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Chemical synapses are specialist points of contact between two neurons, where information transfer takes
place. Communication occurs through the release of neurotransmitter substances from small synaptic vesi-
cles in the presynaptic terminal, which fuse with the presynaptic plasma membrane in response to neuronal
stimulation. However, as neurons in the central nervous system typically only possess ~200 vesicles, high
levels of release would quickly lead to a depletion in the number of vesicles, as well as leading to an increase
in the area of the presynaptic plasma membrane (and possible misalignment with postsynaptic structures).
Hence, synaptic vesicle fusion is tightly coupled to a local recycling of synaptic vesicles. For a long time, how-
ever, the exact molecular mechanisms coupling fusion and subsequent recycling remained unclear. Recent
work now indicates a unique role for the plasma membrane lipid phosphatidylinositol 4,5-bisphosphate
(PIP,), acting together with the vesicular protein synaptotagmin, in coupling these two processes. In this
work, we review the evidence for such a mechanism and discuss both the possible advantages and disadvan-
tages for vesicle recycling (and hence signal transduction) in the nervous system. This article is part of a
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1. Introduction
1.1. Synaptic vesicle trafficking — an overview

The chemical synapse is the major structure where information is
processed and transferred between neurons and their target cells. At
the heart of this process is the synaptic vesicle — a small membranous or-
ganelle found in the presynaptic terminal, which contains the neuro-
transmitters that are the basis of neuronal communication. When the
presynaptic terminal is depolarized by an action potential, synaptic ves-
icles fuse with the plasma membrane (exocytosis). Released neurotrans-
mitters then diffuse across the synaptic cleft and attach to receptors on
the postsynaptic neuron; depending on the type of neurotransmitter
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GFP, Green fluorescent protein; GST, glutathione S-transferase; HIP, Huntingtin inter-
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released (excitatory or inhibitory) this may lead to depolarization or
hyperpolarization of the postsynaptic neuron, respectively.

A presynaptic terminal in the central nervous system typically
contains 200 synaptic vesicles [1], which can be rapidly depleted
under conditions of intense stimulation. Given the distance of the
presynaptic terminal from the neuronal cell body, replacement of
synaptic vesicles by de novo synthesis and transport would be too
slow to sustain continuous neuronal activity [2]. In addition, unregu-
lated fusion would lead to a dangerous increase in the area of the
presynaptic plasma membrane (and possible misalignment with
postsynaptic structures). Hence, synaptic vesicle membrane is re-
trieved (endocytosis), and used to reform synaptic vesicles that are
used for subsequent rounds of fusion (see Fig. 1).

Major progress has now been made in understanding the molecu-
lar mechanisms underlying exo- and endocytosis. Surprisingly, many
of the proteins involved in these processes were found to be part of
much larger protein superfamilies that also function in either consti-
tutive fusion of trafficking vesicles or constitutive internalization of
receptors [3,4]. However, where synaptic vesicle trafficking differs
from constitutive trafficking is that neuronal exo- and endocytosis is
a strictly compensatory process — meaning that there must be a
cross-talk between the processes that not only matches the number
of exocytosed vesicles to those recovered by endocytosis, but also
makes sure the vesicles are of the correct size and composition
(including the types and copy numbers of proteins).

Two major models have been proposed for how the processes are
coupled.
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Fig. 1. The synaptic vesicle cycle. (A) Synaptic vesicles are locally recycled in the presynaptic terminal [2,120]. Synaptic vesicles are trafficked to specialist release sites on the plasma
membrane - active zones [238]. After docking to release sites, vesicles undergo a complex set of reactions that renders them fusion competent — priming [239]. The arrival of an
action potential in the presynaptic terminal leads to the opening of voltage-gated Ca?* channels in the plasma membrane and the subsequent influx of Ca?>" — leading to exocytosis
[240]. After fusion, vesicle membrane is recovered by endocytosis — a process that may or may not involve clathrin (green) [129]. It is unclear whether endocytosis takes place at
the active zone, or occurs at peri-active zones that physically separate the sites of vesicle fusion and retrieval [36,241]. The vesicle lumen is then rapidly acidified by the action of a
proton pump [242], which drives the uptake of neurotransmitter into the vesicle [243,244]. It still remains unclear whether recycling vesicles pass through an obligate sorting in-
termediate (early endosome) that acts as a quality control mechanism, removing damaged vesicle components and allowing their replacement [125-127]. (B) A molecular model of
an average synaptic vesicle isolated from rat brain. The model is based on space-filling models of all macromolecules at near atomic scale. As expected, the various trafficking pro-
teins that are known to coordinate key steps in the synaptic vesicle cycle dominate the vesicle surface. All vesicles are thought to share a common set of these proteins, although
isoform specificity may vary among synapses. Of particular relevance here are the proteins synaptobrevin and synaptotagmin (highlighted by red rings), which play crucial roles in
both exo- and endocytosis (see main text). An average vesicle is thought to contain 70 copies of synaptobrevin and 15 copies of synaptotagmin. Proteins are shown randomly dis-

tributed over the vesicle surface, but could also be present in clusters [166,245].
Panel B taken from [52].

The first model treats exocytosis and endocytosis as two mecha-
nistically distinct processes — requiring separate triggers. An obvious
candidate for such a trigger is Ca®™. Exocytosis is strictly dependent
on high levels of local Ca®>*, which are generated at release sites
due to an influx through voltage gated Ca?™ channels which open
during an action potential. Ca®* has also been proposed to positively
regulate endocytosis [5-7], as some of the key endocytic proteins are
known to be dephosphorylated by the Ca®" activated phosphatase
calcineurin [8]. However, whether Ca? acts as a universal trigger re-
mains unclear, as several studies report an actual inhibition of endo-
cytosis by Ca?™ [9-11]. There remains the possibility, however, that
these discrepancies arise from the use of different synaptic prepara-
tions and differing stimulus levels which may invoke different recy-
cling mechanisms [12-14].

The second model envisages that the fusion of the vesicle with
the plasma membrane causes a detectable change in the membrane
structure — possibly deposition of synaptic vesicle proteins into the
membrane - that acts as a signal for membrane to be endocytosed [15].

Interestingly, these two models may not be mutually exclusive:
different aspects of exo-endocytic coupling (such as the initiation
event and extent of coupling) may be mediated by different mecha-
nisms, such as the local cytoplasmic Ca®>* concentration.

Kinetically, the coupling between exo- and endocytosis is fast —
with evidence that endocytosis can actually begin immediately after
exocytosis [16,17]. Thus, there have been severe technical difficulties
to exploring the coupling mechanism — and physically isolating the
individual processes. Traditional biochemical/cell biological methods,
such as the addition of small molecular weight compounds [18], or
the overexpression of dominant negative proteins to interfere with
endocytosis [19], take in the order of minutes to hours to act and, to-
gether with the high concentrations typically used, can produce many
“off-target” effects [20].

To date the “cleanest” approaches have involved the genetic ma-
nipulation of exo- and endocytosis. The vesicular Ca?™ sensor

synaptotagmin has long been recognized as an essential component
of the exocytic machinery in neurons [21]. However, recent work
using chronic genetic ablation of synaptotagmin in mouse [22], and
acute inactivation of the protein in Drosophila melanogaster [23], has
indicated that not only is this protein involved in neurotransmitter
release but it also has a potential role in endocytosis.

Given that exo- and endocytosis are mechanistically very different
(see Section 3), how does a single protein like synaptotagmin work to
couple them? Is synaptotagmin the principal player? Has our ability
to selectively manipulate proteins at the synapse, but not lipids, ob-
scured ‘the hub of the wheel'? Is synaptotagmin the focal point of
the coupling process, or should our attention actually be diverted
elsewhere?

In this review, we will argue that the plasma membrane lipid PIP,
forms the ‘hub’ of this essential coupling process, with synaptotagmin
acting as an effector protein. We base our case on three main argu-
ments. First, the unique properties of PIP, make it an ideal molecule
to locally recruit the machinery needed for both exo- and endocytosis
[24,25]. Second, there is already substantial biochemical and cell
biological evidence that the plasma membrane lipid PIP, is actively
involved in exocytosis, primarily through its interactions with synap-
totagmin [21]. Third, there is substantial evidence for a role of PIP, in
recruiting essential endocytic proteins following fusion [4], including
some which bind synaptotagmin [26]. Finally, we will attempt to il-
lustrate not only the benefits but also the disadvantages of employing
such a system.

2. Phosphatidylinositol 4,5-bisphosphate at the
presynaptic terminal

2.1. Structure, localization and synthesis

PIP, is a member of the phosphoinositide family of membrane
lipids, which all share the same basic structure; a long fatty-acyl
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chain (of varying length and saturation [27]) embedded in the mem-
brane monolayer, and linked to a myo-inositol headgroup via a glycerol
backbone. Importantly, reversible phosphorylation of the myo-inositol
ring at the 3’, 4’ and 5’ OH positions can generate up to 7 stereo-
specific isoforms of phosphoinositide [28,29]. PIP; is, of course, phos-
phorylated at the 4’ and 5’ positions (Fig. 2A).

