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Abstract
A role for phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) in membrane fusion was originally
identified for regulated dense-core vesicle exocytosis in neuroendocrine cells. Subsequent studies
demonstrated essential roles for PI(4,5)P2 in regulated synaptic vesicle and constitutive vesicle
exocytosis. For regulated dense-core vesicle exocytosis, PI(4,5)P2 appears to be primarily required
for priming, a stage in vesicle exocytosis that follows vesicle docking and precedes Ca2+-triggered
fusion. The priming step involves the organization of SNARE protein complexes for fusion. A
central issue concerns the mechanisms by which PI(4,5)P2 exerts an essential role in membrane
fusion events at the plasma membrane. The observed microdomains of PI(4,5)P2 in the plasma
membrane of neuroendocrine cells at fusion sites has suggested possible direct effects of the
phosphoinositide on membrane curvature and tension. More likely, PI(4,5)P2 functions in vesicle
exocytosis as in other cellular processes to recruit and activate PI(4,5)P2-binding proteins. CAPS
and Munc13 proteins, which bind PI(4,5)P2 and function in vesicle priming to organize SNARE
proteins, are key candidates as effectors for the role of PI(4,5)P2 in vesicle priming. Consistent
with roles prior to fusion that affect SNARE function, subunits of the exocyst tethering complex
involved in constitutive vesicle exocytosis also bind PI(4,5)P2. Additional roles for PI(4,5)P2 in
fusion pore dilation have been described, which may involve other PI(4,5)P2-binding proteins
such as synaptotagmin. Lastly, the SNARE proteins that mediate exocytic vesicle fusion contain
highly basic membrane-proximal domains that interact with acidic phospholipids that likely affect
their function.
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4.1 Introduction
The phosphoinositide PI(4,5)P2 serves many roles in cellular function. As the substrate for
receptor-regulated phospholipase C (PLC)-mediated hydrolysis, its cleavage generates the
signaling molecules Ins(1,4,5)P3 and DAG. The metabolism of PI(4,5)P2 also gives rise to
PI(4)P or PI(3,4,5)P3 as signaling lipids. But possibly the most extensive role that PI(4,5)P2
plays is as an intact phospholipid that is characteristic of the plasma membrane. Whereas the
total membrane composition of a cell consists of 1 mol% PI(4,5)P2, this lipid can achieve
high local concentrations (~5 mol%) where its unique properties of high charge density and
large hydrated headgroup can exert direct physical effects. Of likely greater significance for
its signaling role, PI(4,5)P2 serves to recruit to or activate proteins or protein complexes in
the plasma membrane. A large number of proteins have structured domains such as a PH
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domain or a C2 domain that interact stereoselectively with PI(4,5)P2 (Lemmon 2003, 2008).
An even larger number of proteins containArg/Lys-rich+ hydrophobic regions that interact
electrostatically with PI(4,5)P2 (McLaughlin et al. 2002). PI(4,5)P2 involvement in plasma
membrane function extends to actin cytoskeletal regulation (Yin and Janmey 2003), channel
and transporter regulation (Balla 2009; Suh and Hille 2008), virus budding (Saad et al.
2006), exocytosis (Martin 2001), phagocytosis (Grinstein 2010) and endocytosis (Martin
2001; Di Paolo and De Camilli 2006).

PI(4,5)P2 regulates vectorial membrane trafficking to and from the plasma membrane. In the
anterograde direction, both constitutive and regulated vesicle exocytosis require PI(4,5)P2.
Following an initial discussion of these exocytic pathways and the early discoveries that
PI(4,5)P2 plays a role in membrane fusion, we will discuss mechanisms by which PI(4,5)P2
participates directly as a membrane constituent or as a cofactor for protein function in
vesicle exocytosis.

4.2 Background on Membrane Fusion in Vesicle Exocytosis
PI(4,5)P2 at the plasma membrane functions in the vectorial process of exocytic vesicle
fusion. All cells have an essential constitutive secretory pathway in which cargo in vesicles
leaves the Golgi and transits directly or indirectly via endosomal intermediates to the plasma
membrane (De Matteis and Luini 2008). In these pathways, the exocytic fusion of vesicles
with the plasma membrane does not require cellular Ca2+ elevations. A second set of post-
Golgi pathways found in neural, endocrine, exocrine and hematopoietic secretory cells
constitute the regulated secretory pathway in which dense-core vesicles (DCVs) fuse with
the plasma membrane only upon Ca2+ elevation. Additional regulated secretory pathways
utilize endosome-derived vesicles such as the synaptic vesicles (SVs) in neurons that
undergo Ca2+-dependent exocytosis. In regulated secretory pathways, vesicles are
commonly staged at the plasma membrane prior to exocytosis in a docked configuration
(Verhage and Sorensen 2008). Several lines of evidence indicate that vesicles undergo an
obligatory priming step that renders them capable of engaging in Ca2+-triggered fusion
(Rettig and Neher 2002). Priming is a regulated step between vesicle docking and fusion for
which a number of distinct molecular constituents have been identified.

During the preceding two decades, many of the molecular constituents for vesicle exocytosis
and its regulation have been identified (Jahn and Scheller 2006) (see Fig. 4.1). The core
exocytic machinery consists of SNARE proteins present on vesicles and plasma membrane.
The SNAREs constitute a minimal sufficient set of proteins to catalyze membrane fusion as
demonstrated in liposome fusion assays (Weber et al. 1998). In cells, many other factors
regulate and modulate SNARE protein function (Jahn and Scheller 2006). The pathway for
membrane bilayer fusion consists of the initial merger of contacting leaflets to form a hemi-
fused stalk intermediate. This is followed by the merger of non-contacting leaflets to form a
fusion pore (Cohen and Melikyan 2004). The route to stalk formation and its resolution into
a fusion pore involves considerable membrane bending (Chernomordik and Kozlov 2008).
While membrane fusion is driven by proteins, studies over the last two decades identified
phospholipids that play active roles in the membrane fusion process (van Meer and Sprong
2004; Salaun et al. 2004). This chapter will focus on PI(4,5)P2 and the role(s) it plays
directly or indirectly (via proteins) in membrane fusion.

