects in SV morphology appear to vary with the
developmental stage of neurons, as the ShRNA transfection in 6-8 div young neurons does
not change SV size [33]. Structural analyses demonstrate that the CALM ANTH domain
directly associates with a number of SNAREs, including VAMP8, VAMP3, and VAMP2,
which are required for endosomal trafficking [38°]. These data suggest that CALM and
AP180 may act in concert to regulate protein composition and membrane morphology of
SVs. Because the synaptic defects associated with CALM disruption are relatively mild [38°,
39], itis likely that CALM function can be partially compensated by AP180 in mammalian
neurons.
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Stonin 2 — a specific adaptor protein for synaptotagmin

Stonin 2 and its homologues are conserved endocytic adaptor proteins that specifically sort
synaptotagmin 1 (sytl) to recycling vesicles [27,40-43]. Sytl is a SV protein that plays
critical roles in both Ca2+-dependent exocytosis and endocytosis. The p-homology domain
(UHD) of stonin 2 directly binds the C2 domains of sytl (Figure 1c) [40,44,45]. The
specificity in sorting sytl has been demonstrated in worms, flies, and mammals. Disruption
of stonin 2 leads to accumulation of surface syt1, but the loss of stonin 2 does not impair the
recycling of other SV proteins, such as synaptophysin, VAMP2/synaptobrevin2, and
synaptogyrin [11°°].

While there is general agreement about the syt1 sorting function of stonin 2, several issues
remain. First, it is not clear how stonin 2 is targeted to presynaptic sites. It has been
proposed that sytl acts as a recruiter for stonin 2. In support of this model, mutant stonin 2
that lacks the sytl binding sites does not localize to synapses in C. elegans [45]. However,
removal of sytl does not alter the synaptic distribution of stonin 2 in worms, arguing there
are alternative means for stonin 2 recruitment exists [12]. Second, the role of stonin 2 in
synaptic endocytosis appears to vary among animals. In worms and flies, loss of stonin 2
homologs severely impairs SV endocytosis, resulting in diminished SV pool size, enlarged
vesicles, and reduced synaptic transmission. These data indicate an important role of stonin
2 in promoting SV endocytosis. In contrast, stonin 2 knockout mice have more SVs present
at synapses. Instead of impaired endocytosis, the rate of SV retrieval is accelerated in the
absence of stonin 2 [11°°]. Similar changes in SV endocytosis can be recapitulated in wild
type neurons by increasing surface sytl, suggesting that mouse stonin 2 plays a more
significant role in sorting sytl than in regulating SV endocytosis per se. The reasons for
such difference in stonin 2 functions among animals are currently unknown.

Potential links between SV morphology and protein sorting

SVs are small membrane organelles with extremely high protein density (Figure 1b) [7°°].
Protein composition not only defines the SV’s function, but also provides regulatory means
to stabilize these otherwise fusogenic and unstable vesicles. In fact, alterations in adaptor
proteins often lead to defects in both cargo composition and vesicle morphology, suggesting
that SV proteins contribute to the robustness of the SV architecture. Multiple complimentary
mechanisms may act in concert to ensure the robustness and uniformity of SVs. Potential
molecular players include clathrin coat, accessory proteins, and lipids, all of which have
links to adaptor protein and their cargoes. Below we discuss the potential involvement of
these players in setting up SV morphology [46,47].

Adaptor proteins are capable of adjusting the size of clathrin cages to determine vesicle
morphology, at least during the early phases of endocytosis. Because clathrin and AP2
participate in the formation of various vesicles, the unique morphology of SVs cannot be
simply explained by the intrinsic properties of these proteins. SV specific adaptors such as
AP180 and stonin 2 may further constrain the clathrin cages for SV production. Differences
in SV protein abundance are likely to impact the adaptor composition involved in clathrin
cage formation, which ultimately defines SV morphology (Figure 2). Indeed, when
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synaptobrevin, synaptogyrin, or synaptotagmin is removed from synapses, SVs become
enlarged [48-50].

SV cargoes and clathrin adaptors interact with other accessory proteins to control membrane
shape. Several accessory proteins are capable of deforming and curving membranes by their
membrane-interaction domains, such as the BAR (Bin—Amphiphysin-Rvs) and ENTH
(Epsin N-Terminal Homology) domains [4]. Membrane deformation often starts with
insertion of amphipathic helixes into the cytoplasmic leaflet of the membranes [51] and
further progresses by building up bending pressure through molecular crowding effects
[52,53]. The timing of arrival and the intrinsic curvature of these proteins are likely to define
their role in SV endocytosis. For example, syndapin arrives early and enforces a shallow
curvature [54]. These properties make syndapin a good candidate for membrane deformation
at the early stage of endocytosis. Disruption of adaptor protein recruitment and cargo sorting
may interfere with how accessory proteins are recruited and where they function,
consequently changing the morphology of SVs.

Finally, intrinsic properties of SV proteins and lipids may also contribute to the formation
and stability of highly curved SV membranes. For example, most transmembrane proteins
on SVs have larger cytoplasmic domain and less significant luminal domain (Figure 1b)
[7°°]. The transmembrane domains of several SV proteins such as VAMP2/synaptobrevin,
synaptotagmin and synaptophysin form oligomeric structures [55-57]. As a consequence,
SV proteins may be held as clusters that favor positively curved membranes. In addition,
SVs have unusually high amounts of cholesterol [7*]. The effects of cholesterol on
membrane bending are at least two fold; (1) cholesterol rapidly flips between membrane
leaflets, which stabilizes membrane curvature by changing membrane surface areas [58-60],
that is, decreasing the surface area of the compressed leaflet while increasing the surface
area of the expanded leaflet; and (2) cholesterol makes membranes more rigid and therefore
harder to bend [61]. How exactly these two opposite features contribute to SV biogenesis
remains elusive. Nonetheless, it has been demonstrated that cholesterol interacts with SV
protein synaptophysin [62]; this may explain the defects in SV morphology upon removal of
synaptophysin [62,63].

Conclusions and perspectives

Brain function relies on efficient communication between neurons. Changes in SV
morphology alter the quantal size of synaptic transmission, which consequently impairs
signal propagation in neural circuitries. Biochemical and cell biological studies have
identified several molecules involved in shaping SVs. It has become clear that adaptor
proteins and protein sorting pathways play an important role in setting SV morphology, but
how exactly these molecules act during SV endocytosis is still unclear. It is almost certain
that SV endocytosis requires actions from a network of proteins. Further progress in cell
biology will be necessary for us to understand when and where these proteins act and how
endocytic network is established and modulated to support SV architecture.
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Figure 1.
Architecture of SVs. Synaptic vesicles with uniform morphology are enriched at

acetylcholine neuromuscular junctions in C. elegans (a). Adapted with permission from
[10**]. A molecular model of a SV cross-section is shown in (b). Adapted with permission
from [7°°]. Schematic diagram of clathrin adaptor complexes that sort SV proteins are shown
in (c).
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Figure 2.
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Adaptor proteins contribute to SV size. SV proteins recruit adaptor proteins, which leads to
correctly formed clathrin cage and subsequently SV with normal size (a). Disruption of the

abundance and the composition of SV proteins disrupts clathrin cage formation and

ultimately affects SV size (b). Number of copies of SV protein and adaptor proteins shown

are not to scale.
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