At equilibrium, the total percentage of PIP, in neuronal membranes
is actually very low. Bulk phosphoinositide profiling of whole brain tis-
sue using electrospray ionization mass spectrometry showed PIP, to
comprise ~1% of the total lipid [27], which is in good agreement with
metabolic labeling/HPLC experiments in cultured cortical neurons
[30]. These studies should be considered alongside an elegant set of ex-
periments in which the PIP, binding pleckstrin homology (PH) domain
of phospholipase C was fused to green fluorescent protein (PLC-GFP).
Using this approach, PIP, was found localized predominantly to the cy-
tosolic face of the plasma membrane in cultured neurons under resting
conditions (Fig. 2B), consistent with antibody labeling [31]. However,
staining was found distributed throughout the cell body and neuronal
processes. Together, these studies are actually suggestive of rather low
concentrations of PIP, distributed throughout neuronal membranes.
This begs the question of how such low local concentrations of lipid
could act as an exo-endocytic hub? A recurrent theme in modern mem-
brane biology is the organization of membrane lipids into preassembled
supra-molecular structures (or “clusters”) that represent hot-spots for

individual biological processes [32]. At least two lines of evidence now
point to the fact that PIP, is, in fact, highly concentrated at release
sites. First, neuronal stimulation leads to an increase in the amount of
PLC-GFP in individual synaptic terminals [31], consistent with the
burst of PIP, synthesis measured biochemically (see below). Second,
studies of pure plasma membrane sheets derived from PC12 secretory
cells and stained with PLC-GFP and PIP, antibodies, suggest the lipid is
organized into microdomains at the sites of docked secretory vesicles
[33,34]. Importantly, a recent study, which used super-resolution imag-
ing techniques to circumvent the diffraction limit of normal fluores-
cence microscopy, not only confirmed many of these findings, but also
revealed that PIP, clusters on membrane sheets are much smaller
than anticipated, with an average diameter of only 73 nm [35]. The au-
thors then went on to calculate the surface density of PIP, in these clus-
ters based on reference to PIP, staining in artificial supported bilayers.
Importantly, the authors claim that PIP, is the dominant lipid at the cen-
ter of these domains, comprising a fair higher percentage of the total
than previous thought, perhaps even approaching 100% of the total
lipid. These experiments should now be repeated with cultured neu-
rons, in combination with super-resolution imaging [36], to investigate
the possibility of micro-patterning in the neuronal plasma membrane.

How are these local domains of PIP, formed? At the synapse, it is
thought that the primary route for PIP, synthesis is via phosphoryla-
tion of the precursor lipid phosphatidylinositol 4-phosphate by
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Fig. 2. PIP, at the synapse. (A) Principal pathways of PIP, synthesis and degradation at the synapse [30,38]. Lipids are labeled to clearly indicate the position of the phosphate group
on the myo-inositol ring, and how this varies at various stages of the phosphoinositide cycle. As well as being an important signaling molecule in its own right, PIP, can act “indi-
rectly” to modulate synaptic vesicle trafficking; with phospholipase C catalyzed hydrolysis producing the second messenger diacylglycerol (DAG) and inositol trisphosphate (IP3),

both of which are also functionally active at the presynapse [246-249]. (B)

In cultured hippocampal neurons, PIP; is localized to the cytosolic face of the plasma membrane — as

revealed by overexpression of the lipid binding pleckstrin homology (PH) domain of phospholipase C fused to green fluorescent protein (PLC-GFP) or antibody labeling.

Image taken from [31].
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members of the type 1 phosphatidylinositol phosphate kinase family
(PIPK) [37]. In particular, the p90 isoform of PIPK1+y (PIPK1y-p90) is
concentrated at synapses [38,39], and is thought to play the dominant
role in PIP, synthesis in neurons. Genetic experiments in mice have
shown that PIP kinase type 1+ is both necessary and sufficient to sup-
port life to adulthood [40], as ablation of this enzyme leads to early le-
thality. Although the reduction of total PIP, content at the synapse is
only 40%, such a reduction is presumably lethal because of the pro-
found impairments in neurotransmitter release that result [41], al-
though, as with all constitutive gene “knock-outs”, it is impossible
to rule out subtle developmental effects in the nervous system. Inter-
estingly, these effects cannot be overcome by the actions of either
PIPK1a or PIPK1pR, which are actually thought to play overlapping, al-
beit minor roles, in prenatal and postnatal development [40]. Such a
finding is consistent with local and metabolically distinct pools of
PIP, in neurons (and see below). Crucial to this concept is the finding
that PIPK1y-p90 interacts with the protein talin at synapses, and dis-
ruption of this interaction severely perturbs synaptic vesicle traffick-
ing [42]. In unstimulated synapses, this interaction is prevented by
phosphorylation of serine 650 (S650) in the talin-binding site of
PIPK1v-p90 by cyclin-dependent kinase 5 (Cdk5). Activation of the
Ca?*-dependent phosphatase calcineurin leads to dephosphorylation
of S650, allowing the interaction with talin and presumably local PIP,
synthesis.

Phase locking the activity of PIPK1y-p90 to Ca®* influx during the
action potential would explain why neuronal activity triggers a burst
of PIP, synthesis [43]. Tying the amount of PIP, production directly to
the degree of stimulation received by a neuron would also be a simple
and effective way of manipulating the dynamic range of the release
system [43], and there is already evidence that the size of the rapidly
releasable pool depends on PIP, levels [33].

In addition, there is strong evidence that PIPK11y is also stimulated
by the small GTPase ADP-ribosylation factor 6 (Arf6) [44,45], which is
enriched in presynaptic terminals and localizes to the plasma mem-
brane when activated [46]. Arf6 regulates exocytosis in neuroendo-
crine cells [47], and it is likely that a similar mechanism exists at
neuronal synapses. Any such Arf dependent activation of PIPK1
would presumably also overlap with other Arf-dependent effector
pathways, such as the Arf-mediated stimulation of phospholipase D
(PLD). PLD is responsible for the hydrolysis of phosphatidylcholine
to phosphatidic acid, which is a potent stimulator of PIPK1y-p90
[48,49] and also regulates neurotransmitter release at synapses [50].

Taken together, it seems likely that there are multiple pathways
governing PIP, production and synaptic vesicle trafficking at the syn-
apse. However, the relative contributions of these individual path-
ways (and possible synergism) remain to be fully investigated, but
will no doubt form an important part of our future understanding of
neurotransmitter release.

In contrast, the origin of phosphatidylinositol 4-phosphate is much
more contentious. It appears that a phosphatidylinositol 4-phosphate
kinase (PI 4-kinase) is bound to the membrane (of at least a fraction)
of synaptic vesicles [51,52]. However, it remains to be established
whether the phosphatidylinositol 4-phosphate generated by this
vesicle-associated kinase represents the precursor for the PIP, needed
for exocytosis. In principal, plasma membrane bound PIPK1vy-p90
could phosphorylate phosphatidylinositol 4-phosphate in the synaptic
vesicle in a “trans” configuration after synaptic vesicles have docked
at the plasma membrane (see Fig. 1A). It is possible that such a reaction
might underlie vesicle “priming”. This is an attractive possibility as it
implies a specific PIP, generating system nested within the synaptic
vesicle cycle [43]. Alternatively, another PI 4-kinase on the plasma
membrane may be used. At present, it is unclear which of these mech-
anisms predominates at the synapse.

Given the importance of PIP, in neuronal function, it is essential that
its levels are strictly regulated. As is the case in most biological process-
es, the level of PIP, produced by kinase activity in neurons is not static,

even under conditions of low neuronal activity. PIP, is known to be
dephosphorylated back to phosphatidylinositol 4-phosphate [43], im-
plying a cycle of phosphorylation-dephosphorylation in the terminal.
Such a cycle may at first sight seem futile, but it is presumably a well
controllable and versatile mechanism to allow rapid changes in effec-
tive PIP, levels, as neuronal activity triggers a burst of PIP, synthesis
[43]. The main phosphatase in neurons is the inositol-5-phosphatase
synaptojanin 1 (see Fig. 2A). In particular, the 145 kDa isoform of
synaptojanin is highly expressed in the brain — and is responsible for
terminating the PIP, signal following endocytosis (see Section 5). Addi-
tionally, PIP, is also known to be a substrate for phospholipase C (PLC)
in the presynaptic terminal [53], an important second messenger sys-
tem in exocytosis (see Fig. 2A and Table 1). PIP, may also be “inacti-
vated” by phosphatidylinositol 3-kinases (not shown) [54].

2.2. Properties of PIP, with relevance for synaptic vesicle trafficking

PIP, displays various properties that make it an ideal lipid media-
tor in synaptic vesicle trafficking. First, PIP, is embedded in the inner
leaflet of the plasma membrane, which is the site of exo- and endocy-
tosis. This effectively reduces the dimensionality of the system, pro-
ducing a local concentration effect, which is important in the
recruitment of cytosolic factors to the membrane (see Section 3.2).
Although the orientation of the headgroup with respect to the mem-
brane remains unknown, the large size implies that it may protrude
further into the aqueous phase than other phospholipids facilitating
interactions [24,55,56]; a second alternative mode of interaction, in
which proteins penetrate the membrane surface and interact hydro-
phobically with the membrane core, has also been reported [43,57].
Both modes of interaction are important at the synapse, and may
play an important role in distinguishing mechanistically between
exo- and endocytosis. Second, the specific phosphorylation of the
myo-inositol headgroup imparts both charge and conformational
specificity. Depending on factors such as the local pH, PIP, has a net
negative charge of between —3 to —5 [24], allowing non-selective
electrostatic binding to PIP, [58-61]. In addition, the stereo-
specificity of the phosphorylation sites also imparts a degree of selec-
tivity for specific binding domains [62-64]. Regardless of the manner
of binding, however, many proteins also contain additional binding
sites for membrane proteins, and an interaction of sufficient affinity
only occurs when both binding sites are engaged — effectively creat-
ing a coincidence detection system at the synapse, which imparts an
extra level of specificity to the system (see Section 3.2) [43]. Finally,
the rapid phosphorylation or dephosphorylation of the inositol ring
produces “stage-specific” markers, which provide a convenient way
to ensure vectorial transport of vesicles through the trafficking cycle
[30,65].