4.3 Discovery of a Role for PI(4,5)P2 in Trafficking to the Plasma Membrane
Evidence for the involvement of PI(4,5)P2 in membrane fusion first emerged from studies of
regulated DCV exocytosis in permeable neuroendocrine cells. Eberhard et al. (1990) found
that that treatment of digitonin-permeabilized chromaffin cells with a bacterial PI-specific
phospholipase C (PLC) decreased PI levels and inhibited Ca2+-triggered catecholamine
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secretion. Because inhibition was preferential for an ATP-dependent stage of DCV
exocytosis, it was suggested that polyphosphoinositides may be required. Hay and Martin
(1992) reported that sequential ATP-dependent and Ca2+-triggered reactions for DCV
exocytosis in mechanically-permeabilized PC12 cells required distinct cytosolic protein
factors. The cytosolic protein factors required for the ATP-dependent reactions were
identified as phosphatidylinositol transfer protein (PITP) (Hay and Martin 1993) and
phosphatidylinositol 4-monophosphate 5-kinase type Iγ (Hay et al. 1995). The identification
of these factors, which mediate the ATP-dependent restoration of PI(4,5)P2 in permeable
cell incubations, provided direct evidence that PI(4,5)P2 was essential for regulated DCV
exocytosis. Hay et al. (1995) found that the addition of PI(4,5)P2-specific antibodies or
PLCδ1 strongly inhibited regulated exocytosis. These results indicated that the intact lipid
PI(4,5)P2 played a central role in a late step in the DCV exocytic pathway. Consistent with
this, products derived from PI(4,5)P2 by hydrolysis (DAG, inositol phosphates, fatty acids)
did not affect regulated DCV exocytosis in the Ca2+-buffered permeable PC12 cell system
(Hay et al. 1995). Subsequent studies in permeable chromaffin cells by Wiedemann et al.
(1996) suggested that PI 4-kinase activity on the secretory granules in chromaffin cells was
also essential for regulated DCV exocytosis.

At the time of these initial discoveries, a role for highly phosphorylated inositides in a
membrane fusion process was surprising although emerging studies in yeast were revealing
a requirement for a PI 3-kinase (Vps34) in protein sorting to the vacuole (Schu et al. 1993).
Studies on PI(4,5)P2 from this point forward were directed at assessing its importance for
regulated vesicle exocytosis in living cells and evaluating the precise steps in the regulated
secretory pathway at which it functioned. Along with the advancing understanding of the
role of PI(4,5)P2 in cellular function, later studies probed the mechanism(s) by which
PI(4,5)P2 participates in membrane fusion mechanisms. These developments are reviewed
below.

4.4 A Role for PI(4,5)P2 in the Priming Reactions of Regulated DCV
Exocytosis

Several studies in intact cells confirmed an essential role for PI(4,5)P2 in regulated DCV
exocytosis. PI(4,5)P2 is mainly present at the plasma membrane in cells and Holz et al.
(2000) showed that the PH domain of PLCδ1 localized to the plasma membrane of
chromaffin cells where it inhibited regulated DCV exocytosis. PI(4,5)P2 was not detected on
DCVs although PI(4)P is present because of their origin in the Golgi. In more recent studies,
3-phosphorylated inositides have also been localized to DCVs (Wen et al. 2011). This might
imply that there is trafficking between DCVs and endosomes. PI(4)P 5-kinase 1γ is one of
the major 5-kinases responsible for PI(4,5)P2 synthesis at the plasma membrane (Wenk et al.
2001). Increasing PI(4)P 5-kinase activity (Aikawa and Martin 2003; Aoyagi et al. 2005) or
decreasing it (Lawrence and Birnbaum 2003; Gong et al. 2005; Waselle et al. 2005) in cells
with corresponding changes in cellular PI(4,5)P2 levels was associated with increased or
decreased rates of DCV exocytosis, respectively. These studies extended to living cells the
conclusions that PI(4)P 5-kinase and PI(4,5)P2 regulate vesicle exocytosis.

Studies in permeable PC12 cells had indicated that PI(4,5)P2 was needed for a priming step
in DCV exocytosis (Hay et al. 1995; Grishanin et al. 2004). Priming of DCV exocytosis in
neuroendocrine cells was observed to be ATP-dependent (Rettig and Neher 2002). To
determine the site in the sequential DCV exocytic pathway at which PI(4,5)P2 was required,
high resolution capacitance studies were conducted in neuroendocrine cells in which
PI(4,5)P2 levels were altered. Evoked capacitance changes in response to cellular Ca2+ rises
are biphasic exhibiting burst and sustained phases. The burst phase represents the exocytosis
of primed DCVs from a ready release pool (RRP) whereas the sustained phase is interpreted
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as priming reactions that refill the RRP. Olsen et al. (2003) recorded the immediate (< 2s)
capacitance increase in patch-clamped pancreatic β cells in response to depolarization-
elicited Ca2+ entry as a measure of the RRP. Maintenance of and refilling of the RRP
required ATP and was inhibited by phenylarsine oxide, a non-specific inhibitor of PI 4-
kinase (Wiedemann et al. 1996), or by antibodies to PI(4)P or PI(4,5)P2. Remarkably the
ATP requirement for priming DCV exocytosis was by-passed by direct microinjection of
PI(4)P or PI(4,5)P2. This evidence indicated that the priming of DCV exocytosis in
pancreatic β cells involved the synthesis of PI(4)P and PI(4,5)P2. CAPS antibody was found
to block priming in response to PI(4,5)P2 injection, which suggested that CAPS was an
important effector for the role of PI(4,5)P2 in DCV exocytosis (see below).

