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Preface

When I was approached to shape a book about phosphoinositide signaling, I first felt
honored and humbled. On second thought, this appeared to be an impossible task.
Phosphoinositides have grown from being just a curious lipid fraction isolated from
bovine brain, showing increased radioactive metabolic labeling during intense stimu-
lation protocols, to become the focus of immense interest as key regulatory molecules
that penetrate every aspect of eukaryotic biology. The expansion of this field in the
last three decades has been enormous: it turned from a basic science exercise of a
devoted few to highly translatable science relevant to a large number of human dis-
eases (isn’t this the nature of good basic science?). These include cancer, metabolic-,
immuno- and neurodegenerative disorders, to name just a few. Reviewing the large
number of enzymes that convert phosphoinositides would fill a book—Iet alone the
diverse biological processes in which phosphoinositides play key regulatory roles.
Given the interest, a collection of up-to-date reviews compiled in a book is clearly
warranted, which was enough to sway me to accept this assignment. As one editor
is unable to handle this enormous task, I was delighted when Matthias Wymann and
John York were kind enough to join me in this ambitious effort.

When thinking about potential authors, the obvious choice would have been to
approach the people whose contributions have been crucial to push and elevate this
field to the level it is today. Bob Michell, prophetically placed phosphoinositides in
the center of signal transduction in a 1975 Biochem. Biophys. Acta review (Michell
1975), Michael Berridge had a key role in linking phosphoinositides and Ca>* sig-
naling and whose fascinating reviews have inspired many of us (Berridge and Irvine
1984). Robin Irvine, whose group found that InsP3; was a mixture of two isomers,
the active Ins(1,4,5)P; and an inactive Ins(1,3,4)P3, and who described the tetrak-
isphosphate pathway (Irvine et al. 1986), and who always challenges us with most
provocative ideas. Philip Majerus, who has insisted on the importance of inositide
phosphatases (Majerus et al. 1999) very early on. The group of Lewis Cantley, with
the discovery of PI 3-kinase activities and the mapping of downstream effectors
(Whitman et al. 1988; Franke et al. 1997), or the Waterfield lab where the first PI
3-kinase catalytic subunit was isolated and cloned (Otsu et al. 1991; Hiles et al.
1992). Peter Downes, who recognized the translational value of phosphoinositide
research. Jeremy Thorner and Scott Emr, whose work in baker’s yeast still forms the
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foundation of our understanding of the role of inositol lipids in trafficking (Strahl
and Thorner 2007) or Pietro De Camilli, whose group documented the central role of
inositides in brain and synaptic biology (Cremona et al. 1999). There are many others
who made valuable or even greater contributions to phosphoinositide research. The
above list reflects my bias, as these researchers had the largest impact on my thinking
and the directions of my work. Research is, however, a constantly evolving process
and we (now Matthias and John being involved) wanted to involve contributions
of scientists who represent a second or third wave of researchers infected with the
interest in phosphoinositides. We made an effort to recruit authors who have been
trainees of these founding laboratories. With this selection our goal was to sample
the view of the current and future generation. By selecting their trainees, we feel
that we pay tribute to the “Founding Fathers”, and show that the research they put
in motion is alive and continues with fresh ideas, new ambitions and a translational
and therapeutic value.

Phosphoinositide research in the 1980s went hand in hand with research on
Ca’*signaling pursued in “non-excitable” cells and was also marked with the dis-
covery of the family of protein kinase C enzymes, regulated by diacylglycerol, one of
the products of phosphoinositide-specific phospholipase C enzymes. These areas of
research developed and expanded to form their own fields, and could not be discussed
here in detail—even though they are linked historically to the development of phos-
phoinositide signaling. The enormous work of the groups of Yasutomi Nishizuka
on protein kinase C, and Katsuhiko Mikoshiba on cloning and characterizing the
Ins(1,4,5)P; receptors are prime examples of these achievements. Although we could
not cover all these areas, we included a chapter on CaZt signaling via the Ins(1,4,5)P;
receptor by Colin Taylor, a trainee of the Michael Berridge’s lab, where important
links between Ca’* release and Ins(1,4,5)P; receptor signaling were discovered. We
also decided to allocate some space to inositol phosphates, the soluble counterparts
of some of the phosphoinositides. These molecules for long had been viewed only
as the metabolic products of the second messenger Ins(1,4,5)P3 but recently gained
significant prominence as regulators of important physiological processes. With the
discovery of the highly phosphorylated and pyrophosphorylated inositols and the
enzymes that produce them, it became clear that this system represents a whole new
regulatory paradigm with exciting new developments.

Finally, it was a difficult dilemma whether to include a Chapter on the early
history of phosphoinositides. We decided against it for a number of reasons. First,
the really interesting history is traced back to studies that preceded the landmark 1975
Bob Michell review and included the work of the Hokins (1987), Bernard Agranoff
(2009) and other pioneers of phosphoinositide research. Nobody could tell these early
developments better than Bob Michell in his several recollections (Michell 1995) or
Robin Irvine who commemorated the 20 years of Ins(1,4,5)P3 and the period leading
to its discovery (Irvine 2003). We encourage the young readers to go back and read
these recollections, as they show several examples of how seemingly uninspiring
observations formed the beginning of something that became huge as it unfolded.
What came after these landmark discoveries is so overwhelming that each one of
us has own views and subjective memories and stories to tell on some aspects of
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it. As Editors we felt that our views should not be elevated above others on these
historical aspects, and leave it to the authors of the individual Chapters to elucidate
the diversity in this respect. The only exception is a Chapter on the history of PI
3-kinases by Alex Toker that we felt deserves special emphasis as it had the most
transforming impact on the field since the late 1980s.

One needs to understand that selection of authors is a subjective process and does
not always reflect on who contributed the most in a selected field. However, we are
confident that proper credit is given in the individual Chapters to each groups and
individuals whose work has moved this field forward. It should also be understood
that a field that generates over 10,000 entries in PubMed with each keyword that
relates to phosphoinositides cannot be covered without missing some aspects that
could be important. However, we trust that this collection will be found useful for
both the experts and the novices.
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Chapter 1
Ca>* Signalling by IP; Receptors

Colin W. Taylor and David L. Prole

Abstract The Ca’* signals evoked by inositol 1,4,5-trisphosphate (IP3) are built
from elementary Ca’* release events involving progressive recruitment of IP;
receptors (IP3R), intracellular Ca?* channels that are expressed in almost all animal
cells. The smallest events (‘blips’) result from opening of single IP;R. Larger events
(“puffs’) reflect the near-synchronous opening of a small cluster of IP;R. These puffs
become more frequent as the stimulus intensity increases and they eventually trigger
regenerative Ca’>t waves that propagate across the cell. This hierarchical recruit-
ment of IP3R is important in allowing Ca®* signals to be delivered locally to specific
target proteins or more globally to the entire cell. Co-regulation of IP;R by Ca’* and
IP;, the ability of a single IP3R rapidly to mediate a large efflux of Ca’>* from the
endoplasmic reticulum, and the assembly of IP3R into clusters are key features that
allow IP3R to propagate Ca>* signals regeneratively. We review these properties of
IP;R and the structural basis of IP;R behavior.