3. PIP; and synaptotagmin: an essential role in coupling
exo- and endocytosis

The processes of exo- and endocytosis place different demands on
the synaptic machinery. To fuse a small, highly curved synaptic vesi-
cle with the flat plasma membrane involves a different set of physical
constraints than the reformation of a vesicle. Therefore, it is unsur-
prising that the processes use very different molecular machineries.
However, it appears that there is at least one common link between
the processes — PIP, and synaptotagmin. Work from many laborato-
ries has provided strong evidence that synaptotagmin has functions
in both exocytosis and endocytosis. To understand how PIP, and
synaptotagmin could couple these two events, we will first review
the evidence for their roles in the individual processes (this section).
In the light of this information, we will then introduce the potential
for “coupling” between the processes, and discuss some ideas regard-
ing this process and its potential benefits for neurons (Section 4).
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Table 1
PIP, binding proteins with a known presynaptic function.
Protein PIP, binding domain Function References
Synaptotagmin C2 « Vesicular Ca%* sensor [15,82,251]
« Putative molecular link between exo- and endocytosis
Doc2 2 « Putative Ca®* sensor [252-254]
Rabphilin 3A C2 « Rab3 effector protein, which acts as a priming factor for synaptic vesicles [255]
Calcium activated protein for secretion C2 and PH* « Priming factor for synaptic vesicles [34,256]
(CAPS)
Mint Phosphotyrosine binding « Control of vesicle docking at active zones by SNARE protein regulation. [257-259]
domain « Structural organization of active zone by neurexin and Ca?>* channel binding
Piccolo/Aczonin 2 « Scaffolding protein® [110,260]
Rab3 interacting molecule (Rim) c2 » Scaffolding protein® [110,261]
Type I Phosphoinositide 3 kinase-C2ac  PX domain. Also contains a C2  « Production of 3’ phosphoinositides stimulates exocytosis [262,263]
domain.
Secretory carrier membrane protein Electrostatics — basic/ « Control of fusion pore formation during exocytosis [264]
(SCAMP) 2 hydrophobic amino acids
Syntaxin 1 Electrostatics — basic amino * SNARE protein [35,78]
acids
Voltage gated K* channels (KCNQ)© Electrostatics — basic amino « Action potential generation [265,266]
acids
High voltage activated Ca?>* channels  Electrostatics — basic amino « Ca?* influx during exocytosis [266,267]
(L, N and P/Q type)© acids?
Phospholipase D (PLD) PH and basic amino acids « Hydrolysis of phosphatidylcholine to phosphatidic acid (PA) and choline [44,268,269]
- PA acts to stimulate PIP5Ky
- PA induces negative membrane curvature, that may influence exo- and endocytosis
Munc13 C1-DAG binding® Priming factor for synaptic vesicles [246,270,271]
Adaptor protein (AP) subunits o, Electrostatics — basic amino « Central endocytic hub [4,132]
B2 and p, acids - Linking plasma membrane cargos to clathrin and endocytic accessory proteins
Epsin 1 ENTH « Cargo-specific adaptor protein [4,272,273]
« Involved in membrane remodeling/bending
Dynamins 1, 2 and 3¢ PH « Membrane scission during final stages of endocytosis [274,275]
AP180 (and CALM) ANTH « Binds AP2 and clathrin [4,276,277]
- Thought to regulate synaptic vesicle size
Huntingtin-interacting protein (HIP) 1 ANTH « Binds AP2, clathrin and actin [4,278-280]
ARF6 Electrostatics — basic amino « Stimulation of PIPK1+y [281-283]
acids - Increase in PIP, leads to enhanced AP2 recruitment

« Stimulation of PLD (see above)

References are given as sources of domain identification and putative functions.
Proteins with an indirect role in endocytosis via actin modification are not listed.
Most proteins are found in both vertebrates (mouse) and invertebrates (Drosophila), with the exceptions of Doc2 and Piccolo, which are only found in mouse.

2 The use of multiple binding domains is commonly used to stabilize a protein at the membrane, and can also be used to increase specificity due to the element of coincidence
detection required to successfully bind specific lipids via both sites.

b Scaffolding proteins are large multi-domain proteins present at the active zone, which are thought to play a number of important roles in the presynaptic terminal. A compre-
hensive overview of their functions is given in the indicated review.

¢ No evidence to date exists for PIP, modulation of voltage gated Na™ channels.

4" Although Munc13 contains C2 domains, most interest has centered on its activation by DAG — formed by PLC hydrolysis of PIP,.

¢ Dynamin 1 is found specifically in neurons; dynamin 2 is ubiquitous; dynamin 3 is expressed predominantly in testes and also in lung and neurons [284].

3.1. A specialized function of neurons: Ca®"-dependent exocytosis

Exocytosis in neurons is unusual among membrane trafficking
events, as it is strictly dependent on Ca?*. The predominant Ca?* sen-
sor in neurons is thought to be synaptotagmin. The synaptotagmin fam-
ily of proteins shares a common structure consisting of a N-terminal
transmembrane region and two C-terminal C2 domains (termed C2A
and C2B; see Fig. 3A and below). Synaptotagmins are highly conserved
evolutionarily, and usually exist in multiple isoforms, even in model
invertebrates such as Drosophila melanogaster and Caenorhabditis ele-
gans [66]. In mammals, the synaptotagmin family now stands at 16

isoform is encoded by a specific gene, while some (for example synap-
totagmin 7) undergo additional alternative splicing [66]. Interestingly,
the synaptotagmin isoforms all show differing Ca™ affinities and ex-
pression patterns (including some synaptotagmins that localize to the
plasma membrane), suggesting a substantial degree of adaptation in
the nervous system. Three isoforms - synaptotagmins 1, 2 and 9 -
have been unequivocally identified as localizing to synaptic vesicles
and are proposed to act as Ca%™" sensors for synaptic vesicle exocytosis
[67]. In this review, however, we limit ourselves to discussion of the
original Ca®>* sensor synaptotagmin 1 (referred to as synaptotagmin
for simplicity), for the simple reason that most work has been per-

unique members, based on sequence homologies and function. Each formed on this isoform.

Fig. 3. The role of PIP, and synaptotagmin in exocytosis. (A) Synaptotagmin is a synaptic vesicle protein. Synaptotagmin contains a N-terminal transmembrane region and two C-terminal
(2 domains — C2A and C2B. The C2 domains are Ca*>* binding modules, which coordinate three and two Ca®* ions, respectively. The acidic residues essential for binding Ca®* are shown
(orange spheres), with the residues mutated in known calcium binding mutants indicated (see insets). The polybasic region on the C2B domain is shown in blue. (B) A schematic model
for the role of synaptotagmin in exocytosis. In the absence of Ca>*, the C2A domain of synaptotagmin does not associate with membranes. The positioning of synaptic vesicles at putative
fusion sites is likely due to the Ca>*-independent interaction of the polybasic (lysine) patch on the C2 domain with PIP, (blue patch on C2B). Ca>* influx into the terminal during an action
potential leads to profound conformational changes in synaptotagmin; Ca®* acts as a charge bridge minimizing electrostatic repulsion between the acidic Ca>* binding residues on synap-
totagmin and anionic membrane phospholipids, effectively allowing the hydrophobic amino acid residues that line the rims of the Ca?-binding pockets to penetrate lipid bilayers. The
C2A domain preferentially penetrates regions of high PS content in synaptic vesicles, while the C2B domain penetrates regions enriched in PIP,. Multiple synaptotagmin molecules are
presumably involved in membrane penetration, perhaps facilitated by synaptotagmin clustering on the synaptic vesicle. (C) Penetration of membranes by multiple copies of synaptotag-
min is thought to induce local membrane curvature — due to tilting of the local lipid acyl chains, essentially to compensate for the insertion of the C2 domain “wedge” and to maintain the
hydrophobic core of the membrane. Such a region would be under high stress. It has been proposed that this stress is relieved during the lipid rearrangements that accompany the fusion
process, reducing the overall energy cost of the reaction and favoring its completion.

Panel A adapted from [84]. Panel C based on [250].
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3.1.1. Exocytosis: is synaptotagmin part of the core machinery?
Neurons share the core machinery for fusion with other cell types.
It is now generally accepted that at the heart of every fusion process
lie the so-called SNARE (Soluble NSF Attachment Receptor) proteins
[3,68]. The three SNAREs classically viewed as involved in synaptic
transmission are synaptobrevin 2/vesicle associated membrane

protein 2 (VAMP2) on the synaptic vesicle, and syntaxin 1 and
SNAP-25 on the plasma membrane. Extensive in vitro biochemical
and biophysical analysis has allowed us to gain a detailed mechanistic
understanding of this fusion machinery. SNAREs differ in both size and
structure; for instance, synaptobrevin and syntaxin are both held at their
respective membranes by single C-terminal transmembrane domains,
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whereas SNAP-25 is attached to the membrane via four palmitoylated
cysteines [69]. However, all SNAREs share one defining sequence — the
SNARE motif. The SNARE motif is 60-70 amino acids in length, and in-
cludes eight heptad repeats that are indicative of coiled-coil motifs.
Synaptobrevin and syntaxin both contain one SNARE motif, and SNAP-
25 contains two. These SNARE motifs are largely unstructured in solution.
However, when the SNAREs are brought together they assemble into a
tight four-helical bundle — the so-called “core-complex”. Assembly be-
gins at the N-terminal end of the SNARE motifs and proceeds in a “zip-
per-like” fashion towards the C-terminal membrane anchors. It is
thought that this “zippering” effectively bridges membranes, bringing
them into close proximity and providing the energy needed for mem-
brane fusion [3,68]. Major supporting evidence for the SNARE hypothesis
comes from the fact that disruption of SNARE function, either by complete
genetic ablation [70,71] or mutation of critical residues in the SNARE com-
plex [72,73], severely disrupts Ca>*-dependent secretion. In a similar
manner, tetanus and botulinum toxins have been found to specifically
cleave SNARE proteins and inhibit synaptic vesicle fusion [74-76].

One of the major questions remaining in neuroscience is how synap-
totagmin senses the Ca2™ rise during an action potential and couples it
to SNARE mediated fusion. Since the initial finding by Séllner and col-
leagues [77], many groups have reported an interaction between synap-
totagmin and the SNARE complex. However, the mode of
synaptotagmin action remains unclear. As SNAREs are thought to fuse
membranes constitutively [78,79], a popular model has been that
synaptotagmin acts on a partially preassembled SNARE complex, either
directly as a “fusion clamp” [80,81], or by removing an accessory protein
(for example complexin) that is functioning in this way. Such an expla-
nation is attractive, given its intuitive simplicity. However, it also over-
looks the fact that synaptotagmin contains two C2 domains.