Similar studies were conducted in chromaffin cells following the perturbation of PI(4,5)P2
levels (Milosevic et al. 2005). PI(4,5)P2 levels were measured in plasma membrane sheets
prepared from cells and reacted with a GFP-PH-PLCδ1 fusion protein. Overexpression of
PI(4)P 5-kinase 1γ or direct microinjection of PI(4,5)P2 was used to increase cellular
PI(4,5)P2 levels. Increases in PI(4,5)P2 levels correlated with the increased size of the RRP
and with increased rates of DCV (re)priming. Conversely, expression of a phosphatase
domain of syntaptojanin-1 was utilized to decrease plasma membrane PI(4,5)P2 levels,
which strongly reduced the RRP and inhibited DCV (re)priming rates. More recent studies
of chromaffin cells from a PI(4)P 5-kinase 1γ knockout mouse reached similar conclusions
that a reduction in plasma membrane PI(4,5)P2 levels mainly reduced the RRP and DCV
(re)priming while slightly elevating the number of docked DCVs (Gong et al. 2005). Fusion
pore expansion was also somewhat delayed in the PI(4)P 5-kinase 1γ knockout chromaffin
cells. Overall these studies confirmed the importance of PI(4,5)P2 for priming DCV
exocytosis although the basis for the critical role for this lipid remained to be elucidated.

4.5 A Role for PI(4,5)P2 in Other Forms of Vesicle Exocytosis
Regulated synaptic vesicle (SV) exocytosis utilizes an assembly of proteins very similar to
that employed for DCV exocytosis. Whereas DCVs are directly Golgi-derived, SVs are
derived from recycling endosomes. SVs were reported to possess a type II PI 4-kinase (Guo
et al. 2003) similar to that reported for DCVs (Barylko et al. 2001). Previous work (Wenk et
al. 2001) had established that PI(4)P 5-kinase 1γ is a major PI(4,5)P2-synthesizing enzyme
in synapses that could potentially utilize the PI(4)P although the actual source of PI(4)P for
PI(4,5)P2 synthesis at the presynaptic plasma membrane is unclear. Early studies on whether
PI(4,5)P2 was required for Ca2+-triggered SV exocytosis in synaptosome preparations
produced conflicting results (Khvotchev and Sudhof 1998; Zheng et al. 2004). Because
endocytosis is strongly dependent upon PI(4,5)P2 and SVs rapidly recycle, a requirement for
PI(4,5)P2 in SV exocytosis has been difficult to demonstrate. Di Paolo et al. (2004) reported
that evoked synaptic transmission in cortical neurons from the PI(4)P 5-kinase 1γ knockout
mouse was normal but there was a reduced RRP for SVs, and the RRP underwent
accelerated depletion at high frequency stimulation. A delay in the recycling/repriming time
for SVs and a slowing of endocytosis in the synapses from knockout mice was also
observed. These results suggested that PI(4,5)P2 may be required for the evoked exocytosis
of SVs.

Vesicle exocytosis in the constitutive secretory pathway is also dependent upon plasma
membrane PI(4,5)P2 although this has yet to be thoroughly examined in mammalian cells.
By contrast, extensive genetic evidence in yeast indicates an essential role of PI(4,5)P2 in
post-Golgi vesicle exocytosis and for cell polarity mechanisms involving the actin
cytoskeleton (Yakir-Tamang and Gerst 2009b; He and Guo 2009). MSS4 corresponds to the
single PI(4)P 5-kinase in yeast. At the non-permissive temperature, Mss4 cells with a
temperature-sensitive PI(4)P 5-kinase exhibit defects in actin localization and in secretion
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(Yakir-Tamang and Gerst 2009a). Conversely, MSS4 overexpression was capable of
rescuing growth defects and secretion in a number of late sec gene mutants including those
that encode exocyst subunits and a plasma membrane SNARE protein Sec9p (Yakir-Tamang
and Gerst 2009a; Routt et al. 2005) (see below). Reminiscent of the original findings in
neuroendocrine cells, overexpression of SFH5, a phosphatidylinositol-specific PITP, was
found to suppress growth defects in late sec gene mutants (Routt et al. 2005; Yakir-Tamang
and Gerst 2009a). The evidence indicates that SFH5 functions in a pathway involving the
Stt4 PI 4-kinase and Mss4 PI(4)P 5-kinase to synthesize plasma membrane PI(4,5)P2 and
this is required for the function of the exocyst complex and SNAREs in the constitutive
secretory pathway (see below). The results support a key role for PI(4,5)P2 in the
constitutive exocytosis of post-Golgi vesicles.

4.6 Is PI(4,5)P2 Spatially Segregated to Sites of Exocytosis?
Several studies in neuroendocrine cells have found that plasma membrane PI(4,5)P2 is
spatially inhomogeneous and distributed in microdomains (Laux et al. 2000; Caroni 2001;
Milosevic et al. 2005; Aoyagi et al. 2005; James et al. 2008). This was in part demonstrated
in plasma membrane lawns using a GFP-PH fusion protein from PLCδ1, which binds
PI(4,5)P2 without clustering it (James et al. 2008; Milosevic et al. 2005; Aoyagi et al. 2005).
In studies with PC12 cell membrane lawns, the fluorescent probe was calibrated with
PI(4,5)P2-containing supported bi-layers to infer a microdomain concentration for PI(4,5)P2
corresponding to ~6 mol% (James et al. 2008). Although it had been argued that apparent
sites of PI(4,5)P2 enrichment may represent membrane infoldings (van Rheenen et al. 2005),
the studies in PC12 cell membranes showed that non-specific lipid staining was not
increased at sites of PI(4,5)P2 enrichment (James et al. 2008; Milosevic et al. 2005).
Moreover, the inferred concentrations of PI(4,5)P2 detected were proportional to ATP-
dependent synthesis (James et al. 2008). In this study, many of the PI(4,5)P2-enriched
microdomains corresponded to sites of DCV docking (~35%). About 50% of CAPS, which
is a PI(4,5)P2-binding protein required for DCV priming (see below), co-localized at
microdomains of PI(4,5)P2 that contained docked DCVs.