Keywords Ca’* signalling - Ca?>* channel - Endoplasmic reticulum - IP; receptor

1.1 Introduction

As the breadth of these volumes confirms, phosphoinositides fulfill many and varied
roles in the activities of all eukaryotic cells, whether from unicellular or multicellu-
lar organisms (Balla et al. 2011). Pathways for synthesis or uptake of myo-inositol,
and for synthesis of phosphatidylinositol (PtdIns) appear to have evolved early in a
common ancestor of archaea and eukaryotes. Phosphatidylinositol 4,5-bisphosphate
(PtdIns(4,5)P,) and many other polyphosphoinositides, which are ubiquitous in
eukaryotes, made their appearance soon after the divergence of eukaryotes and
archaea (Michell 2008). The phosphoinositide-specific phospholipases C (PLC),

C. W. Taylor (D<) - D. L. Prole
Department of Pharmacology, Tennis Court Road, CB2 1PD, Cambridge, UK
e-mail: cwt1000@cam.ac.uk

T. Balla et al. (eds.), Phosphoinositides 1I: The Diverse Biological Functions, 1
Subcellular Biochemistry 59, DOI 10.1007/978-94-007-3015-1_1,
© Springer Science+Business Media B.V. 2012
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which provide the only route to inositol 1,4,5-trisphosphate (IP3) in animal cells
(Irvine and Schell 2001), are also ancient, although the subtypes known to be reg-
ulated by extracellular stimuli appear to be a later invention and are restricted to
multicellular animals (Michell 2008). This distribution is broadly similar to that of
IP3 3-kinases (Irvine and Schell 2001), a major route for inactivation of IP3, and of
IP; receptors (IP3R). Genes encoding related IP3R are probably found in all animals,
including all vertebrates, many invertebrates, including arthropods, nematodes, coe-
lenterates and even Paramecium, a unicellular ciliate; and in the unicellular green
algae, Chlamydomonas (Wheeler and Brownlee 2008), but not in fungi or land plants
(Krinke et al. 2007). The latter despite evidence that IP; can release Ca>* from the
intracellular stores of plants, within either the ER or vacuole (Krinke et al. 2007).
The identity of the protein(s) through which IP; evokes Ca>* signals in plants re-
mains unknown. One possibility is that land plants lost genes encoding IP;R (and
ryanodine receptors) and re-invented intracellular IP3-gated Ca>* channels after their
divergence from animals (Wheeler and Brownlee 2008). We can speculate that the
vacuole of plants, with its membrane potential and steep electrochemical gradient
for H*, may have demanded evolution of IP3R with greater selectivity for Ca?* than
is required for IP;R within the ER of animal cells (Sect. 1.5).

Our focus here is on IP; and the receptors (IP3R) through which it releases Ca**
in animal cells, but there are many additional interactions between phosphoinositides
and Ca’* signalling. Examples of the web of interactions that entangle phosphoinosi-
tides and Ca®* signalling include regulation of membrane trafficking and cytoskeletal
organization by phosphoinositides (Di Paolo and De Camilli 2006); stimulation of
ion channels and transporters, including Ca>*-permeable channels and Na*-Ca**
exchangers, by PtdIns(4,5)P; (Suh and Hille 2008); the possibility that PtdIns(4,5)P,
may be an antagonist of IP3R (Lupu et al. 1998); and PtdIns(3.4,5)P3;-mediated ac-
tivation of protein kinase B and thereby phosphorylation of IP;R (Khan et al. 2006;
Szado et al. 2008).

Use of phosphoinositides to control membrane trafficking by defining the iden-
tity of different membranes, and signalling via 3-phosphorylated phosphoinositides
(Di Paolo and De Camilli 2006) probably evolved before the appearance of IP3-
mediated Ca’* signalling (Michell 2008), but it was the latter that was first
experimentally elucidated. A relationship between phospholipid turnover and se-
cretion was first noted in 1953 (Hokin and Hokin 1953), but it was an influential
review that first proposed a causal link between PLC-mediated hydrolysis of phos-
phoinosides and Ca”* signalling (Michell 1975). The proposal initially envisaged
a direct link between PLC activity and Ca®* entry across the plasma membrane
(Michell 1975), but it was later extended to Ca?>* release from intracellular stores.
Indeed it is only very recently that the relationship between PLC, intracellular Ca’>*
stores and Ca®* entry has been resolved with the elucidation of the mechanisms link-
ing empty Ca’* stores to activation of store-operated Ca?* channels in the plasma
membrane (Park et al. 2009).

In the years following Michell’s provocative review, and amidst some skepticism
about the role of PLC in triggering Ca* signals, evidence progressively accumulated
to support his insightful hypothesis (Michell 2009). Key breakthroughs included the
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demonstration that PLC-mediated catalysis of PtdIns(4,5)P, (rather than PtdIns) was
the first step in the signalling sequence (Berridge 1983; Michell et al. 1981); evidence
from blowfly salivary gland that depletion of phosphoinositides reversibly abrogated
5-HT-evoked Ca" signals (Fain and Berridge 1979); a demonstration that the ER,
rather than mitochondria, was the likely source of the Ca>* released by PLC-linked
receptors (Burgess et al. 1983); and finally, in 1983, proof that IP; stimulated Ca>*
release from a non-mitochondrial store in permeabilized pancreatic acinar cells (Streb
et al. 1983). The latter paper—one of the most cited in biology—moved the field
into new territory with countless groups rapidly confirming the findings in numerous
cell types (Berridge 1987, 1993; Berridge and Irvine 1984). This was followed by
purification and functional reconstitution of IP3R (Ferris et al. 1989), cloning of
three vertebrate IP3R genes (Blondel et al. 1993; Furuichi et al. 1989; Mignery et al.
1989), and structural and functional analyses of IP3R behavior. We focus on the
latter in this review. Several of the key players have published personal perspectives
of the historical development of our current understanding of the roles of IP3;R in
Ca*t si gnalling (Berridge 2005; Irvine 2003; Michell 2009; Mikoshiba 2007; Putney
1997), and there are recent reviews on many aspects of [P3R (Choe and Ehrlich 2006;
Foskett et al. 2007; Patterson et al. 2004; Serysheva 2010; Taylor and Dellis 2006;
Taylor et al. 1999; Yule et al. 2010).

1.2 Ca?" Is a Versatile and Ubiquitous Intracellular Messenger

At least three features of Ca’™ are likely to have contributed to the evolutionary steps
leading to it becoming a ubiquitous intracellular messenger. First, it seems likely
that as soon as early prokaryotes adopted a phosphate-based energy economy, there
was a strong selective pressure to exclude Ca>* from the cytosol to avoid precipita-
tion of calcium phosphate (Kretsinger 1977). The result is that all eukaryotic cells
now maintain a low free cytosolic Ca>* concentration, typically about 100 nM. This
they achieve by actively extruding Ca>* from the cytosol across both the plasma
membrane and the membranes of intracellular organelles. Among the latter, the en-
doplasmic reticulum (ER) is the most important and, at least in most cells, the major
intracellular Ca?* reservoir from which extracellular stimuli can release Ca>*. The
important point is that in all eukaryotic cells, the plasma membrane and the mem-
branes of the ER separate the cytosol from much higher concentrations of Ca*.
Both gradients are used to evoke rapid, and usually transient, increases in cytosolic
Ca* concentration. Interactions between these sources of Ca>* are also important.
The second key feature of Ca’* is its ability, in the presence of much higher con-
centrations of other cations, notably Mg”*, to be recognized selectively and with
appropriate affinity by simple protein folds—EF-hands are the most common (Celio
et al. 1996). These Ca>*-binding proteins provide the means of decoding cytosolic
Ca?* signals. Third, Ca’>* binds also with relatively low-affinity to countless cellular
components—proteins, lipids, small organic anions, etc—causing it to diffuse in
cytosol up to 100-times more slowly than expected for a small freely diffusing cation
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(Allbritton et al. 1992). The result is that the increases in cytosolic Ca*t concen-
tration that result from opening of Ca?*-permeable channels are, at least initially,
restricted to volumes within tens of nm of the channel pore, where the free CaZt
concentration (at least tens of M) might be some 1000-times higher than that of the
bulk cytosol (Shuai et al. 2006). The significant point is that Ca>* signalling can be
local, such that Ca>* entering the cytosol via one channel may cause a local increase
that is spatially distinct from that evoked by another channel. Different Ca>* chan-
nels can thereby direct their Ca’>* to different intracellular targets (Berridge et al.
2003; Di Capite et al. 2009; Dick et al. 2008; Neher 1998; Willoughby and Cooper
2007).