3.1.2. C2 domains: the basis of synaptotagmin binding to PIP,

C2 domains have been identified in a variety of membrane binding
proteins, such as the conventional isoforms of protein kinase C (PKC),
as Ca®"/phospholipid binding modules. The C2 domains of synapto-
tagmin are no exception and can bind to acidic phospholipids in the
presence of Ca®* [82], particularly PIP, at the Ca%* levels typically
needed to trigger neurotransmitter release [83].

The basis of synaptotagmin's lipid binding can be found in the
structure of the C2 domains — and both X-ray crystallography and
NMR have been extensively applied to the problem.

Both C2 domains are structurally similar, consisting of ~130 amino
acids, which adopt B-sandwich structures. The C2A domain binds
three Ca®* ions and the C2B domain binds two Ca™ ions, respective-
ly, through loops at the top of each 3-sandwich [84,85]. Interestingly,
the three-dimensional structures of C2 domains determined so far
show no evidence that Ca®>* induces a substantial change from one
well-defined conformation to another [86,87]. Rather it seems that
Ca%* causes a major change in the electrostatic potentials of the C2
domains, shielding negative charge and allowing the hydrophobic
amino acids in the distal tips of the protein to penetrate lipid bilayers
[88,89]. Interestingly, the C2 domains are thought to function as
quasi-autonomous units; although Ca?* binding to the individual
C2 domains is thought to occur largely independently [84], mem-
brane binding studies using recombinant synaptotagmin suggest
that the C2B domain is heavily influenced in its membrane binding
capabilities by the C2A domain (even when a Ca?>* binding mutant
of C2A is used), indicating some co-operativity of action
[57,84,90,91]. Likewise, correct membrane binding of the C2B domain
is likely to affect C2A function by clamping synaptotagmin in the cor-
rect orientation [89] (and see below).

However, despite obvious structural similarities, several key dif-
ferences are known to exist between the domains. These differences
most likely explain why mutations in the C2B domain generally affect
neurotransmitter release much more profoundly than those in C2A
(see below). The most dramatic of these seems to be the difference

in reported lipid preference, most likely reflecting subtle amino acid
differences in the Ca?"-binding loops [92]; C2A exhibits a preference
for phosphatidylserine (PS), whereas C2B exhibits a preference for
PIP, [57]. In addition, there are two lysine residues on the “side” of
the C2B domain. These residues are thought to form a basic patch
on C2B allowing pre-adsorption to PIP, prior to the Ca®* signal,
thus producing an enhanced coupling of synaptotagmin to the release
machinery [57,59,93,94|. However, this site has also been proposed to
mediate interactions with the SNARE proteins syntaxin and SNAP-25
in a Ca?*-independent manner [95,96], and also to the full SNARE
complex (although this interaction seems dependent on Ca2™)
[97-99]. It should also be noted that the C2A domain has been
reported to bind to SNAP-25 within the SNARE complex in a Ca%"-de-
pendent manner, but with low affinity [100].

3.1.3. Membrane remodeling by C2 domains

An obvious question to ask is whether the binding of C2 domains
to plasma membrane lipids can actually play a role in exocytosis;
and if so, in what way do the C2 domains act? It has recently been
proposed that synaptotagmin undergoes a large conformational
change in the linker region between the C2 domains on binding to
Ca?* that may bring the vesicular and plasma membranes closer to-
gether. So does synaptotagmin function as merely a regulator of posi-
tion and distance — binding PIP, at release sites, before bringing
SNARESs close enough to initiate “zippering” in response to a Ca%™ sig-
nal [59,101]? Or can synaptotagmin perform “physical work” on
membranes, as the Ca?>* binding loops of the C2 domains penetrate
into the lipid core [88,89]? And, of equal importance, what is the rel-
ative balance between SNARE and lipid binding?

Until recently, it was impossible to assay the contribution of
synaptotagmin lipid binding to exocytosis, as the vast majority of mu-
tations that affect lipid binding also affect binding to SNAREs [102]. In
addition, the multi-step (and vectorial) nature of synaptic vesicle
transport makes deciphering the action of synaptotagmin particularly
challenging; as both SNARE and lipid binding may actually play a role
upstream of exocytosis, such as in vesicle docking to the plasma
membrane, which would also result in an exocytic defect (as seen
in synaptotagmin mutant neurons from Drosophila [103] and synap-
totagmin null chromaffin cells [104]). Adding a further layer of com-
plexity is the fact that synaptotagmin may have different functions
depending on the biological system studied, as there do not appear
to be any morphological defects in neurons cultured from synapto-
tagmin “knock-out” mice. However, this does need to be confirmed
with additional quantitative ultrastructural studies [21].

To look specifically at the effects of lipid binding on the fusion pro-
cess, the groups of McMahon and Chapman both took a similarly inge-
nious approach to the problem: they both used a reconstituted system
with artificial vesicles (liposomes) containing the SNARE proteins and
synaptotagmin to recapitulate membrane fusion [94,102]. Their basic
rationale was that when synaptotagmin penetrates the membrane,
the membrane should bend to accommodate the insertion and main-
tain its integrity. Essentially, this should produce a region of membrane
instability that facilitates exocytosis. Small liposomes should be rela-
tively unaffected by the induction of curvature stress, as they are highly
curved already and prone to fusion. Large liposomes, however, are
under much less curvature stress — so addition of synaptotagmin
should induce tubulation and preferentially promote membrane fusion.
Essentially both groups found synaptotagmin to facilitate fusion in such
a manner, although the precise details of the process (such as whether
both C2 domains are required and need to be tethered) remain
disputed.

We have tried to formulate these results into a model of membrane
remodeling during exocytosis, which is consistent with much of the
previous work on synaptotagmin, to try and obtain a “consensus”
view. Our model is summarized in Fig. 3B. In this model, before fusion
the synaptic vesicle is held at the release site by a Ca®-independent



M. Koch, M. Holt / Biochimica et Biophysica Acta 1821 (2012) 1114-1132 1121

interaction of the C2B polybasic patch with PIP,. As PIP; is known to
cluster the SNARE protein syntaxin [34,35], it is possible that this
might also lead to synaptotagmin-SNARE interactions, clamping the
protein in a constrained conformation (not shown for simplicity)
[105], which could also influence the position (and function) of the
C2A domain [89]. On Ca®*-influx, the C2B domain is in a position to
reorientate in milliseconds and penetrate the PIP, containing mem-
brane [57]. (It is thought the C2B domain penetrates up to a third of
the way through the lipid monolayer [94]). As a result of this membrane
insertion, the lipid polar heads will be displaced relative to the C2B do-
main, and to maintain membrane integrity the acyl chains will have to
tilt. This tilting will then be propagated through neighboring lipids, in-
ducing local bending of the monolayer in which the C2B domain is
inserted. Due to monolayer coupling, the adjacent monolayer will fol-
low, and the bilayer will bend as a functional unit. Although the inser-
tion of a single C2 domain would only result in localized curvature,
the effects of insertions are predicted to be additive. Two insertions
close to each other, as shown, would result in high curvature between
the inserted C2 domains (see Fig. 3C). Multiple insertions across a local-
ized two-dimensional region would result in a local positive membrane
curvature - membrane “buckling” - and the generation of a region
under high stress. It has been proposed that this stress is relieved during
the fusion process, reducing the overall energy cost of the reaction and
favoring its completion [94,102].

At present, it is unclear to which membrane the C2A domain
binds. Although in principal it could bind to either, we suggest that
it is more likely to bind to the synaptic vesicle for two reasons. First,
the crystal structure of the entire cytosolic domain of synaptotagmin
in the absence of Ca%™ has revealed that the C2 domains face in oppo-
site directions, hinting at the possibility that the molecule interacts
with opposing membranes on Ca2?™ influx [98]. Second, the vesicle
membrane is known to contain high levels of PS [52], which would fa-
cilitate C2A binding [57,106]. Interestingly, however, insertion of the
C2A domain into the membrane does not seem to induce curvature
[102].

3.1.4. Is synaptotagmin membrane bending required in vivo?

The degree to which membrane curvature may aid the fusion pro-
cess is a divisive question. Seminal experiments from the Rothman
group established quite early that recombinant SNARE proteins
alone, reconstituted into artificial membranes, could drive fusion in
vitro [78]; a finding repeated by many labs [94,106-108], including
when native, isolated synaptic vesicles were also used as one of the
reaction partners [79,109]. In addition, work using SNARE cleaving
toxins clearly indicates that SNAREs are needed for exocytosis in
vivo [76].

So, is synaptotagmin induced membrane curvature really needed
for exocytosis? Vesicle fusion is known to involve a large network
of regulatory proteins at the active zone [110,111] and their effects
on the bioenergetics of the fusion process are unknown. Thus, the
contribution of membrane curvature may be an essential component
to lowering the activation barrier for fusion sufficiently — and is con-
sistent with the appearance of membrane invaginations in other
membrane fusion events (for example, the exocytic release of inflam-
matory mediators from mast cell granules) [112]. In addition, it
should be noted that neither the McMahon nor Chapman studies
saw fusion in the absence of SNARE proteins, although fusion efficien-
cy was greatly enhanced when synaptotagmin was present to induce
membrane curvature.

In the future, the precise relationship of synaptotagmin mem-
brane binding to SNARE function needs to be addressed. For instance,
synaptotagmin may well act as a distance regulator, tethering mem-
branes too far from each other for SNARE nucleation in the absence
of Ca%™, but bringing membranes close enough for membrane fusion
in the presence of Ca?* [59]. In this case a direct regulatory interac-
tion with the SNARE proteins might not be needed for fusion. But

the generation of a highly stressed membrane region during the pro-
cess would no doubt facilitate fusion. Alternatively, local membrane
distortion may act to facilitate fusion by causing conformational
changes in the release machinery — either through direct synaptotag-
min-SNARE interactions [113], or indirectly by changing protein ori-
entations in the bilayer in an attempt to minimize hydrophobic
mismatch [114]. All these possibilities remain to be fully explored.