Earlier studies by Aoyagi et al. (2005) had found that ~13% of the docked DCVs in PC12
cells resided at membrane sites that were enriched for both syntaxin-1 and PI(4,5)P2. Brief
depolarization to elicit DCV exocytosis reduced this co-localization to 3%. The extent of co-
localization of DCVs with syntaxin-1/PI(4,5)P2 clusters increased with cellular
overexpression of PI(4)P 5-kinase, which also increased Ca2+-triggered DCV exocytosis
(Aoyagi et al. 2005). Overall these studies (Aoyagi et al. 2005; James et al. 2008) suggested
that plasma membrane sites for DCV docking, priming and fusion may be enriched for
PI(4,5)P2. This work on isolated plasma membrane lawns has not yet been extended to
living cells. Bodipy TMR-PI(4,5)P2 microinjected into cells was shown to exhibit ~3-fold
reduced diffusion compared to the diffusion of other lipids leading the authors (Golebiewska
et al. 2008) to conclude that ~2/3 of the PI(4,5)P2 was reversibly bound. However, it will be
important to directly image PI(4,5)P2 in cells at sites of exocytosis to determine if
membrane fusion occurs in PI(4,5)P2-rich membrane microdomains. The tools available
currently to detect PI(4,5)P2 in living cells (e.g., PH-GFP) simultaneously inhibit Ca2+-
triggered DCV exocytosis (Holz et al. 2000) so additional methods to detect and quantify
PI(4,5)P2 in living cells will be needed.

While there is considerable evidence for independent pools of PI(4,5)P2 in the plasma
membrane (Janmey and Lindberg 2004), the basis for PI(4,5)P2 microdomains in the plasma
membrane is unknown. Even at concentrated sites of synthesis, diffusion is expected to
rapidly dissipate concentration gradients of the lipid. PI(4,5)P2 would need to be “captured”
at such sites. This might be achieved by interactions with proteins that have specific
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PI(4,5)P2-binding domains such as dynamin with its PH domain that in turn could
oligomerize and cluster PI(4,5)P2 (Bethoney et al. 2009). Alternatively, the electrostatic
clustering of PI(4,5)P2 by proteins that contain basic/hydrophobic regions could alter the
diffusion of PI(4,5)P2 away from localized sites of synthesis (McLaughlin and Murray
2005). Proteins such as GAP-43, MARCKS, CAP-23, and NAP-22 contain “basic effector
domains” capable of electrostatically sequestering PI(4,5)P2. The 13 basic residues in the
MARCKS effector domain sequesters three PI(4,5)P2 molecules (McLaughlin and Murray
2005). Indeed overexpression of MARCKS in PC12 cells was found to increase PI(4,5)P2
clusters in the plasma membrane whereas overexpression of a dominant interfering mutant
was found to decrease PI(4,5)P2 clusters (Laux et al. 2000). Many transmembrane proteins
have Lys/Arg-rich segments on their cytoplasmic membrane-proximal domains, which
would enable formation of a diversity of distinct PI(4,5)P2 microdomains containing
different protein clusters. SNARE proteins such as syntaxin-1 that undergo cholesterol-
dependent clustering at sites of DCV exocytosis have basic juxtamembrane regions that
might sequester PI(4,5)P2 into associated microdomains (see below).

PI(4,5)P2 microdomains on the cytoplasmic leaflet have been suggested to align with
extracellular leaflet liquid-ordered lipid rafts enriched in sphingolipids and cholesterol. This
was based on biochemical methods isolating detergent-resistant membranes (Hope and Pike
1996). The unsaturated sn-2 acyl chain of PI(4,5)P2 renders this unlikely given the tight
packing of saturated acyl chains in the classical lipid raft. However, recent work has
indicated that proteins with highly basic domains that sequester PI(4,5)P2 may also partition
into raft domains because of their myristoylation or palmitoylation. Studies of the HIV Gag
protein suggested that the binding of PI(4,5)P2 by the Gag protein displaces a myristate
buried in a hydrophobic pocket of the protein that inserts into a raft domain (Saad et al.
2006). In vitro studies of a palmitoylated GAP-43 peptide showed that it partitioned
PI(4,5)P2 into liquid-ordered domains on giant unilamellar liposomes (Tong et al. 2008).
Additional studies will be needed to determine the relationship, if any, between cytoplasmic
leaflet PI(4,5)P2 microdomains and the lipid raft domains in the extracellular leaflet.

4.7 Mechanisms for PI(4,5)P2 Function in Membrane Fusion
A central question concerns the mechanism(s) by which PI(4,5)P2 affects membrane fusion.
PI(4,5)P2 plays a strong positive role in regulated DCV exocytosis (Hay et al. 1995) where it
regulates a priming step. As discussed below, there may be additional roles for PI(4,5)P2 at
later steps in DCV exocytosis. Below we consider a number of suggested mechanisms for
both positive and negative effects of PI(4,5)P2 on membrane fusion. Firstly, if PI(4,5)P2 is
localized at membrane fusion sites at the high concentrations (~6 mol%) detected (James et
al. 2008), it would contribute bulk properties to the local membrane environment including
curvature and charge density. High local concentrations and domain segregation may affect
membrane tension in fusion mechanisms. Secondly, PI(4,5)P2 is a substrate for enzymatic
conversion as well as an activator of enzymes that generate lipid products (DAG, PA) that
affect membrane curvature, fluidity and fusion. Thirdly, and the most generally established
mechanism for PI(4,5)P2 in cellular processes, is that the lipid recruits cytosolic proteins to
specific locations on a membrane surface (Martin 1998; Lemmon 2003; 2008; Kutateladze
2010). Regulation of integral membrane protein function is also well-characterized (Balla
2009; Suh and Hille 2008). The functional diversity of PI(4,5)P2-binding proteins is
enormous and could contribute to membrane fusion by a variety of mechanisms. We discuss
mechanisms that operate at vesicle priming as well as later steps in vesicle exocytosis.
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4.8 Direct Effects of Membrane PI(4,5)P2