That Ca?* can function as either a local messenger, signalling only to proteins
in close proximity to specific Ca’* channels, or as a global messenger invading
the cell adds enormously to its versatility as an intracellular messenger (Berridge
et al. 2000). For intracellular Ca>* channels, notably IP;R and ryanodine receptors
(RyR), the growth of Ca?" signals from local events to larger ones depends on their
ability to propagate Ca’>* signals regeneratively via Ca’*-induced Ca®* release.
This regenerative capacity arises from three key attributes of both major families
of intracellular Ca>* channels, namely their permeability to Ca?*, their stimulation
by increases in cytosolic Ca** concentration and their organization into groups of
channels spaced to allow effective Ca>*-mediated communication between them.
Other Ca?* channels, such as the NAADP-regulated two-pore channels (TPC) in
endosomes or lysosomes (Patel et al. 2010; Zhu et al. 2010), or voltage-gated Ca>*
channels in the plasma membrane (Berridge et al. 2003) can also provide the Ca’**
that recruits the activity of IP3;R or RyR. Here we concentrate on the interactions
between IP3R (Fig. 1.1).

Confocal microscopy, and more recently total internal reflection fluorescence
microscopy (TIRFM) (Parker and Smith 2010), have shown that in intact cells
IP;-evoked Ca?* signals are built from ‘elementary events’ with characteristics
(durations, amplitudes and spatial spreads) that are relatively unaffected by IP; con-
centration (Rose et al. 2006). The smallest events, ‘blips’, are the CaZt signals that
arise from opening of single IP;R; they typically last ~ 10 ms and spread about
~500nm from the source. Larger events, ‘Ca>* puffs’, which are often preceded
by a triggering Ca>* blip (Rose et al. 2006), reflect the near-synchronous opening
of several IP;R within a cluster, as Ca®* released by an active IP;R very rapidly
(<20 ms) ignites the activity of its neighbors (Smith and Parker 2009) (Fig. 1.1).
Although there is considerable variability, reflecting the stochastic recruitment of
IP3R, a typical puff might last ~ 100 ms and spread ~ 1 um (Marchant et al. 1999;
Thomas et al. 1998). The number of IPsR contributing to a puff is unresolved, but on
average it is probably no more than a handful; indeed with high-resolution TIRFM
the falling phase of a puff often suggests the stepwise closure of about 5-6 IP;R
(Smith and Parker 2009). The shapes of individual blips and puffs are relatively in-
sensitive to IP3 concentration, but IP3 increases the number of IP3R ready to respond
to Ca®* (Sect. 1.4), thereby allowing Ca>* signals to grow with increasing stimulus
intensity. Hence, as the IP3 concentration increases, Ca>* signals grow from blips to
puffs and then, as Ca®>* diffuses between puff sites, into regenerative Ca>* waves that
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Fig. 1.1 Elementary Ca’" release events mediated by IP; receptors. Ca®* blips reflect the opening
of single IP3R, either lone IP3R (/eft) or a single IP;R opening within a cluster (right). IP3 causes
IP3R to cluster (Sect. 1.7), and at higher IP3 concentrations more IP3R within a cluster are primed
to respond to Ca?*, allowing the near simultaneous opening of several IPs;R to give a Ca>* puff.
At still higher IP; concentrations, Ca®" diffusing from one puff site can ignite the activity of a
neighboring cluster of IP3R to give a regenerative Ca’t wave

can invade the entire cytosol (Bootman and Berridge 1995; Marchant et al. 1999).
These Ca’* waves viewed from the perspective of the entire cell appear as repetitive
Ca’* spikes, the frequency of which also increases with stimulus intensity (Berridge
1997; Woods et al. 1986).

Many studies, each with their strengths and limitations, suggest that most IP;R
are mobile within ER membranes (Chalmers et al. 2006; Cruttwell et al. 2005;
Ferreri-Jacobia et al. 2005; Iwai et al. 2005; Tateishi et al. 2005; Tojyo et al. 2008;
Wilson etal. 1998). Our fluorescence recovery after photobleaching (FRAP) analyses
of IPsR1 and IP3R3, for example, suggest that each IP3R moves freely within the
ER membrane (Pantazaka and Taylor 2011), and our patch-clamp analyses of the
same IP3R in the nuclear envelope likewise suggests they are mobile (Rahman et al.
2009) (Sect. 1.7). But optical measurements of IP3-evoked Ca**t blips (Smith et al.
2009) and Ca?* puffs (Smith and Parker 2009; Thomas et al. 2000; Tovey et al.
2001) suggest that the events repeatedly initiate at a limited number of fixed sites.
How might these apparently conflicting observations be reconciled? A second issue
relates to the scarcity of elementary events in cells. A typical mammalian cell, like
the SHSY5Y neuroblastoma cells most used for TIRFM analyses of elementary Ca>*
release events (Parker and Smith 2010; Smith and Parker 2009; Smith et al. 2009),
probably expresses about 10*~10° IP3R (Tovey et al. 2008). Yet there typically appear
to be only 4-5 puff sites in each cell (Smith and Parker 2009), a scarcity that appears
not to result from imaging only in the TIRF field (Parker and Smith 2010). Why
should less than 1% of a cell’s IP3R contribute to puffs? We return briefly to these
issues in Sect. 1.7.
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Fig. 1.2 Key structural features of IP5 receptors. a Stucture of IP5. b Low-resolution (~ 30 A) 3D
reconstruction of IP3R1 derived from single particle reconstruction (da Fonseca et al. 2003). ¢ Key
regions of a single IP3R subunit showing the structures of the IBC with IP; bound (Protein Data
Base, 1N4K) (Bosanac et al. 2002) and of the SD of IP;R1 (Protein Data Base, 1ZXX) (Bosanac
et al. 2005)

1.3 IP3 Receptors: An Overview

IP;R are unusually large proteins, each assembled from four homologous subunits
arranged around a central pore (Fig. 1.2b) (Taylor et al. 2004). Invertebrate IP;R
are homomeric, but for vertebrates, where there are three genes and multiple splice
variants, functional IP3;R may be either homo- or hetero-tetrameric (Taylor et al.
1999). Each subunit comprises about 2700 residues. Although there are differences
in the distribution and regulation of IP3R subtypes, the similarities are generally
more striking than the differences. We concentrate on the properties that are either
known, or seem very likely, to be shared by all IP;R.

The IP;-binding core (IBC), which is entirely responsible for IP; recognition,
lies towards the N-terminal of the sequence, preceded by the so-called ‘suppressor



1 Ca* Signalling by IP; Receptors 7

domain’ (SD). Both the IBC and SD are essential for the initial steps in IP3R activation
(Sect. 1.6). High-resolution structures of the IBC with IP; bound (Bosanac et al.
2002) and of the SD from IP3;R1 (Bosanac et al. 2005) and IP;R3 (Chan et al. 2010)
have been published (Fig. 1.2¢). Towards the C-terminal, there are six predicted
transmembrane domains (TMD) in each subunit (Fig. 1.2c). The last pair of TMD
(TMD5-6) together with the intervening luminal loop from each of the four subunits
assemble to form a central pore (Sect. 1.6). The TMD are also responsible for co-
translational targeting of IPsR to the ER (Joseph 1994; Pantazaka and Taylor 2010;
Parker et al. 2004), they play a major role in oligomerization of IPsR (Galvan et al.
1999), and they retain IP3R within the ER (Parker et al. 2004). It is, however,
noteworthy that although most IP;R in most cells reside in ER membranes, IP; also
stimulates Ca?* release from the Golgi apparatus (Pinton et al. 1998), from within
the nucleus (Echevarria et al. 2003; Gerasimenko et al. 1995; Marchenko et al. 2005)
and perhaps also from secretory vesicles (Gerasimenko et al. 1996). In some cells,
small numbers of IP;R are also selectively targeted to the plasma membrane, where
they contribute to the Ca’>* entry evoked by physiological stimuli (Dellis et al. 2006;
Taylor et al. 2009).