Perhaps the most direct approach to assessing the role of mem-
brane "buckling" during exocytosis is to "count" the number of synap-
totagmins actually needed for fusion. Recent evidence using
sophisticated imaging techniques to “count” SNARE complexes has
suggested that a single SNARE complex may be enough to allow exo-
cytosis, with no more than three being required for fast fusion in cul-
tured hippocampal neurons or chromaffin cells [109,115,116]. It will
be of great interest to use similar approaches to determine the num-
ber of synaptotagmins needed; only a single synaptotagmin would
argue against our current models based on membrane curvature,
which presumably require multiple proteins to generate and stabilize
the required membrane curvature.

3.2. Endocytosis at the presynaptic terminal

3.2.1. The great endocytosis debate: “kiss-and-run” versus
“clathrin-mediated endocytosis”

The general concept of vesicle recycling by endocytosis has been
recognized since the early 1970s. Unfortunately, the precise details
of the pathway(s) used are still the subject of controversy and fierce
debate [117]. Two main mechanisms for endocytosis have been pro-
posed — both with benefits and drawbacks for local vesicle recycling.

In the first pathway, “kiss-and-run”, fusion with the plasma mem-
brane never proceeds past the opening of a fusion pore, through
which neurotransmitter is released. The vesicle is retrieved directly
by closure of the fusion pore and recycled [118,119]. In a more ex-
treme scenario, it has been proposed that the fusion pore is closed
and the vesicle remains in situ, and is refilled with neurotransmitter
at the active zone — so-called “kiss-and-stay” [120]. This model
gained widespread attention given its intuitive attractiveness —
allowing the recapture of the intact vesicle for subsequent rounds of
exocytosis without further processing. However, direct retrieval
would mean that old and/or faulty vesicle components would be con-
stantly recycled in the presynaptic terminal.

In “clathrin-mediated endocytosis” it is generally thought that the
synaptic vesicle collapses fully into the plasma membrane during
exocytosis. Thus, it is necessary to selectively retrieve vesicular com-
ponents from the complex mix of lipids and proteins in the plasma
membrane. There is strong evidence that this occurs via the selection
of vesicular components using specific adaptor proteins, which also
act to recruit the protein clathrin to the membrane. Assembly of a cla-
thrin cage ultimately acts to provide mechanical force to deform the
membrane, with subsequent formation of a clathrin-coated vesicle
[121-124]. After losing their clathrin coats, vesicles may recycle di-
rectly [125], or via an endosomal intermediate [126]. Although
clathrin-mediated recycling seems on first reflection a less attractive
mode of recycling than “kiss-and-run”, the use of an endosomal recy-
cling intermediate would likely act as a quality control mechanism,
allowing the replacement of aged and/or damaged vesicle compo-
nents (see Fig. 1A) [127].

Interestingly, these two modes of endocytosis need not be mutu-
ally exclusive and may both function in the same nerve terminal,
depending on the strength and/duration of stimulus [128]. In this
review, however, we shall limit ourselves to the role of clathrin-
mediated endocytosis for two major reasons. First, capacitance mea-
surements and fluorescence imaging have indicated that clathrin-
mediated endocytosis plays the major role at many synapse types
across species — from acutely isolated goldfish retinal bipolar cells
[129] and cultured hippocampal neurons [124], through to the
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Drosophila neuromuscular junction (NMJ) [130]. Second, both PIP,
[131,132] and synaptotagmin [22,23,133] are thought to play crucial
roles in this process at the synapse.

3.2.2. PIP; and AP2: a central hub in clathrin-mediated endocytosis

Extensive biochemical and cell biological analysis has revealed
that clathrin-mediated endocytosis at the synapse depends on a com-
plex web of protein-protein and protein-lipid interactions. In fact,
the process shares many common components with the constitutive
endocytic pathways that are responsible for internalizing transferrin,
epidermal growth factor and low-density lipoprotein from the plas-
ma membrane. (For a comprehensive overview of the interactions in-
volved in clathrin-mediated endocytosis, the reader is directed to two
recent reviews [4,134]).

Based on this data, it appears that the adaptor protein AP2 is at the
heart of the network — acting as a central “hub” [4]. Its role essentially
is two-fold. First, it is responsible for selecting vesicular components
to be endocytosed. Second, it acts as a central scaffold for the recruit-
ment of various accessory/regulatory factors involved in clathrin-coat
formation [134].

The basis of AP2 function can be found in its structure. It consists
of four subunits — «, By, K and 0,. The 70 kDa trunk domains of o
and P, together with the 50 kDa 1, and the 17 kDa o subunits,
form the 200 kDa core of the protein that is responsible for mem-
brane binding. The |, and 0, subunits are also thought to be respon-
sible for binding the cytoplasmic tails of cargo molecules in the
plasma membrane (which are critical for defining the site of endocy-
tosis on the membrane (see below)) [135,136]. The o and (3, subunits
both possess a 30 kDa bilobal C-terminal appendage; both of these
appendages possess binding sites for various other proteins that
need to be recruited from the cytoplasm to the membrane during en-
docytosis [132,137].

Given its central role in clathrin-mediated endocytosis and synap-
tic vesicle trafficking, activation of AP2 must be under tight temporal
and spatial control. Recent X-ray crystallographic and biophysical
data have demonstrated that AP2 can adopt two distinct conforma-
tions within the cell. In the cytoplasm, AP2 exists in a “locked” or
“dead” conformation — in which the y, and o5 subunits are sterically
constrained by the 3, subunit. Recruitment to the plasma membrane is
mediated by interactions of the a and 3, subunits with PIP, in the plas-
ma membrane. Once membrane associated, a large conformational
switch to an “unlocked” or “active” form occurs, due to a large-scale
movement of the p, subunit, which is also triggered by electrostatic
attraction to PIP, in the plasma membrane (see Fig. 4A). This is con-
sistent with live imaging studies in cultured BSC-1 cells in which
PIP, was essential for defining and stabilizing endocytic sites [138].
Importantly, these endocytic sites may be further stabilized by a pos-
itive feedback loop established by AP2 binding to the membrane,
which stimulates PIP, production via activation of PIPK1+y, and pre-
sumably promotes further recruitment and assembly of the endocytic
apparatus [139]. The change in AP2 conformation that occurs on PIP,
binding allows the 0, subunit to bind EDxxXLLI (dileucine) motifs
(where x is any amino acid) in potential cargo proteins, while the 1,
subunit binds via a R, augmentation to a tyrosine motif Yxxd
(where @ is a hydrophobic amino acid) [132].

3.2.3. Coupling exo- and endocytosis: the role of synaptotagmin and
stonin in endocytosis

Bioinformatics analysis of synaptic vesicle proteins has only identi-
fied dileucine-like and tyrosine-based endocytosis motifs in a limited
number of proteins, such as the vesicular neurotransmitter transporters
for glutamate, acetylcholine and monoamines [140,141], as well as SV2
[142]. This means that the majority of vesicle proteins apparently lack
defined interactions with endocytic adaptor proteins (see Fig. 1B).

A case in point is the protein synaptotagmin — which is obviously
essential for Ca®"- triggered exocytic release. Although the C2B

region of synaptotagmin is known to bind to the [, subunit of AP2,
this binding actually occurs through a region distinct from the tradi-
tional dileucine and tyrosine-based sorting signals [143]. However,
it is likely to be the case that the binding of tyrosine-based motifs in
SV2 facilitates synaptotagmin association with AP2 [142], reflected
in the fact that gene “knock-out” of SV2 results in the accumulation
of synaptotagmin on the plasma membrane, and reduced levels in
synaptic vesicles [144]. In any case, binding to AP2 alone is not suffi-
cient for synaptotagmin to be efficiently endocytosed. In contrast, to
the synaptic vesicle proteins synaptophysin, synaptobrevin 2 and SV2
that are rapidly internalized when over-expressed in non-neuronal
CHO fibroblasts [145], synaptotagmin remains surface localized
[145,146]. Extensive mutational analysis has revealed that although
synaptotagmin possesses an internalization signal in its C-terminal
domain, this signal is “inhibited” by the C2B domain [146]. Obviously,
this begs the question of what neuron specific signal interacts (either
directly or indirectly) with the C2B domain to allow efficient endocyto-
sis of synaptotagmin and correct reformation of synaptic vesicles?

Possible regulators of synaptotagmin internalization at synapses are
stonins [26]. Originally identified in Drosophila as the protein stoned B,
orthologs have since been found in the genomes of C. elegans (unc-41)
and mammals (stonin 2); and all have been implicated in neurotrans-
mission and/or SV recycling [15,147,148]. Here we focus on the role of
mammalian stonin 2 (hereby referred to as stonin).

Extensive biochemical analysis involving co-immunoprecipitations
and glutathione S-transferase (GST) pull-downs have established that
stonin and synaptotagmin interact in lysates from brain and transfected
cell lines [15,149,150]. Consistent with these findings, co-expression of
synaptotagmin and stonin in both N1E-115 neuroblastoma cells and
HEK293 cells was sufficient to recruit stonin to the plasma membrane
through synaptotagmin binding [15]. Finally, in cultured hippocampal
neurons, stonin facilitates the retrieval of a synaptotagmin reporter
construct [15]. Importantly, stonin does not seem to facilitate endocyto-
sis of dileucine and tyrosine motif containing proteins, such as the
transferrin receptor, which undergo constitutive endocytosis [15].

Therefore, our current model of stonin action envisages it acting as
a specific “bridge” between synaptotagmin and AP2, although the
precise structural details of the complex remain unknown. Two prin-
cipal points at which stonin interacts with the synaptotagmin-AP2
machinery have been identified. First, stonin interacts with basic
determinants in the C2 domain of synaptotagmin (with C2A forming
the major, but not exclusive, interacting surface) via a C-terminal
p-homology domain (pHD). This domain consists of approximately
350 amino acids and possesses roughly 30% sequence similarity to the
Ik subunit of AP2 [151]. Importantly, however, it lacks the ability to
both incorporate into bona fide AP2 complexes and to recognize
tyrosine based cargo-binding motifs. Second, stonin binds to both the
a-appendage and L, subunits of AP2 via its N-terminal WxxF motifs
[150]. Thus, the most intuitive explanation for the role of stonin is that
it plays an essential role in strengthening the interaction between
synaptotagmin and the endocytic machinery (see Fig. 4B). Whether
this is the true function remains to be elucidated, as is the mechanism
by which stonin overcomes the C2B “inhibitory” effect.