Membrane preparations from PC12 cells exhibit spatially-restricted microdomains of
PI(4,5)P2 near docked DCVs (James et al. 2008; Aoyagi et al. 2005; Milosevic et al. 2005).
PI(4,5)P2 concentrations in microdomains may exceed 5 mol% in contrast to interdomain
regions at ~2 mol% (James et al. 2008). PI(4,5)P2 is considered to be an inverted cone-
shaped lipid that would exert positive curvature in a localized region (Chernomordik and
Kozlov 2008). PI(4,5)P2 at 5 mol% in either v-SNARE donor or t-SNARE acceptor
liposomes was found to inhibit SNARE-dependent liposome fusion. Vicogne and co-
workers also found that PI(4,5)P2 was inhibitory when included in t-SNARE liposomes
(Vicogne et al. 2006). Inhibition by PI(4,5)P2 was comparable to that by another inverted
cone-shaped lipid, lysophosphatidylcholine, at 5 mol% and was attributed to the positive
curvature-promoting properties of PI(4,5)P2 that would counter formation of a stalk
intermediate (James et al. 2008). This inhibitory mechanism observed in liposomes was
partially counteracted by the sequestration of PI(4,5)P2 by a basic charge-rich linker domain
in syntaxin-1. There may be other mechanisms in cells for which PI(4,5)P2 exerts
stimulatory effects on fusion.

Classical (Chandler and Heuser 1980) and more recent studies (Anantharam et al. 2010)
indicate that the plasma membrane invaginates toward DCVs during membrane fusion. The
induction of local curvature in the plasma membrane by PI(4,5)P2 at fusion sites could play
a role in promoting bilayer apposition as well as creating tension in the plasma membrane to
facilitate fusion (Kozlov et al. 2010). PI(4,5)P2 microdomains in the plasma membrane may
exhibit positive curvature but in addition many PI(4,5)P2-binding proteins undergo
hydrophobic insertion, which would further amplify positive curvature. Many types of
PI(4,5)P2-binding proteins exhibit bilayer insertion including PH domain-containing
proteins such as CAPS and dynamin (Ramachandran et al. 2009), tandem C2 domain-
containing proteins such as synaptotagmin (Martens et al. 2007), and ENTH domain
containing proteins such as epsin (Ford et al. 2002). There is evidence that Ca2+-triggered
membrane insertion of synaptotagmin into the plasma membrane during fusion increases
membrane curvature and tension to promote fusion pore dilation (Martens et al. 2007; Lynch
et al. 2008; Hui et al. 2009). Thus, the overall local membrane curvature imparted by
PI(4,5)P2 within plasma membrane microdomains and enhanced by protein insertion could
play a significant positive role in promoting membrane transitions during fusion.

4.9 Role of PI(4,5)P2-Derived or Activated Metabolites
Under mild Ca2+ stimulation conditions, DCV exocytosis requires PI(4,5)P2 as the intact
phospholipid (Eberhard et al. 1990; Hay et al. 1995). However, under strong stimulation
conditions, PI(4,5)P2 can be metabolized by phospholipase C (PLC) (Micheva et al. 2001).
One of the metabolites of PI(4,5)P2, DAG, has been strongly linked to activation
mechanisms for regulated vesicle exocytosis. Protein kinase C and brain isoforms of
Munc13 have DAG-binding C1 domains that mediate activation of these proteins (Brose et
al. 2004). It has also been suggested that the transformation of PI(4,5)P2 to DAG could exert
dramatic effects on the shape of membranes to trigger fusion (Janmey and Kinnunen 2006)
but an essential role for PLCs in fusion per se remains to be demonstrated. Whether DAG is
generated at exocytic fusion sites and whether DAG, as a cone-shaped lipid, has additional
positive roles in affecting membrane curvature remain to be explored.

Phospholipase D (PLD), which is a PH domain-containing, PI(4,5)P2-activated enzyme that
hydrolyzes PC to PA, has been strongly implicated both in regulated DCV exocytosis and in
constitutive vesicle exocytosis (Bader and Vitale 2009). PA is a cone-shaped phospholipid
so its presence in the cytoplasmic leaflet could enhance the transition of merged membranes
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into a stalk intermediate to promote fusion. In PC12 cells in which Ca2+ entry was
stimulated by depolarization, an accumulation of PA at the plasma membrane was detected
using a PA-binding protein-GFP fusion protein (Zeniou-Meyer et al. 2007) although this
was delayed compared to evoked DCV exocytosis. Nonetheless, the down regulation of
PLD1 by siRNA was found to block PA accumulation as well as evoked DCV exocytosis.
Capacitance recordings in chromaffin cells indicated that PLD1 siRNA reduced the RRP
size as well as DCV priming. Application of lysophosphatidylcholine, an inverted cone-
shaped lipid, to the extracellular leaflet reversed the inhibitory effect of PA depletion on
DCV exocytosis in PC12 cells. The authors (Zeniou-Meyer et al. 2007) suggested that PLD1
activation resulted in membrane bending through the generation of PA. This might be
expected to function in DCV fusion rather than in DCV priming. These studies suggested
that PLD1 is an important effector for the role of PI(4,5)P2 in DCV exocytosis. Other
studies have suggested that SCAMP2, a membrane tetraspanin protein that binds PI(4,5)P2
and PLD1, may regulate a late step in DCV exocytosis involving fusion pore formation
(Liao et al. 2007).