As described in Sect. 1.2, the versatility of Ca?* as an intracellular messenger
derives largely from regulating the growth of Ca®* signals from local to global events.
For IP3-evoked Ca?" signals, this depends on the distribution of IP3R, their Ca?*-
permeability and their co-regulation by IP; and Ca>*. We therefore concentrate on
these features in this short review. It is, however, important to note that there are many
other facets to IPs;R behavior. They are, for example, modulated by many additional
intracellular signals, like ATP (Betzenhauser et al. 2008), cAMP (Tovey et al. 2008,
2010) and redox state (Higo et al. 2005; Vais et al. 2010); they are substrates for a
variety of proteins kinase, which also modulate their activity (deSouza et al. 2007,
Fritsch et al. 2004; Szado et al. 2008; Wagner et al. 2008); and many proteins,
including calmodulin (Taylor and Laude 2002), Bcl-2 (Li et al. 2007; Rong et al.
2008), presenilins (Cheung et al. 2010), By subunits of G proteins (Zeng et al. 2003)
and various luminal proteins (Choe and Ehrlich 2006; Higo et al. 2005) associate with
and regulate IP;R. These modulatory factors, which endow IP;R with an ability to
integrate diverse intracellular signals, effect their influence by tuning the sensitivity
of IP3R to IP; or Ca®*, or the interactions between them. It is clear that IP;R have
considerable computational ability: detecting and processing diverse inputs before
deciding whether to return them to the cytosol as a Ca>* signal.

Opening of the pore, giving rise to a cytosolic Ca>* signal, is the most important
output from IP3;R, but they can also relay information directly to other proteins.
IRBIT (IP;R-binding protein released by IP3), for example, is a small phospho-
protein that associates with IP;R1 and appears then to dissociate after IP; binding
(Ando et al. 2006), freeing IRBIT to then regulate other cellular activities, like C1~
channels and Na*-HCO; exchangers in ion-transporting epithelia (Yang et al. 2009).
In aortic smooth muscle, IP3R1 interacts directly with Ca?*-sensitive KT channels
(BKc,) and, independent of a Ca>* flux through the IP3R, promotes their opening
and consequent hyperpolarization of the plasma membrane (Zhao et al. 2010). IP;R
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have also been implicated in regulating Ca>* entry via interactions with other Ca>*-
permeable channels in the plasma membrane (van Rossum et al. 2004) including
some members of the transient receptor potential (trp) channel family (Kiselyov
et al. 1999; Tang et al. 2001; Xi et al. 2008; Zhang et al. 2001). These suggestions
remain contentious (DeHaven et al. 2009; Taylor et al. 2009).

1.4 Activation of IP; Receptors by Ca*t and IP;

The conformational changes in the IP;R that lead to opening of its pore are initiated
by IP; binding to the IP3-binding core (IBC) (Fig. 1.2a, c¢). There have been reports
of IP3-independent activation of IP;R by CaBP1 (Yang et al. 2002), a member of the
neuronal Ca?*-sensor family, and by GBy subunits of G proteins (Zeng et al. 2003),
but the physiological relevance is unclear (Haynes et al. 2004; Nadif Kasri et al.
2004). The current consensus is that binding of IP; is essential to initiate activation
of all IP;R, but whether all four IP3-binding sites of the tetrameric IP3R must be
occupied is unresolved. Positively cooperative responses to IP3 in some (Dufour
et al. 1997; Marchant and Taylor 1997; Tu et al. 2005a; Marchenko et al. 2005), but
not all (Finch et al. 1991; Laude et al. 2005; Watras et al. 1991), studies and delays
before the first response to IP; that decrease with increasing IP3 concentration (Mak
and Foskett 1994; Marchant and Taylor 1997) indicate that channel opening probably
requires occupancy of several IP3-binding sites. However, even heteromeric IP3R in
which at least one subunit has been mutated to prevent IP; binding can open in
response to IP3, suggesting that occupancy of fewer than four IP3-binding sites may
be sufficient to cause some gating (Boehning and Joseph 2000).

IP;R subtypes differ in their affinities for IP3; the consensus is that IP3R2 is
more sensitive than IP3R 1, and both are more sensitive than IP;R3 (Iwai et al. 2007,
Tu et al. 2005b). Within intact cells, however, differences in expression (Dellis et al.
2006; Tovey et al. 2010), distribution (Petersen et al. 1999), post-transcriptional
and post-translational modifications, and association of IP;R with accessory proteins
(Patterson et al. 2004) are likely to be more important determinants of IP5 sensitivity.

IP; is the only known endogenous small ligand of the IBC, but there are many
synthetic agonists, all with structures equivalent to the equatorial 6-hydroxyl and the
4- and 5-phosphate groups of IP3 (Rossi et al. 2010) (Fig. 1.2a). Because neither
of the immediate products of IP; metabolism, IP, and IP,, binds to the IBC, both
metabolic pathways are effective means of inactivating IP;. The structure of the
IBC with IP; bound (Bosanac et al. 2002) shows IP3; held in a clam-like structure
with the phosphate groups of IP3 coordinated by basic residues (Fig. 1.2b). The two
sides of the clam, the o~ and B-domains, form a network of interactions with the
essential groups of IP3. The 4-phosphate is hydrogen-bonded with residues in the -
domain, the 5-phosphate forms hydrogen bonds with residues that lie predominantly
in the oi-domain, and the 6-hydroxyl interacts with the backbone of a residue in the
a-domain. It is easy to imagine how these interactions might allow IP; to pull the
o- and 3-domains together, causing the clam to close in a manner similar to glutamate
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binding to ionotropic glutamate receptors (Mayer 2006). In the absence of a structure
of the IBC without IP; bound, two lines of evidence lend circumstantial support to
this proposal. First, the IBC adopts a more constrained structure when it binds IP3
(Chan et al. 2007). Second, adenophostins, which are high-affinity agonists of IP3;R
(Rossi et al. 2010), retain some activity after loss of the 3"-phosphate (analogous
to the 5-phosphate of IP3), probably because their adenine moiety interacts strongly
with a residue in the o-domain and thereby partially mimics the clam-closure that
would otherwise require binding of the 5-phosphate to the o--domain (Sureshan et al.
2009). We envisage, therefore, that when IP; binds to the IBC, the essential vicinal
phosphate groups through their contacts with the o~ and B-domains cross-bridge
the two sides of the clam-like structure causing it to close and thereby initiate the
processes that will culminate in opening of the pore (Sect. 1.6).

There are no specific antagonists of IP3R, although with caution some antagonists
can be useful (Michelangeli et al. 1995). Heparin is a competitive antagonist of IP3
(Worley et al. 1987), but it is not membrane-permeant and it has many additional
effects (Dasso and Taylor 1991; Ehrlich et al. 1994). 2-aminoethyl diphenylboronate
(2-APB) is membrane-permeant and inhibits IP3-evoked Ca’* release without af-
fecting IP; binding (Maruyama et al. 1997); its mechanism of action is unresolved.
But 2-APB also inhibits Ca>* uptake and many other Ca?>* channels and it is also a
modulator of STIM (stromal interaction molecule) and so store-operated Ca’* entry
(Goto et al. 2010). Xestospongins are high-affinity membrane-permeant inhibitors
of IP3-evoked Ca?" release that do not affect IP; binding (Gafni et al. 1997), but
they too have side-effects (Solovyova et al. 2002). High concentrations of caffeine
inhibit IP3-evoked Ca’* release (Parker and Ivorra 1991) without affecting IP; bind-
ing (Worley et al. 1987), but caffeine also stimulates RyR, inhibits cyclic nucleotide
phosphodiesterases and interferes with many Ca’* indicators. Membrane-permeant
peptide antagonists of IP;R may yet provide another source of selective antagonists
(Sun and Taylor 2008).