Consistent with this synaptotagmin-stonin-AP2 “bridging” hy-
pothesis, over-expression of a WxxF mutant stonin in HEK cells re-
duced the internalization of co-expressed synaptotagmin by ~80%
[15]. Stonin also has two high affinity NPF motifs (which for simplic-
ity are not shown in Fig. 4B). These NPF motifs interact with Eps15
and intersectin [152]. Both these proteins are also thought to play a
role in early clathrin-coat assembly, possibly by interaction with ad-
ditional PIP; binding proteins: F-BAR domain-containing Fer/Cip4 ho-
mology domain-only proteins 1 and 2 (FCHo1/2). Interestingly,
mutation of these NPF binding motifs, in addition to the WxxF muta-
tion, completely abolished synaptotagmin internalization [15], consis-
tent with the idea of a large self-stabilizing network of core proteins
being required for endocytosis. In addition, targeting of the essential
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Fig. 4. The role of PIP, and the AP2 adaptor complex in endocytosis. (A) A schematic model for the membrane-induced conformational switching in AP2 that is necessary for cargo binding
during clathrin-mediated endocytosis. In the cytosol, AP2 is present in an inactive “locked” conformation, which effectively prevents interactions with vesicle proteins. AP2 is initially
recruited to the membrane by electrostatic interaction of its a and 3, subunits with PIP,. The switch to the active “unlocked” state is triggered by a large conformational change in the
position of the p, subunit, which is also driven by electrostatic attraction and binding to PIP, in the plasma membrane (not shown). (B) AP2 forms an essential membrane bound
“hub” for clathrin-mediated endocytosis at the synapse. Synaptic vesicle proteins typically lack classical endocytic motifs. However, AP2 in its “unlocked” conformation can bind to the
C2B domain of synaptotagmin via its |, domain. Synaptotagmin is also the principal binding partner for the key neuronal protein stonin, which binds both C2 domains of synaptotagmin
through an internal p homology domain (UHD). Importantly, stonin association also serves to indirectly stabilize the interaction of synaptotagmin with AP2 — as stonin associates via its
WxxF motifs with the o appendage and 1, subunit of AP2. Such an arrangement is attractive, given the proposed interactions of synaptotagmin with other core vesicle proteins, suggesting
a basic mechanism for endocytosis in the absence of protein sorting motifs (see main text for details). The AP2-synaptotagmin-stonin interaction “hub” is one of the initial stages in a much
larger set of protein-protein and protein-lipid interactions, which leads to clathrin-coat formation and the ultimate formation of clathrin-coated vesicles. The clathrin binding site on the

3, appendage is illustrated as an example of this wider network of interactions; many other interactions have been omitted for clarity.

Panel A based on [132]. Panel B based on [26].

Ll subunit of AP2 using RNAI also resulted in both reduced internali-
zation of exogenous synaptotagmin in HEK cells co-expressing stonin
[15], and a significant decrease in the kinetics of endocytosis in cul-
tured hippocampal neurons [153]. The lack of complete inhibition in
these experiments is most likely related to the inefficiency of RNAi
knockdown; even after more than 90% depletion by RNAi, AP2 can
still be observed in a few clathrin cages forming on the membrane
[154]. It seems that definitive analysis of the AP2-synaptotagmin-sto-
nin “interactome” awaits genetic ablation studies.

Finally, stonin also possess a unique conserved domain of 140
amino acids termed the stonin homology domain (SHD). However,
the function of this domain, and its relevance in endocytosis, remain
unknown at present (also not shown in Fig. 4B).

4. Coupling exo- and endocytosis in the presynaptic terminal
4.1. Synaptotagmin: triggering a functional switch

The exact mechanism by which synaptotagmin converts from an
exo- to an endocytic mode of action remains unknown; although it

has to be considered likely that the C2 domains play a central role.
Our lack of knowledge mostly reflects the technical difficulties

inherent in isolating the two processes mechanistically. However,
the newest generation of experimental tools (particularly the applica-
tion of optical tracers to study neuronal activity) is starting to make
an impact in the field [155].

The most thorough study to date makes use of cultured neurons
from synaptotagmin null mice, which were transfected with various
synaptotagmin constructs and their effects tested. In a clever piece
of experimental design, these constructs were tagged with a pH sen-
sitive variant of green fluorescent protein (pHluorin) at the luminal
end of the protein [156]. Briefly, pHluorin marker systems make use
of the fact that the vesicular lumen is acidic (see Fig. 1A). In the acidic
pH of the vesicular lumen, pHluorins are quenched, and only become
fluorescent when they are exposed to the more alkaline pH of the ex-
ternal culture media as a result of exocytosis. Hence, measuring the
requenching rate as vesicles are reformed and subsequently reacidi-
fied is an effective measure of endocytosis [157]. A number of major
points were raised by this study. First, Ca?>™ was essential to the pro-
cess — as mutated C2 domains that did not bind Ca®* did not support
endocytosis. Second, Ca%* binding was not linked to membrane bind-
ing, as C2 domain mutations that showed abolished or enhanced
membrane penetration had no effect on endocytosis (although a
role for membrane association through the polybasic patch was not
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ruled out). Third, both C2A and C2B in isolation were sufficient to
support endocytosis — arguing that stonin association with one of
the domains may be sufficiently strong to support endocytosis.

Interestingly, however, similar experiments performed in Drosophila
indicated that the C2B domain plays the predominant role in endocyto-
sis. In particular, the polybasic region is essential for regulating vesicle
size, while the Ca?™ binding loops regulate the rate of endocytosis.
The apparent discrepancy between these two studies might be due to
the fact that the transgenic synaptotagmin constructs were inefficiently
expressed and/or targeted to synaptic vesicles in Drosophila — which
would have remained unclear as the pHluorin reporter used in this
study was actually tagged to the luminal domain of synaptobrevin
[158]. Or perhaps the different results reflect bona fide mechanistic dif-
ferences within an evolutionarily conserved process (consistent with
the different handling of specific vesicle proteins during recycling —
see below) [140,159]. Irrespective, the finding that different regions of
the C2 domains may differentially affect synaptic vesicle reformation in-
dicates that a systematic analysis of both domains in various synaptic
preparations is likely to provide a wealth of information regarding
how synaptic vesicles are reformed.

Bearing these results in mind, here we present two possible models
of how synaptotagmin might couple exo- and endocytosis (Fig. 5). In
the first model, the insertion of synaptotagmin into the plasma mem-
brane would cause a conformation change in synaptotagmin, possibly
as a result of a hydrophobic mismatch in the transmembrane region,
or the binding back of synaptotagmin onto the PIP, in the plasma
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membrane. Both mechanisms may result in a conformational change
that allows AP2 and stonin binding (Fig. 5A). In the second model,
synaptotagmin may need to interact with other endocytic partner pro-
teins to form a functional complex. In this example, we use the known
synaptotagmin binding partner SV2. SV2 is known to bind AP2 directly
and to also promote the recruitment of synaptotagmin to AP2 (as dis-
cussed). Interestingly, the binding between these two proteins is inhib-
ited by concentrations of Ca?>* in the low pM range — similar to those
that are presumably found in the perisynaptic regions following an
action potential [160]. Given that synaptotagmin binds and unbinds
Ca%* in milliseconds, it is still unclear whether Ca®* binding to the C2
domains has any role in regulating this interaction [161]. Dissociation
of the SV2-synaptotagmin complex might be needed to allow the bind-
ing of both proteins to AP2 and for the recruitment of stonin to stabilize
the AP2-synaptotagmin complex (Fig. 5B). Of course, the models are not
mutually exclusive and a combination of profound conformational
changes and accessory partner binding is also possible. If synaptotag-
min is itself part of a wider protein network (not shown), this would fa-
cilitate endocytosis in both models (see Section 4.2).

In addition, Ca®>™ may also exert an effect by recruiting additional
endocytic regulators to a complex. In addition to synaptotagmin,
other candidate Ca®™ binding proteins at the synapse include calci-
neurin and calmodulin [5,162,163]. Phosphorylation of SV2 increases
its interaction with synaptotagmin [164] — so Ca®>" dependent de-
phosphorylation (see above) would likewise play a role in increasing
endocytosis. Differential expression and activation of various Ca?™

PIP, RICH PLASMA MEMBRANE

(~~-~~
,/

Fig. 5. Coupling exo- and endocytosis. A schematic model of how exo- and endocytosis might be coupled. Protein structure and size are not reflected in the scheme, which is
intended to convey basic mechanisms by which the two processes could be linked. (A) Fusion of the synaptic vesicle with the plasma membrane alone may be sufficient to induce
conformational changes in synaptotagmin necessary for endocytosis. For illustration purposes, synaptotagmin is initially shown as perpendicular to the membrane. Conformational
changes may involve hydrophobic mismatch influencing the orientation of the transmembrane region, or binding of synaptotagmin back to PIP, on the plasma membrane via the
polybasic patch. Such conformational changes may allow AP2 and stonin recruitment. (B) Synaptotagmin may need accessory proteins to engage the endocytic machinery. Synap-
totagmin is known to bind SV2 in a reversible manner. This interaction is prevented in the presence of Ca?*. SV2 is known to increase synaptotagmin binding to AP2 — so here we
assume a 1:1:1 interaction between the proteins. Such a synaptotagmin-AP2 association could then be stabilized by stonin. The endocytic machinery might be the target of Ca>*
activated proteins such as calcineurin and calmodulin, which may also play a modulatory role in endocytosis. The models are not mutually exclusive — and endocytosis may require
components from both models. The model is based mainly on information from [158] and [156]. In both models, synaptotagmin may be part of a wider network of associated pro-

teins (see main text), which would be endocytosed in parallel.
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binding proteins, in conjunction with the differential expression of their
targets/binding partners, would also provide a satisfying explanation
for the various effects of Ca?™ on endocytosis seen in different synaptic
preparations. For instance, calcineurin has been proposed to promote
endocytosis in cortical synaptosomes [5], but to inhibit endocytosis at
the Drosophila NMJ [165].