4.10 Protein Recruitment and Activation by PI(4,5)P2

At present, the best established mechanisms for the function of PI(4,5)P2 in actin
polymerization (Janmey and Lindberg 2004) and endocytosis (Di Paolo and De Camilli
2006) involve protein recruitment. In each of these cases, proteins interact with PI(4,5)P2
either through specific binding domains such as PH domains or through electrostatic
interactions with domains that are rich in basic and hydrophobic residues. PI(4,5)P2-binding
proteins with PH domains, C2 domains, or Lys/Arg-rich regions play a major role in various
steps of vesicle exocytosis including priming.

4.11 SNARE Protein Interactions with Acidic Phospholipids
SNARE proteins, the core constituents of the fusion machinery, are directly regulated by the
acidic phospholipids in the cytoplasmic leaflet of membranes. Syntaxin-1/SNAP-25 t-
SNARE heterodimers were reported to exhibit reduced mobility in supported bilayers that
contained PI(4,5)P2 (Wagner and Tamm 2001). PI(4,5)P2 itself exhibits reduced mobility in
supported bilayers (Baumann et al. 2010), which suggests that direct interactions with
PI(4,5)P2 may reduce the mobility of t-SNAREs to organize them at sites in the membrane.
PI(4,5)P2 may also activate syntaxin-1 for assembly with SNAP-25 as recent studies
(Murray and Tamm 2009) indicated that the cholesterol-dependent self-clustering of
syntaxin-1 in liposomes was decreased by the inclusion of PI(4,5)P2 at 1–5 mol%. Direct
binding of the cytoplasmic domain of syntaxin-1 to acidic phospholipids has been
demonstrated (Lam et al. 2008).

A conserved binding site for PI(4,5)P2 (or PA) among exocytic syntaxins consists of
K252KAVKYQSKARRKK265 (for syntaxin-1) in the membrane-proximal linker domain
that is C-terminal to the SNARE motif. Mutations of K residues in this juxtamembrane
segment results in a loss of evoked DCV exocytosis in cells and in decreased SNARE-
dependent fusion on PI(4,5)P2-containing liposomes in vitro (Lam et al. 2008; James et al.
2008). Both of these results indicate that syntaxin interactions with PI(4,5)P2 (James et al.
2008) or PA (Lam et al. 2008) play a positive role in membrane fusion. As noted previously,
interactions with syntaxin were proposed to segregate PI(4,5)P2 in the membrane to prevent
the steric inhibition of fusion (James et al. 2008) (see Fig. 4.1). Alternatively, for the cellular
studies, it was suggested that syntaxin interacted with PA to concentrate this negative
curvature-preferring lipid at the periphery of contacting leaflets to reduce the energy
requirement for stalk formation (Lam et al. 2008).
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Interactions of the juxtamembrane segment with acidic phospholipids could also drive
conformational changes in syntaxin. Soluble versions of syntaxin adopt a closed
configuration that blocks the interaction of syntaxin with other SNARE proteins (Chen et al.
2008). The conformation of syntaxin in the membrane could be affected by juxtamembrane
segment interactions with acidic phospholipids. Alternatively, PI(4,5)P2 interactions with
syntaxin could play a role in localizing the protein on the membrane or in promoting
SNAP-25 interactions (Aoyagi et al. 2005; Murray and Tamm 2009). Either of these effects
might explain a positive role for PI(4,5)P2 in priming DCV exocytosis. While these studies
indicate an important role for the highly basic linker domain of syntaxin in interactions with
acidic phospholipids, many roles for this interaction seem possible and need further
evaluation. Based on the effects of PI(4.5)P2 in SNARE-dependent liposome fusion (James
et al. 2008), the mechanisms discussed here are unlikely to provide a complete explanation
for the strong role for PI(4,5)P2 in priming DCV exocytosis (see below).

The vesicle SNARE VAMP-2 also interacts with acidic phospholipids through membrane-
proximal linker segments containing K83LKRKYWWKNLK94 (for VAMP-2) (Williams et
al. 2009; Kweon et al. 2003; De Haro et al. 2003). Seagar and co-workers (De Haro et al.
2003; Quetglas et al. 2002) reported that a region of VAMP-2 overlapping this one binds
Ca2+/calmodulin and acidic phospholipids in a mutually exclusive manner. They provided
evidence that Ca2+/calmodulin binding to VAMP-2 switched its cis interactions with vesicle
membrane lipids to trans interactions with the plasma membrane. These interactions might
be expected to promote fusion but recent liposome fusion assay studies showed that Ca2+/
calmodulin inhibited SNARE-dependent fusion (Di Giovanni et al. 2010). Williams et al.
(2009) reported that the overexpression of a VAMP-2 K85E/R86D mutant inhibited evoked
DCV exocytosis and they suggested that the basic juxtamembrane region of wild-type
VAMP-2 acts in trans to counteract charge repulsion between the bilayers at approaches of
< 1 nm. The principle electrostatic interaction forVAMP-2 in trans would be with PI(4,5)P2
in the plasma membrane. It was also proposed (Williams et al. 2009) that the basic
juxtamembrane regions on both VAMP-2 and syntaxin-1 may function symmetrically
through nonspecific electrostatic interactions in trans to promote close membrane apposition
and trans SNARE complex assembly. These studies indicate an important role for basic
charge-containing residues in the membrane-proximal region of VAMP-2 but the role these
play remain uncertain.

Interactions with acidic phospholipids for exocytic SNARE proteins are quite general. For
example, the yeast syntaxin Sso1p binds acidic phospholipids via membrane-proximal basic
residues. About half of the stimulation of SNARE-dependent liposome fusion by PA was
attributed to this interaction (Liu et al. 2007b). Additional studies are needed to determine
whether there are common mechanisms at work in SNARE protein-lipid interactions and
what function they play.