Despite some initially conflicting evidence, it is now accepted that gating of all
IP;R is biphasically regulated by cytosolic Ca**. Modest increases in Ca®* con-
centration rapidly potentiate responses to IP3, while higher concentrations cause a
slower inhibition (Finch et al. 1991; Iino 1987, 1990; Marshall and Taylor 1993;
Parys et al. 1992; Foskett et al. 2007). Both elements of this Ca>* regulation are
widely invoked to explain both the recruitment of elementary Ca?* release events by
Ca*-induced Ca* release (Sect. 1.2 and 1.7) and to curtail the potentially explosive
release of Ca®* resulting from such positive feedback (Smith and Parker 2009).

IP; and Ca?t are essential co-agonists of all IP3R (Adkins and Taylor 1999; Finch
etal. 1991; Foskett et al. 2007; Marchant and Taylor 1997; Taylor and Laude 2002),
but the interplay between them that leads to channel opening remains incompletely
understood. Foskett and colleagues argue from analyses of patch-clamp recordings
of nuclear IP5R that IP5 decreases the sensitivity of the IPsR to inhibition by cytosolic
Ca’* and that this alone is how IP; stimulates channel opening (Ionescu et al. 2006;
Mak et al. 1998; Mak et al. 2001). This appealingly simple explanation, where IP;
serves only to relieve tonic inhibition by resting Ca>* concentrations, is difficult to
reconcile with the observation that treatments that abolish Ca?* inhibition do not
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Fig. 1.3 Ca’* regulation of IP; receptors. A simplified scheme for the interplay between IP; and
Ca”* binding is shown. IP; binding is proposed to cause both exposure of a stimulatory Ca®*-
binding site (S) (or massively to increase its affinity), while simultaneously causing an inhibitory
Ca”*-binding site (/) to be occluded (or massively to reduce its affinity). Opening of the IP;R
requires Ca* to bind to the stimulatory site

prevent IP3 from activating IPsR (Mak et al. 2003). Nor is the scheme compatible
with evidence that nuclear IP;R from cerebellar Purkinje cells show exactly the
same biphasic Ca’* concentration-dependence whether activated by low or saturating
concentrations of IP3 (Marchenko et al. 2005). The simple model was later elaborated
to include at least three different Ca®t sensors (Mak et al. 2003), but at the core of
this revised scheme is a single Ca?*-binding site that switches from being inhibitory
in the absence of IP; to stimulatory in its presence (Mak et al. 2003). The core of this
scheme is consistent with our initial model, derived from rapid superfusion analysis,
which suggests that IP; both relieves Ca®>* inhibition and promotes binding of Ca>*
to a stimulatory site (Adkins and Taylor 1999; Marchant and Taylor 1997). The latter
is essential for the channel to open. We, however, argue that the stimulatory and
inhibitory Ca’*-binding sites are distinct (Marshall and Taylor 1994). We suggest,
therefore, that the essential role of IP; is to promote Ca’* binding to a stimulatory
Ca*-binding site. IP3, by priming this site, allows Ca’>* to provide instantaneous
control over whether the channel opens (Fig. 1.3).

Patch-clamp recordings from excised nuclear patches of insect cells in which the
cytosolic surface is accessible to rapid changes in cytosolic IP3 and Ca®* concen-
tration, have allowed further high-resolution analyses of the interplay between IP;
and Ca?t (Mak et al. 2007). The results reveal that activation of IPsR is, as previ-
ously suggested (Adkins and Taylor 1999; Marchant and Taylor 1997), much slower
than for other ligand-gated ion channels. The reasons for such slow conformational
changes in the IP3R as it passes though different closed states before opening, are
unknown. The results also indicate that the interactions of Ca?>" with the IP;R are
faster than those with IP3, consistent with rapid recruitment of IP3-bound IP3R by
Ca?* within elementary Ca’* release events (Sect. 1.2). The authors claim, from their
analyses of the latencies between rapid changes in IP; and/or Ca>* concentration and
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channel opening, that sequential binding of IP; and then Ca>* (Marchant and Taylor
1997) is an unlikely explanation for IP;R activation (Mak et al. 2007). However, the
results from these challenging analyses include unexpected findings that are difficult
to reconcile with any simple interactions between IP3 and Ca** (Mak et al. 2007).
We conclude that while IP; and Ca®t are clearly both required for activation of IP3R,
no single scheme wherein IP; gates IP;R solely by regulating Ca>* binding to either
an inhibitory or stimulatory site is entirely consistent with all published data.

The structural basis for Ca?>* regulation of IP3R is unresolved. It may be direct,
via Ca?* binding to a site intrinsic to the IP3R, or via an accessory Ca’*-binding
protein (Taylor et al. 2004). Stimulation of IP3R by cytosolic Ca** is universally
observed even with purified IPsR reconstituted into lipid bilayers (Ferris et al.
1989; Hirota et al. 1995; Michikawa et al. 1999), suggesting that this essential
Ca*-binding site probably resides within the primary sequence of the IP;R. At least
seven cytosolic Ca?*-binding sites have been identified within IP3R1 (Sienaert et al.
1996, 1997), but their physiological relevance is unresolved. Two sites (residues
304-381 and 378-450) are within the IBC, in which there are two surface-exposed
clusters of acidic residues that overlap with residues in the second of these Ca>*-
binding regions. However, mutation of several of these acidic residues had no effect
on Ca* regulation of IP3R (Joseph et al. 2005). The remaining Ca>*-binding sites
fall within the central region of the IP3R (Sienaert et al. 1996, 1997), but there is no
evidence to link any of them directly to Ca>* regulation of IP;R. The only tangible
link between specific residues and Ca?* regulation comes from mutagenesis of a
glutamate residue that is conserved in all IP;R and RyR. Mutation of this residue
(E2100 in IP3R 1) to another acidic residue (D) caused a ~ 5—-10-fold decrease in the
Ca?*-sensitivity of the IP3R to both stimulation and inhibition, abolished oscillatory
Ca’* transients in response to agonist stimulation, and reduced the Ca’**-binding
affinity of a large fragment of the IP;R that includes the residue (Miyakawa et al.
2001; Tu et al. 2003). A puzzling aspect of these results is the observation that muta-
tion of a single residue similarly attenuated both stimulation and inhibition by Ca®*,
when other evidence suggests that the two effects are mediated by distinct sites (Ha-
jnéczky and Thomas 1997; Marshall and Taylor 1994). This, together with the lack
of direct evidence that Ca>* is coordinated by the conserved glutamate, leaves open
the possibility that rather than itself contributing to an essential Ca>*-binding site,
this residue may allosterically couple to the site.

It remains unclear whether inhibition of IP3R by Ca** is mediated by Ca>* binding
directly to IP3R or to an associated protein (Taylor and Laude 2002). The effects of
Ca’* on IP; binding differ between subtypes (Taylor and Laude 2002), purified IP;R 1
is not inhibited by Ca>* (Benevolensky et al. 1994; Danoff et al. 1988; Lin et al. 2000;
Richardson and Taylor 1993) and in some bilayer recordings of reconstituted IP;R
there is no Ca2*-inhibition (Hagar et al. 1998; Michikawa et al. 1999; Ramos-Franco
et al. 2000). These observations lend support to the idea that Ca>* inhibition may
be mediated by an accessory protein. However, deletion of the suppressor domain
(SD, residues 1-223) of IP3R1, which appears not to include a Ca>*-binding site,
abolishes inhibition of IP; binding by Ca>* (Sienaert et al. 2002). This suggests that
regulation by an accessory protein might require the SD. This is significant because
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the conformational changes initiated by IP3 binding to the IBC are proposed to both
pass entirely via the SD (Rossi et al. 2009) (Sect. 1.6) and to regulate the behavior of
an inhibitory Ca®*-binding site (Adkins and Taylor 1999; Mak et al. 1998) (Fig. 1.3).