4.2. Synaptotagmin: a co-ordinating scaffold for endocytosis?

Like synaptotagmin, the vast majority of vesicle proteins lack clas-
sical endocytic motifs. So the question arises of how these proteins
are sorted during the recycling process. Although it remains possible
that synaptic vesicle proteins are individually sorted during clathrin-
mediated endocytosis (by as yet unidentified adaptors), this seems
unlikely simply on the grounds of steric constraints. However, an at-
tractive possibility, which has recently been proposed, is that synaptic
vesicle components remain clustered at release sites (either by direct
protein-protein interactions [166] or by cholesterol-dependent pro-
tein clustering [52,167]), and are then sorted as complete entities.
Such a model has been proposed for synaptotagmin; biochemical
studies, as well as super-resolution imaging studies using antibody
staining of cultured neurons, have indicated that synaptotagmin
may remain clustered after exocytosis [168,169], and thus be part of
a wider network of interacting vesicle proteins [166] that facilitates
endocytosis (although see below for references to contradictory find-
ings). Such a model essentially makes synaptotagmin indispensible
for maintaining the supply of “molecularly intact” vesicles that are
available for re-release in the terminal — regardless of whether kinet-
ic measurements of synaptotagmin mutants showed a complete block
of endocytosis [23], or merely a slowing in the endocytic rate [22].

However, in our opinion, recovery of the whole vesicle via a net-
work of synaptotagmin interactions is unlikely to be the sole mecha-
nism used for three main reasons. First, analysis of stoned B in
Drosophila indicates that the protein is involved in the selective re-
trieval of only a subset of synaptic vesicle proteins, including the glu-
tamate transporter VGLUT1 [159]; in mammals, however, VGLUT1
retrieval is dependent on the protein endophilin [140]. Second, endo-
cytosis was not completely blocked in synaptotagmin null mice.
Third, retrieval of the SNARE protein synaptobrevin was recently
shown to depend on interactions between the SNARE motif and the
endocytic adaptors AP180 and clathrin assembly lymphoid myeloid
leukemia protein (CALM) [170], presumably explaining the endocytic
defects seen in the synaptobrevin “knock-out” mouse [171]. Of
course, this suggests that multiple adaptors (and pathways) operate
in parallel to accomplish faithful retrieval of a synaptic vesicle; al-
though it still remains unclear whether such a mechanism would
occur with complexes acting simultaneously, or whether they
would act to produce distinct subsets of vesicles, such as those that
contain amyloid precursor protein [172].

Additional proteins continue to be identified that play a role in endo-
cytosis — although the precise molecular pathways involved, and their
relative importance, remain to be elucidated. Such a case is the protein
synaptophysin. Synaptophysin is a major component of mouse synaptic
vesicles, which was recently shown to have a role in regulating endocy-
tosis [173]. Yet the neurological phenotype of the synaptophysin
“knock-out” mouse is actually extremely mild. In addition, synaptophy-
sin is absent in Drosophila [174], arguing for a regulatory (rather than
essential) role of synaptophysin in mammalian endocytosis.

The use of differential adaptor and recycling pathways is actually
consistent with recent antibody labeling studies on isolated synaptic
vesicles [175], which sought to determine the total number of protein
copies per single vesicle (and hence derive a measure of variability).
Although we think this study likely underestimates the number of
proteins, due to steric constraints regarding the antibody labeling of
intact vesicles [52], the results are consistent with the use of differen-
tial adaptor pathways to recycle protein components. On the one

hand, a group of essential vesicle proteins including synaptotagmin,
SV2, the proton pump ATPase and glutamate transporter VGLUT1
were found to be highly consistent from vesicle-to-vesicle indicating
they recycle and are sorted with high precision. On the other, the
exact copy numbers of proteins such as synaptobrevin and synapto-
physin were found to vary considerably (see also Fig. 1B). At first
sight, this seems particularly surprising in the case of synaptobrevin,
which is an essential component of the fusion machinery. However,
an average rat synaptic vesicle contains 70 copies of synaptobrevin
[52], whereas in cultured hippocampal neurons only two copies
seem necessary for vesicle fusion [116]. This suggests that in the ab-
sence of an efficient recycling pathway the system has compensated
by increasing the copy numbers of essential vesicle proteins to ensure
a comfortable “safety margin”, effectively meaning that sufficient
copies of each protein are “on board” each vesicle during repetitive
rounds of recycling. This is also consistent with live-cell imaging stud-
ies using pHluorin-tagged synaptobrevin constructs, that showed a
proportion of the protein to be both present and also highly mobile
in the plasma membrane, indicative of diffusion into the plasma
membrane following exocytosis [176-178]. However, these studies
are controversial as pHluorin-tagged synaptotagmin was also found
to reside in such a pool on the plasma membrane surface (contrast
this behavior to the antibody-labeling study discussed previously,
which suggested that synaptotagmin remains clustered at the plasma
membrane [168]). A large effort has been made to solve this apparent
contradiction; much debate has centered on whether the pHluorin-
tagged synaptic vesicle proteins faithfully mimic their endogenous coun-
terparts [169]. However, in our opinion, it is worth remembering that no
biological pathway is ever going to operate with 100% precision — and
particularly not when under conditions of high stress, such as intense
neuronal stimulation. This inefficiency is well documented, and presum-
ably explains why endosomal SNARE proteins and Rabs are found on a
fraction of recycling synaptic vesicles [52,126]. Thus, if synaptic vesicles
actually had to undergo postexocytic reclustering, this could be compro-
mized under conditions of intense stimulation [169,179]. Further work,
using a battery of synaptic proteins, in combination with various stimu-
lation paradigms and recording techniques, will be necessary to fully un-
derstand this process.

Thus, while tremendous progress has obviously been made in un-
derstanding the general principals of endocytosis, major issues re-
main to be resolved, such as the role of adaptor complexes in
tailoring distinct vesicle populations at certain types of synapses,
under differing modes of stimulation [26,180]. Given the ubiquitous
nature of AP2 function in endocytosis from the plasma membrane,
and the plethora of known AP2 binding partners, we expect PIP, to
continue to play a central role in this process.

5. After endocytosis: terminating the PIP, signal

The fate of lipids during exocytosis and endocytosis has still not been
adequately addressed, presumably due to the technical challenges in-
herent in labeling and tracking single lipids [181,182]. Obviously,
much more work needs to be done to address the spatio-temporal
dynamics of this lipid at the active zone and how PIP, production
correlates to its interaction with effectors (see Section 6). PIP, was
undetectable in a study of isolated synaptic vesicles [52]. However,
indirect evidence of PIP, action permits us to conclude that it must
either partly exchange with the vesicle lipid during exocytosis, or
at least maintain a “rim” around the collapsed vesicle, which is sub-
sequently “collected” into the vesicle during endocytosis: as not only
is clathrin cage assembly dependent on PIP,, but also clathrin unca-
ging of reformed synaptic vesicles is thought to depend on PIP,
hydrolysis by the inositol-5-phosphatase synaptojanin 1 [30]. In
brain, synaptojanin 1 exists predominantly as a 145 kDa isoform
(which is discussed further here) and a ubiquitously expressed
170 kDa isoform [183]). Synaptojanin is recruited to the membrane



1126 M. Koch, M. Holt / Biochimica et Biophysica Acta 1821 (2012) 1114-1132

at a late stage, after the clathrin coated pit has formed, via its interac-
tion with the SH3 domain of the protein endophilin [184]. Endophi-
lin itself interacts with the plasma membrane via its N-BAR domain
[185], which has curvature-generating and -sensing properties
[186,187], and presumably participates in the late-stage generation
and maturation of the clathrin-coated pit [183]. Mechanistically,
this makes a lot of sense as synaptojanin 1 mediated PIP, hydrolysis
occurs preferentially at high curvature levels, such as those found on
a synaptic vesicle [188], and would ultimately act as the catalyst for
disassembly of the clathrin coat by disrupting the PIP,~AP2 interac-
tion (albeit in conjunction with the necessary co-factors Hsc70 and
auxilin) [4,189]. Consistent with this interpretation, genetic ablation
of the synaptojanin gene results in the accumulation of clathrin
coated vesicles in the presynaptic terminal [30,189]. Interestingly,
synaptojanin activity is also regulated by the activity of Cdk5. Cdk5
phosphorylates synaptojanin at serine 1144 (S1144), which inhibits
its activity. Dephosphorylation by the Ca?>*-dependent phosphatase
calcineurin results in enzyme activity and endophilin binding [190].
A tempting connection to make, therefore, is that the local Ca%™ sig-
nal generated during the action potential serves to co-ordinate the
production and degradation of PIP, in the synaptic terminal. Of
course, this does not preclude further actions of Ca®* in the presyn-
aptic terminal, which may also influence the efficiency of exo- and
endocytosis (see Section 4.1).

6. Future perspectives

In this review, we concentrated on the role of PIP, at the synapse,
because of its prominent role in exo- and endocytosis. However, PIP,
is not the only neuroactive lipid. In fact, as our understanding of the
nervous system increases, so does our appreciation that lipids are ac-
tive players in mediating all aspects of synaptic activity. Perhaps, this
is best illustrated by the increasing number of reviews on the subject
of neuroactive lipids. Taken together, an overview of the complexity
of lipid signaling in the nervous system can be found in several excel-
lent reviews [191-195].