4.12 CAPS and Munc13 as Lipid-Binding Proteins for Priming Vesicle
Exocytosis

As indicated previously, the major role for PI(4,5)P2 in the regulated secretory pathway
relates to a function in priming DCV exocytosis. Two of the major priming proteins for
regulated vesicle exocytosis, CAPS and Munc13, are regulated by PI(4,5)P2 and by
PI(4,5)P2 or DAG, respectively. CAPS was discovered as a protein in rat brain cytosol that
reconstitutes Ca2+-triggered DCV exocytosis in mechanically-permeabilized PC12 cells
(Walent et al. 1992). The activity of CAPS in permeable cells is only evident after ATP-
dependent reactions involving PITP and PI(4)P 5-kinase that restore PI(4,5)P2 have gone to
completion (Grishanin et al. 2004). CAPS binds PI(4,5)P2 in part through its central PH
domain, which is required for CAPS activity in evoked DCV exocytosis (Grishanin et al.
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2002, 2004; Loyet et al. 1998). Recent studies reconstituted part of the function of CAPS in
a SNARE protein-dependent liposome fusion assay (James et al. 2008, 2009). CAPS activity
in the liposome fusion assay requires that PI(4,5)P2 is present in the acceptor liposomes that
contain the plasma membrane t-SNAREs syntaxin-1 and SNAP-25. By contrast, PI(4,5)P2 in
the donor VAMP-2-containing liposomes failed to support CAPS function. As anticipated
for essential interactions with PI(4,5)P2, the PH domain of CAPS was required for its
activity in liposome fusion (James et al. 2008). CAPS functions in vesicle priming where it
likely promotes the assembly of SNARE protein complexes in advance of triggered fusion
(James et al. 2009). On liposomes, heterotrimeric SNARE complex formation is accelerated
by CAPS but only when PI(4,5)P2 is present on the t-SNARE liposomes. This contrasts with
the lack of a requirement for PI(4,5)P2 for CAPS binding to SNARE proteins (Daily et al.
2010). Thus, the current evidence indicates that CAPS may function in vesicle priming
through dual interactions with PI(4,5)P2 via its PH domain and with SNARE proteins via a
C-terminal domain in CAPS. Anchorage in the membrane through PI(4,5)P2 interactions
may allow CAPS to exert force on the SNARE proteins to mediate rearrangements. This
model can account for a positive role for PI(4,5)P2 in priming Ca2+-triggered DCV
exocytosis (see Fig. 4.1).

Studies in PC12 cells, chromaffin cells and neurons indicate that C2 domain-containing
proteins cofunction with CAPS in vesicle priming reactions (Liu et al. 2010; Jockusch et al.
2007). Munc13 proteins exhibit sequence homology to CAPS in C-terminal regions that
mediate SNARE interactions (Koch et al. 2000). Genetic disruption of Munc13 isoforms in
mice strongly inhibits neurotransmitter release at the stage of priming SVs (Varoqueaux et
al. 2002). Brain-specific isoforms of Munc13 lack a PH domain but contain three C2
domains and a C1 domain. The second C2 domain of Munc13-1 binds Ca2+ and exhibits
Ca2+-dependent PI(4,5)P2 binding (Shin et al. 2010). A gain of function C2B domain mutant
of Munc13 exhibited increased neurotransmitter release evoked by single action potentials
whereas a C2B mutant abrogated for Ca2+ binding showed decreased release with trains of
action potentials (Shin et al. 2010). As noted previously, brain Munc13 isoforms also
contain a C1 domain that binds DAG. Munc13 with a C1 domain mutation is dysfunctional
in potentiating SV or DCV exocytosis (Bauer et al. 2007; Rhee et al. 2002; Rosenmund et al.
2002). Munc13 as a priming factor may be recruited to sites of exocytosis, either to
PI(4,5)P2 during Ca2+ rises, or to DAG arising from Ca2+ activation of PLC (Rosenmund et
al. 2002; Rhee et al. 2002) (see Fig. 4.1). Thus, for some forms of regulated vesicle
exocytosis, PI(4,5)P2 hydrolysis may be required for function to generate DAG (Hammond
et al. 2006). Overall, both major priming proteins that function in regulated vesicle
exocytosis in neural and endocrine cells, CAPS and Munc13, utilize PI(4,5)P2 or its
metabolite DAG for activation. In future studies, it will be important to determine the
plasma membrane sites for PI(4,5)P2 and DAG synthesis relative to vesicle exocytosis and
establish whether CAPS and Munc13 proteins are recruited to these sites.

4.13 Roles for Other PI(4,5)P2-Binding Proteins in Regulated Vesicle
Exocytosis

Additional steps in vesicle exocytosis beyond priming may require PI(4,5)P2 and PI(4,5)P2-
binding proteins. In capacitance recordings of DCV exocytosis in chromaffin cells
(Milosevic et al. 2005), modulation of PI(4,5)P2 levels affected the RRP and rates of
[re]priming. However, rates of evoked exocytosis were not affected, which implies that
proteins required for fusion per se or its Ca2+ triggering were not strongly dependent upon
PI(4,5)P2. Similar findings emerged in the capacitance studies of chromaffin cells from
PI(4)P 5-kinase 1γ knockout mice (Di Paolo et al. 2004). Synaptotagmins, the major Ca2+