Calmodulin (CaM) was considered a candidate for the accessory protein through
which Ca?* inhibition is exercised, but that now seems improbable (Nadif Kasri
et al. 2002; Taylor and Laude 2002). All IP;R subtypes are inhibited by Ca**-CaM
(Adkins et al. 2000; Hirota et al. 1999; Michikawa et al. 1999; Missiaen et al. 1999,
2000) and CaM has been shown to restore Ca>* inhibition to purified IP;R (Hirota
et al. 1999; Michikawa et al. 1999; Nosyreva et al. 2002). But it has proven difficult
to relate these functional effects of CaM to either its effects on IP; binding or to
identified CaM-binding sites within IP;R. CaM inhibits IP; binding to IP3R1 in a
Ca’*-independent manner (Cardy and Taylor 1998; Patel et al. 1997), through a site
that probably lies within the SD (Adkins et al. 2000; Sienaert et al. 2002), but the
properties of this site are inconsistent with the ability of CaM to inhibit IPsR function
only in the presence of Ca®>*. There is a high-affinity Ca?>*-CaM-binding site within
the central region of [P3R1 and IP3R2, but it is not present in [P3R3 (Lin et al. 2000;
Yamada et al. 1995). However, mutations that prevent Ca>*-CaM binding to this site
have no effect on Ca’>*-dependent inhibition of IP3R (Nosyreva et al. 2002; Zhang
and Joseph 2001). This evidence and the absence of the site in IP3R3 suggest that the
central Ca?>*-CaM-binding site cannot be responsible for Ca>* inhibition of IP3R.
An additional high-affinity Ca>*-CaM-binding site is created in IP;R1 after removal
of the S2 splice region. This may increase the Ca>*-CaM sensitivity of peripheral
S2~ IP;R1, but it is not a universal candidate for mediating Ca?* inhibition of IPsR
(Islam et al. 1996; Lin et al. 2000).

Recently it was suggested that bound CaM is essential for IP3R function because
a peptide antagonist of CaM inhibited IP3-evoked Ca* release (Nadif Kasri et al.
2006). It is now clear that this peptide acts directly on IP;R with no requirement for
CaM (Sun and Taylor 2008). While this eliminates an essential role for tethered CaM
in activating IP3R, it raises the intriguing possibility that an endogenous CaM-like
structure might be essential for IP;R activation (Sun and Taylor 2008). In summary,
all IP3R subtypes are inhibited by Ca?*-CaM, but the molecular basis of this inhi-
bition has not been established. The site through which Ca®* inhibits IP;R remains
unresolved, but it is unlikely to be CaM.

Whether Ca?* also regulates IP3R from the luminal surface is another unresolved
issue. Ca’* release by RyR terminates before Ca®* stores are entirely depleted
because luminal Ca®* is required to maintain RyR activity (Gyorke and Gyorke
1998; Jiang et al. 2008; Launikonis et al. 2006), possibly via its interaction with
calsequestrin, a luminal high-capacity Ca®*-binding protein (Launikonis et al. 2006;
Terentyev et al. 2006). A similar scheme has been proposed to account for the
initiation of Ca?* release after the quiescent interval between repetitive Ca>* spikes
(Berridge 2007) and for ‘quantal Ca?* release’ via IPsR (Muallem et al. 1989). The
latter describes the situation wherein after stimulation with sub-maximally effective
concentrations of IP3, unidirectional Ca?* efflux from intracellular stores terminates
before they have fully emptied (Bootman et al. 1992; Brown et al. 1992; Combettes
et al. 1992; Ferris et al. 1992; Hirota et al. 1995; Meyer and Stryer 1990; Muallem
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et al. 1989; Oldershaw et al. 1991; Taylor and Potter 1990). The proposal is that
luminal Ca®* sets the gain on the regulation by cytosolic IP3 and Ca?™, so that as the
luminal free Ca?* concentration falls it causes the sensitivity of the IP3R to IP; to
fall until, as Ca>* leaks from the ER, the IP3R closes despite the continued presence
of cytosolic IP5 and residual Ca?t within the ER (Irvine 1990). Conversely, as stores
refill between Ca>* spikes in an intact cell, the model predicts that the sensitivity
of the IP3R increases until it exceeds the threshold at which prevailing cytosolic IP3
and Ca®* concentrations become sufficient to trigger opening. Despite the appeal
of the model, evidence that luminal Ca®* directly regulates IP3R is not yet wholly
convincing.

Stores have been shown to become more sensitive to IP as they load with Ca>* in
some studies (Combettes et al. 1996; Horne and Meyer 1995; Missiaen et al. 1992,
1994; Nunn and Taylor 1992; Oldershaw and Taylor 1993; Parys et al. 1993; Tan-
imura and Turner 1996; Yamasaki-Mann et al. 2010), but not in others (Combettes
et al. 1992, 1993; Shuttleworth 1992; van de Put et al. 1994). But even the support-
ive results do not generally eliminate the possibility that the increased sensitivity to
IP; comes from having Ca®* pass through active IP;R and increase their sensitiv-
ity from the cytosolic surface (Laver 2009; Marchenko et al. 2005). An exception
that provides direct evidence for regulation of IP3R by luminal Ca** per se is pro-
vided by work where buffering of luminal Ca>* attenuated IP3-evoked Ca®" release
under conditions where feed-forward regulation via a cytosolic Ca’>*-binding site
was unlikely (Caroppo et al. 2003). In bilayer recordings of IP;R1, where essential
accessory proteins may be lost, luminal Ca>* either failed to potentiate responses
to IP; (Bezprozvanny and Ehrlich 1994) or inhibited them (Thrower et al. 2000).
Despite the caveats, regulation of IP3R by luminal Ca?* deserves serious considera-
tion. A high-affinity Ca>*-binding site within the luminal loop linking TMDS5 and 6
(Sienaert et al. 1996) contains conserved acidic residues that could mediate luminal
Ca’* regulation, although the sub-uM affinity of this site for Ca>* would be poorly
suited to detecting likely changes in luminal Ca** concentration. Luminal accessory
proteins, akin to those that regulate RyR, are another possibility, with ERp44 being
one candidate. ERp44 belongs to the thioredoxin protein family and regulates IP;R1
in a pH- and luminal Ca?>*-dependent manner (Higo et al. 2005). Binding of ERp44
to the TMD5-6 loop of IP;R1 inhibits channel activity, and the interaction is dis-
rupted by high concentrations of Ca>*, consistent with the suggestion that luminal
Ca®* might enhance IP3R activity.

To summarize, IP; works by tuning the Ca** sensitivity of the IP3R, although the
details are not resolved. We propose that IP5 stimulates Ca>* binding to a stimulatory
site and inhibits Ca>* binding to an inhibitory site (Fig. 1.3). Binding to the former is
the trigger for opening of the pore. Others suggest that IP; works solely by preventing
Ca* from binding to an inhibitory site. The identity of neither Ca>*-binding site is
known: the stimulatory site probably resides within the IPsR, but the inhibitory site
may require an accessory protein, though this is unlikely to be CaM. Luminal Ca**
may further tune the sensitivity of the IP3R to regulation by its cytosolic ligands, but
this remains unproven.
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1.5 Structure and Function of the IP3 Receptor Pore

Although commonly referred to as ‘intracellular Ca>* channels’, IP3R are only mod-
estly selective for bivalent over monovalent cations (Pc,/Px or Pg./Px ~ 6-8) (Dellis
etal. 2006; Foskett et al. 2007; Mak and Foskett 1994; Marchenko et al. 2005). Within
the ER, where Ca®* is probably the only permeant ion with an appreciable electro-
chemical gradient, there is no need for IP3R to discriminate between cations. Ion
selectivity is delegated to the SR/ER Ca’*-ATPase (SERCA), the Ca’* pump that
creates the Ca’* concentration gradient across the ER membrane. Indeed within the
ER, the ability to conduct K* may allow IP3R to mediate both Ca’>* release into the
cytosol and the retrograde movement of K* required to maintain electroneutrality
and so sustain high rates of Ca>* release (Gillespie and Fill 2008). The weak cation
selectivity of IPsR might therefore be viewed as an adaptation to allow rapid rates
of Ca®* release. Within the plasma membrane, where IP3R are expressed in some
cells (Dellis et al. 2006; Kuno and Gardner 1987; Tanimura et al. 2000), the situation
is different and opening of such a relatively non-selective cation channel would be
expected to cause both Ca®>* entry and depolarization.