Unfortunately, studying lipids in living cells is currently a major
challenge due to their very dynamic behavior. Fluorescent protein tags
are not particularly suitable for such small molecules as lipids, as they
often interfere with their localization and metabolism. To circumvent
this issue, several methods to visualize lipids, either by producing fluo-
rescently labeled lipid-binding proteins (see Section 2.1) or by direct la-
beling, have been developed (reviewed in [196]). Direct labeling
approaches are particularly interesting, because they allow lipids to be
studied in the native environment of the cell. One labeling technique
of note is based on the principle of “click chemistry” — an approach
for reliable chemical synthesis that typically involves an azide-alkyne
cycloaddition reaction using copper as a catalyst [197-199]. These
chemical groups do not occur naturally and for this reason click reac-
tions are very specific. Cells are incubated with the alkyne-tagged
lipid analog of interest, which resembles its natural counterpart and
gets incorporated into the cell, and can then subsequently be labeled
with a fluorophore bearing an azide moiety. This method allows the vi-
sualization of the lipid analog with high spatial and temporal resolution,
while avoiding the mislocalization problems often caused by the fluor-
ophore. Click chemistry has been successfully applied to visualize cho-
line phospholipids in cultured cells, as well as on organs from mice
injected with the choline analog [199]. However, one disadvantage of
this method is that typically cells need to be fixed before labeling, due
to the toxicity of the copper ions; and fixation prevents the study of dy-
namic processes. However, a few research groups have adapted this
technique to be used on living cells [198,200].

Significant progress has also been made in developing techniques
that can manipulate lipid levels in a regulated fashion in living cells.
The use of photoactivatable protecting groups ("cages") allows ma-
nipulation of lipid levels in a temporally and spatially controlled

fashion, by preventing biological activity of the lipid until the protect-
ing groups are removed by a flash of light. Therefore, the “cages” ef-
fectively hinder rapid metabolism. Combined with cell-permeant
groups, such as acetoxymethyl chemistry, these probes can enter cells
and be activated [196]. A few caged lipids have already been synthe-
sized [201] and the technique has been applied to manipulating phos-
phatidylinositol 3,4,5-trisphosphate levels in cultured cells [201].

Quick inactivation of a protein can be accomplished by adding a
small molecule inhibitor that can easily cross the plasma membrane.
Rapamycin [202], or its analog iRap [203], induces heterodimer for-
mation between any two proteins, as long as these proteins have
been modified to contain rapamycin-binding domains (protein do-
mains from FK506 binding protein, FKBP, and from mTOR, FRB) and
are present in the same compartment [204]. Rapamycin-induced het-
erodimerization has been successfully used to manipulate PIP, levels
at the plasma membrane [205-207].

While the methods mentioned above have proved very useful in
detecting, visualizing and manipulating lipids in cultured cells, research
is limited by the need for in vivo models. This is particularly important
as we are entering the post-genomic age [208-210], where we have
the opportunity to identify the major lipid signaling pathways present
at the synapse — but need adequate model systems in which to test
our ideas. In fact, classical reverse genetics (with chemical mutagenesis
and P-element transposition) has independently identified key roles for
lipid signaling in the nervous systems of traditional model organisms,
such as C. elegans and D. melanogaster [211,212]. Thus, it is highly likely
that bioinformatics methods to mine genomic sequences together with
genetic validation will rapidly increase the number of lipid signaling
pathways identified in the nervous system [62,64,213]. In particular,
comparative genomics across species seems especially suited to identify
components of critical, conserved pathways [214]. A recent search of
the fly genome for homologs of vertebrate proteins implicated in phos-
phoinositide metabolism not only found these proteins to be well con-
served between mammals and flies, but also identified five additional
proteins [215] (Slabbaert et al., Methods in Cell Biology, in press). Im-
portantly, while mammalian genomes often encode several isoforms
of a protein, the fruit fly genome harbors only one gene, greatly facilitat-
ing genetic studies.

As the majority of signaling pathways are very well conserved
between flies and mammals, it is our opinion that Drosophila will be
ideally suited for the future analysis of lipid function at the synapse
in vivo. This is because Drosophila harbors an extended “genetic tool-
box” that greatly simplifies genetic screening. In addition, the mush-
room bodies of the Drosophila brain [216,217] and the “derivative
synapse” of the neuromuscular junction (NM]) [218,219] (see Fig. 6)
are also accessible to the sophisticated analytical techniques needed
to study neuronal function, such as electrophysiology, fluorescence
imaging and electron microscopy. However, an important consider-
ation in this respect must be that Drosophila cannot synthesize cho-
lesterol de novo, similar to C. elegans [220].

Screening in Drosophila has traditionally involved interrupting
correct gene expression over long timescales. Nowadays, this is
most easily accomplished using one of several genome-wide RNAI li-
braries [221,222], in which hairpin constructs have been inserted
transgenically into the genome under the control of the binary UAS/
GAL4 system, allowing gene silencing in a tissue-specific manner
[223]. Importantly, the most recent RNAI collections have been gener-
ated using specific docking sites, thereby reducing the potential for
deleterious positional effects, as well as reducing the number of
“off-targets”. This system also enables a more reliable comparison be-
tween multiple RNAi lines. Temporal control can also be achieved by
using a temperature sensitive mutant of the protein GAL80, which
blocks GAL4 action at the low “permissive” temperature, but is inac-
tive when shifted to higher temperatures, thereby allowing gene ex-
pression [224]. GAL8O is also used to repress GAL4 activity in the
Mosaic Analysis with a Repressible Cell Marker (MARCM) system —
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Fig. 6. Genetic studies of lipid signaling. Image of a neuromuscular junction from a
third instar Drosophila larvae. In this example, the lipid binding pleckstrin homology
(PH) domain of phospholipase C was fused to green fluorescent protein (PLC-GFP)
and integrated into the genome as a UAS-transgene. Expression has been driven consti-
tutively in neurons using the pan-neuronal nSyb-Gal4 driver to label regions high in
PIP, (green). Neurons are labeled with an antibody against the neuron specific mem-
brane protein HRP (red), and active zones marked with an antibody against the Dro-
sophila active zone protein Bruchpilot (blue).

a valuable method for labeling and manipulating single cells [225].
Other binary systems, such as the lexA plot and the Q system, have
also been developed, allowing parallel genetic manipulation of differ-
ent cell populations [226,227].

However, although RNAi mediated knock down is fast and simple to
perform, incomplete gene inactivation is a major concern (Slabbaert,
Methods in Cell Biology, in press). Therefore “classical mutations” are
also still widely used (see above). These include transposable genetic el-
ements [228,229], and chemical mutagens such as ethyl methanesulfo-
nate (EMS) [230] — although these have the drawback of disrupting
gene expression in all tissues. In addition, homologous recombination
[231] and recombination mediated cassette exchange [232,233] are
also viable alternatives for gene disruption.

Lipids play multiple roles in a variety of signaling pathways, and
prolonged activation or inactivation of lipid modifying/interacting
proteins using genetic disruption may mask the acute effects of a par-
ticular lipid on cellular physiology — particularly if localized activa-
tion is required. To circumvent these problems, technologies also
now exist to disrupt protein function acutely in vivo. Principal
among these is the FIAsH-FALI technique [234-236]. This is based
on the use of a tetracysteine (4 C) sequence engineered into the pro-
tein of interest. This tetracysteine sequence binds with high affinity to
the membrane permeable fluorescein derivative FIAsH-EDT,. Excita-
tion of FIAsH with ~500 nm light results in the production of reactive
oxygen species within a radius of a few angstroms, which inactivate
the tagged protein within seconds. Again, use of the UAS/GALA4 trans-
genic system allows tissue-specific expression of the tetracysteine
protein. In Drosophila, the use of FIAsH technology has proved partic-
ularly useful in investigating exo- and endocytic coupling. In Drosoph-
ila, reversible inhibition of endocytosis can be achieved by using

mutations in the fly homologue of the GTPase dynamin, shibire,
which prevent membrane scission during endocytosis; eventually
leading to a depletion of synaptic vesicles at the synapse and paralysis
[237]. Endocytosis can be blocked either in the whole organism by
using the temperature sensitive shibire mutant, or in a population
of cells by overexpressing a dominant negative form of the shibire
protein under GAL4/UAS control. Hence, shibire effectively allow exo-
cytosis to be uncoupled from endocytosis. In particular, the tempera-
ture sensitive form of shibire has proved particularly powerful when
used in combination with FIAsH-FALI Shibire mutant flies are moved
to the restrictive temperature where endocytosis is blocked and the
protein of interest inactivated by FIAsH-FALI, before the flies are
returned to the permissive temperature and the effects on endocyto-
sis assayed. In this way, a role for synaptotagmin in endocytosis was
identified in Drosophila (independent of its role in exocytosis) [23].
Potentially, this combination of methods could be extended to any
protein of interest, although it should be noted at this point that the
production of free radicals during FIAsH-FALI may result in non-
specific damage. Quite possibly this may explain why there is a com-
plete block of endocytosis after synaptotagmin inactivation in Dro-
sophila, whereas genetic ablation in mouse only leads to a slowing
of endocytosis [22].

In combination, these methods (alongside the continuous intro-
duction of new genetic technologies) should present a powerful tool-
box to elucidate the in vivo function of lipids at the synapse.
Importantly, a comprehensive list of Drosophila lines available for de-
fined genetic loci is held at Flybase (http://flybase.org). And the vast
majority of these are lines available from public stock centers, such
as the Vienna Drosophila RNAi Center (http://stockcenter.vdrc.at)
and Bloomington Drosophila Stock Center (http://flystocks.bio.
indiana.edu/), which should greatly accelerate future lipid research.

7. Summary

In this review, we have attempted to illustrate the pivotal role
lipids play in the nervous system by considering the function of PIP,
in the presynaptic terminal. During vesicle cycling, we believe PIP,
plays a major (if not the key) role in coupling exo-and endocytosis,
ensuring a constant supply of usable vesicles for synaptic transmis-
sion. So far, analysis has been mainly limited to in vitro biochemical
and cell-biological techniques. But with the advent of powerful genet-
ic techniques, the roles of PIP, and its associated binding proteins are
starting to be investigated in vivo. As the number of lipid signaling
pathways identified in neurons increases, we expect application of
these approaches to be equally valid and to revolutionize our under-
standing of synapse function.
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