sensors for regulated vesicle exocytosis, exhibit Ca2+-dependent binding to PI(4,5)P2 in
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vitro (Bai et al. 2004). Loss of synaptotagmin function is associated with decreased rates of
triggered exocytosis (Voets et al. 2001). Possibly residual levels of PI(4,5)P2 in cells from
the PI(4)P 5-kinase 1γ knockout mice are sufficient to maintain synaptotagmin function.
Additional studies in the knockout mice indicated that the number of DCVs docked at the
plasma membrane were unaltered, which implies that proteins involved in DCV docking are
not greatly affected by PI(4,5)P2. However, in amperometric measurements of
catecholamine secretion, subtle differences were observed in the amperometric spikes from
chromaffin cells of control and knockout mice (Di Paolo et al. 2004). In the latter, a longer
duration pre-spike foot was observed, which may indicate altered fusion pore dynamics in
cells with decreased PI(4,5)P2. Proteins that bind PI(4,5)P2 and regulate fusion pore
dynamics might include dynamin, a PH domain-containing protein (Tsuboi et al. 2004),
synaptotagmin, a tandem C2 domain-containing protein (Wang et al. 2001; Lynch et al.
2008), and SCAMP2, a PI(4,5)P2-binding tetraspanin protein (Liao et al. 2007). In addition,
a decrease of PI(4,5)P2 would result in decreased F actin polymerization, which would alter
fusion pore dilation (Berberian et al. 2009).

4.14 Tethering Complexes Bind PI(4,5)P2 in Constitutive Vesicle Exocytosis
Considerable genetic evidence indicates that plasma membrane PI(4,5)P2 is an important
component for establishing the polarity of the actin cytoskeleton and the selection of
exocytic fusion sites for post-Golgi vesicles (reviewed in (Yakir-Tamang and Gerst 2009b;
He and Guo 2009)). Studies of the constitutive exocytic pathway reinforce the view that
PI(4,5)P2 plays an important role in recruiting proteins to the target membrane. In the
budding yeast, post-Golgi vesicles are delivered on a polarized F actin cytoskeleton to bud
sites on the plasma membrane. As noted previously, mutants in MSS4, the sole PI(4)P 5-
kinase in yeast, exhibit defects in actin localization and defects in secretion (Yakir-Tamang
and Gerst 2009a). The former results in part from failure to recruit the PH domain-
containing Rho GEF Rom2 to the plasma membrane. The latter results in part due to
mislocalization of a vesicle tethering complex called the exocyst complex. The exocyst
complex consists of 8 subunits encoded by late Sec genes (Sec3, Sec5, Sec6, Sec8, Sec10,
Sec15, Exo70, Exo84) (He and Guo 2009). Sec3 and Exo70 localize to the plasma
membrane largely independent of actin whereas other exocyst subunits are vesicle-
associated. Actin-dependent delivery of vesicles to the plasma membrane completes
formation of the exocyst complex, which activates SNARE complexes for fusion. Sec3 was
found to bind PI(4,5)P2 via N-terminal polybasic sequences (Zhang et al. 2008) and Exo70
to bind PI(4,5)P2 via a C-terminal domain (He et al. 2007). These subunits also interact with
GTPases required for their localization and function (He and Guo 2009; Yakir-Tamang and
Gerst 2009b). Recent studies demonstrated that the mammalian exocyst Exo70 also interacts
with PI(4,5)P2, which was essential for the docking and fusion of post-Golgi secretory
vesicles in the constitutive secretory pathway (Liu et al. 2007a). These studies indicate that
plasma membrane PI(4,5)P2 plays an important role in recruiting subunits that enable the
assembly of an essential tethering complex that activates SNARE-dependent vesicle fusion.

At each stage of vesicle trafficking in the secretory pathway, a diverse set of tethering
factors or tethering complexes mediate contact between an incoming vesicle and a target
membrane (Sztul and Lupashin 2006). It was recently suggested that CAPS and Munc13
exhibit significant homology to other tethering factor subunits such as exocyst Sec6
suggesting a common ancestral origin (Pei et al. 2009). Many other tethering factors bind to
the phosphoinositides that are characteristic of the target membrane. For example, EEA1 in
endosome tethering binds PI(3)P (Gaullier et al. 1999). The HOPS complex in vacuole
tethering binds PI(3)P and other phosphoinositides (Stroupe et al. 2006). A general
prediction for vesicle exocytosis is that proteins involved in vesicle tethering and priming at
the plasma membrane will bind PI(4,5)P2.
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4.15 Conclusions
As a specific constituent characteristic of the plasma membrane in resting cells, PI(4,5)P2
likely participates in all vectorial processes involving the plasma membrane. As an abundant
highly-charged constituent in the cytoplasmic leaflet, PI(4,5)P2 affects many plasma
membrane processes through electrostatic interactions with commonly-occurring Arg/Lys/
hydrophobic sequences in proteins or through specific PH or C2 domains. The major role for
PI(4,5)P2 in vesicle exocytosis involves protein recruitment and activation. The possibility
that this abundant lipid may be concentrated in enriched microdomains where it could exert
direct effects on membrane curvature and tension needs to be further assessed. PI(4,5)P2-
binding proteins such as CAPS and Munc13 play a major role in vesicle priming reactions
where the principal role of PI(4,5)P2 is exerted. Other proteins such as PLD1, synaptotagmin
and SNAREs may mediate the regulation by PI(4,5)P2 at other stages of vesicle exocytosis.
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Figure 4.1.
Sequential priming and fusion steps of Ca2+-triggered vesicle exocytosis are depicted with
proteins that bind PI(4,5)P2. A hypothetical sequence of SNARE complex formation
involving plasma membrane SNAP-25 and syntaxin and vesicle VAMP-2 is shown from left
to right. Syntaxin is shown interacting with PI(4,5)P2 in PI(4,5)P2-rich microdomains with
progressive segregation of PI(4,5)P2 from fusion sites. CAPS (via its PH domain) and
Munc13 (via its Ca2+-dependent C2 domain) exhibit PI(4,5)P2 binding, which may mediate
recruitment of these proteins to fusion sites for promoting SNARE complex formation.
Synaptotagmin is shown to trigger fusion by interacting with SNAREs and membrane upon
Ca2+ binding
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