Although parallel studies of each of the IP3R subtypes suggest that each has similar
ion selectivity and conductance (Tu et al. 2005b), there is considerable, and largely
unexplained, variation in published values for the single-channel conductance of
IP;R. One point, however, is clear: all IP;R have large conductance for monovalent
cations (up to ~ 500 pS) (Boehning et al. 2001a, b; Dellis et al. 2006; Ionescu et al.
2006; Mak and Foskett 1998; Marchenko et al. 2005; Perez et al. 1997; Ramos-
Franco et al. 2000) and smaller, though still large, conductance for bivalent cations
(up to ~ 80 pS) (Watras et al. 1991). We need, therefore, to understand how IP;R
allow cations to pass selectively and rapidly through the pore.

IP;R lacking TMDI1-4 assemble to form constitutively active channels that
are insensitive to IP3, but with appropriate permeation and conduction properties
(Ramos-Franco et al. 1999). This demonstrates that the single ion-conducting pore,
almost certainly lying at the centre of the tetrameric IP3R, is formed by the TMDS-
6 region (Fig. 1.4a). This is consistent with mutations within this region affecting
conductance and/or ion selectivity (Boehning et al. 2001b; Dellis et al. 2006, 2008;
Schug et al. 2008). Because available 3D reconstructions of the IP;R are not yet suf-
ficient to resolve details of the pore (Taylor et al. 2004), our present understanding of
its structure is inferred from comparisons with K+ channels and RyR. Each of these
tetrameric channels is thought to share a pore structure formed by two TMD from
each subunit cradling a selectivity filter, but the K+ channels for which there are
high-resolution structures (eg, KcsA, KirBacl.1 and MthK) have minimal sequence
similarity with IPsR or RyR. Indeed even RyR, the closest relatives of IP;R, while
sharing some sequence similarity with IP3R within this region, differ from them in
both the length and primary sequence of the TMDS5-6 region (Fig. 1.4a). High reso-
lution maps (~ 10 A) of RyR1 come close to revealing the likely secondary structure
of the pore (Ludtke et al. 2005; Samso et al. 2005, 2009). This region appears to have
six o-helices contributed by each of the four subunits (Samso et al. 2009), and along
the central axis there is a luminal constriction (probably the selectivity filter) and
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Fig. 1.4 Structure of the pore of the IP; receptor. a Alignment of the selectivity filter and TMD6
of rat IP3R1 (ACT21453.1) and RyR1 (XP_001078539). b Schematic of the IP3R pore showing
TMD6 from two of the four subunits. Gates located within the inner pore (left) or selectivity filter
(right) my prevent ion flow until the channel opens (centre)

a tepee-like assembly of four inner helices (probably TMDG6) with the apex point-
ing into the cytoplasmic structure. In all likelihood the IP3R forms a similar overall
structure.

The only clear sequence similarity between K* channels, RyR and IP3R is that
known to form the selectivity filter in K* channels (®**GGGXGD?>?° in IP;R1,
Fig. 1.4a). Mutations within this sequence are also consistent with its role as a selec-
tivity filter in IP3R. Mutation of D2550 abolishes Ca?* conductance without affecting
K conductance (Boehning et al. 2001b; Dellis et al. 2006; van Rossum et al. 2004),
although in the mutant, low concentrations of Ca®* block the K+ conductance (Dellis
etal. 2008). Whether this acidic residue binds directly to Ca>*, as occurs for voltage-
gated Ca’>* channels (Yang et al. 1993), or whether it facilitates coordination of Ca?*
by neighboring carbonyl groups, as occurs for cyclic nucleotide-gated (CNG) chan-
nels and their bacterial relatives, NaK channels, is unknown (Alam et al. 2007).
Mutation of other residues within the putative selectivity filter (G2545A, G2546A,
G2547A, G2549C or G2549W of IP3R1) abolished IP3-evoked Ca®* release (Schug
etal. 2008), and the G2547A mutant substantially reduced the K+ conductance (Del-
lis et al. 2006). This suggests that these residues also contribute to either ion-binding
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sites or to maintaining the structure of the selectivity filter. Equivalent mutations in
Drosophila IP;R (Srikanth et al. 2004) and RyR 1 (Gao et al. 2000) are also consistent
with these results. Mutation of the remaining residue within the putative selectivity
filter (V2548I) increased the K™ conductance of the IP;R (Boehning et al. 2001b;
Dellis et al. 2006), again consistent with the reverse mutation in RyR1 (Gao et al.
2000). Collectively these results suggest that the selectivity filter of the IP;R con-
trols both cation conductance and Ca?* selectivity (Boehning et al. 2001b). Different
residues are likely to contribute to the ability of IP;R to discriminate between cations
and anions because at least some mutations within the selectivity filter (D2550E and
V25481) do not affect this ability (Boehning et al. 2001b). For K channels, the pore
helix dipoles largely determine cation-anion selectivity (Doyle et al. 1998; Roux
et al. 2000; Roux and MacKinnon 1999), while charged residues in the selectivity
filter are important for CNG channels (Qu et al. 2006). It remains to be established
which of these mechanisms is most important for cation-anion selectivity in IP3R.
As they select between ions, IP3R must also allow rapid transit of cations through
the pore. To achieve such a large single-channel cation conductance, a short, wide
pore with a large capture radius is required (Williams et al. 2001). For RyR, the
estimated diameter at the selectivity filter is ~7 A (Tinker and Williams 1993),
much larger than for KesA ~ 3.3 A (Doyle et al. 1998; Zhou et al. 2001). The relative
ionic conductance sequence of IPsR, which corresponds to ion mobility in solution
(Bezprozvanny and Ehrlich 1994; Stehno-Bittel et al. 1995; Striggow and Ehrlich
1996), and their Mg?* permeability are each consistent with ions passing through
the pore without fully dehydrating and therefore with a pore of large diameter. From
analysis of the voltage-dependence of channel blockers, RyR has been proposed
to form a short pore (~ 10.4 1&), similar in length to the selectivity filter of KcsA
(~12 A) (Doyle et al. 1998), and with the narrowest part near the luminal surface
being extremely short (~ 1 A long) (Tinker and Williams 1995; Williams et al. 2001).
Large vestibules lined with negative charges on either side of the selectivity filter
probably provide a large capture radius for both RyR and IP;R. This is similar to
large-conductance CaZ*t-activated KT channels, which have wide inner vestibules
(~16-20 A) enriched with acidic residues (Brelidze et al. 2003). Ca®* channels,
inward-rectifier K channels and MthK also have wide inner pores (Lu et al. 1999;
Zhen et al. 2005) (~20 A in the latter) (Jiang et al. 2002b). Structures of RyR
reconstructed from electron microscopy images also reveal a wide inner pore (Ludtke
et al. 2005; Samso et al. 2009), consistent with the suggestion that IP3R also have
such a structure. In summary, the pore of the IP3;R has only a modest selectivity for
Ca’* but a large conductance. These properties are determined by a selectivity filter
within the TMD35-6 loop and a short, wide pore with a large capture radius (Fig. 1.4).

1.6 How Does IP; Binding Cause the Pore to Open?

Several relatively low resolution (~ 30 A) 3D structures of the entire IP3R 1 have been
published, each derived from single particle analysis of images from electron mi-
croscopy (da Fonseca et al. 2003; Hamada and Mikoshiba 2002; Hamada et al. 2003;
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Jiang et al. 2002a; Sato et al. 2004; Serysheva et al. 2003; Wolfram et al. 2010). These
structures confirm the tetrameric state of IP;R (Fig. 1.2b), but they do little to reveal
the structural basis of IP3R activation (Taylor et al. 2004). The situation is better
for RyR, where higher resolution structures (~ 10 A) suggest that large movements
of cytoplasmic domains occur around hinges linking them to relatively immobile
domains (Jones et al. 2008; Orlova et al. 1996; Samso et al. 2009; Serysheva et al.
2005; Wang et al. 2007). Our limited, and often speculative, understanding of the
structural basis of IP3R activation derives largely from comparisons with other chan-
nels (supported by analysis of mutants) and from analyses of key fragments of IP3R.
The key question is to understand how IP3 binding to the IBC leads to binding of
Ca”* to the IP5R and thereby opening of the pore.

The suppressor domain (SD, residues 1-223 of IPsR1, Fig. 1.2c), which is con-
nected to the IBC by a flexible linkage (Chan et al. 2007), plays an essential role in
IP;R activation. The clearest evidence is that IP5 binds to IP3;R without an SD, but
it fails to open the pore (Szlufcik et al. 2006; Uchida et al. 2003). The SD derives
its name from the observation that although it makes no direct contact with IP; its
presence decreases the affinity of IP;R for IP; (Uchida et al. 2003). We interpret this
to reflect the use of energy from binding of IP; to the IBC to cause conformational
changes in the SD (Rossi et al. 2009). Our argument is that energy provided by ago-
nist binding drives both the conformational changes that lead to receptor activation
and tighter binding of the agonist to its receptor (Burgen 1981). This interpretation
gains support from our analysis of the interactions of synthetic partial agonists with
native and mutated IP;R. Partial agonists, because they less effectively activate the
receptor, divert more binding energy into stabilizing their binding; while full agonists
evoke more substantial conformational changes and less binding energy therefore re-
mains to stabilize binding. Our results show that although full and partial agonists
bind with similar affinities to the IBC, the SD causes the affinity of full agonists
to decrease more than for partial agonists (Rossi et al. 2009). We have provided
evidence that addition of charged or bulky groups to the 2-position of IP; cause a
reduction in efficacy because the substituent interrupts essential communication be-
tween the IBC and SD. IP; binding is now less effectively communicated to the pore
and the channel opens less frequently. The structural relationship between the IBC
and the SD is unknown because the only available high-resolution structures are of
the two isolated regions (Bosanac et al. 2002, 2005; Chan et al. 2010) (Fig. 1.2c).
By modeling possible relationships between the SD and IBC, we have suggested
that mutated residues within the SD that cause the IP;R to gate less effectively when
activated by IP3 (Rossi et al. 2009; Yamasaki-Mann et al. 2010) may occupy a similar
position within the N-terminal structure as the 2-substituents of the partial agonists.
Our conclusion is that bulky attachments, whether provided by the ligand or the SD,
block effective communication between the IBC and the pore and thereby reduce the
effectiveness with which agonists gate the channel (Rossi et al. 2009). Quantitative
analyses of these results lead to the conclusion that the most energetically costly con-
formational change in the IP;R evoked by IP3 occurs within its N-terminal (residues
1-604) and that these conformational changes pass entirely via the SD to the pore
region (Rossi et al. 2009). We suggest, therefore, that the SD is the essential link
between IP3 binding to the IBC and the subsequent conformational changes that lead
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Fig. 1.5 Signalling from IP; sD
via the IBC and SD to the
pore. The structure of SD
from IP3R1 (Protein Data
Base, 1ZXX) (Bosanac et al.
2005) is shown highlighting
key loops proposed to mediate
communication between the
IBC and pore region. The
lower representation of the
structure highlights (black)
the regions through which the
IBC activated by IPs is
proposed to communicate
with the SD, and the regions
of the SD thought to interact
with the TMD4-5 loop close
to the pore

to opening of the pore. At present, we can only speculate on the physical relationship
between the IBC and SD, but our results (Rossi et al. 2009) and those from others
(Chan et al. 2010; Yamazaki et al. 2010) are consistent with three exposed loops of
the SD (B2-B3, B5-B6 and B7-B8, Fig. 1.5) being likely sites of interaction with the
IBC.

Despite their low sequence identities (~ 30%), crystal structures of the SD from
IP;R1 (Bosanac et al. 2005) and of the analogous N-terminal regions from RyR1
and RyR2 (Amador et al. 2009; Lobo and Van Petegem 2009) are extremely similar.
Several mutations associated with malignant hyperthermia and central core disease
(RyR1) or catecholaminergic polymorphic ventricular tachycardia (RyR2), all of
which impair the normal regulation of gating, are clustered in an exposed loop
(B8-B9) of the N-terminal of RyR (Amador et al. 2009). Furthermore, and consistent
with the N-terminal of the RyR mediating essential inter-domain interactions, a
peptide derived from this region causes RyR2 to open spontaneously, apparently
by uncoupling an interaction between the endogenous loop and a central region
of the RyR (Oda et al. 2005; Tateishi et al. 2009). In light of the conservation
of structure between IP;R and RyR, it is tempting to speculate that the same loop
in the SD of the IP;R (B8-f9, Fig. 1.5) may mediate transfer of conformational
changes onwards towards the pore. Co-immunoprecipitation studies have suggested
an interaction between the N-terminal of IP;R1 (most likely the SD) and the pore
region of an adjacent subunit (Boehning and Joseph 2000), perhaps mediated by
the cytosolic loop linking TMD4 to TMDS (Schug and Joseph 2006). An attractive
possibility, therefore is that the SD (perhaps its $8-B9 loop) interacts directly with
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the short cytosolic helix linking TMD4 and TMDS and thereby gates the pore (Rossi
et al. 2009; Schug and Joseph 2006). Recent evidence lends direct support to this
hypothesis because Y167 of IP;R 1 within the B8-B9 loop of its SD is both required for
IP3R activation and appears also to stabilize association of the SD with the TMD4-
5loop (Yamazaki et al. 2010; Chan et al. 2010). E20 within the B1-B2 loop and S217
within the B12 strand appear also to contribute to stabilizing the interaction between
the SD and pore region (Chan et al. 2010). Such interactions would require that the
SD comes very close to the pore in the native IP3R, but the location of the SD within
the 3D structure of the IP3R is unknown.

The conformational changes within the channel region that cause the pore to
switch from a closed to an open state are unknown. Other ion channels have been
proposed to have gates located within the selectivity filter and/or the inner pore helix
(TMD6 in IP3R) (Cordero-Morales et al. 2006; Blunck et al. 2006; Obejero-Paz
et al. 2004; Yellen 2002). Contrasting structures of RyR show either a narrow inner
pore which is dilated in the open state, consistent with this region acting as a gate
(Samso et al. 2009), or a wide inner pore in a putative closed state, consistent with
other regions, such as the selectivity filter, acting as the gate (Ludtke et al. 2005)
(Fig. 1.4b). Mutation of a conserved hydrophobic residue in TMD6 of IP;R1 that
may be near the narrowest part of the inner pore (F2592) abolished IP3-evoked Ca**
release (Schug et al. 2008). This residue may contribute to a hydrophobic girdle that
moves during gating to allow cations to pass (Fig. 1.4b). The alternative—gating at
the selectivity filter—is also consistent with the effects of mutations in this region.
For example, mutation of G2546A in IP;R1 (and the equivalent residue in RyR1)
(Gao et al. 2000), reduced channel open probability (Schug et al. 2008) and mutation
of residues in RyR1 equivalent to those within the selectivity filter of IP3R1 (G2546,
V2548 and D2550) affected gating (Gao et al. 2000). The location of the gate in IP3;R
is not therefore resolved, with the limited available evidence raising the possibility
that separate gating processes occur at both the selectivity filter and TMD6 (Fig. 1.4b).
For other ion channels, a gating hinge, often formed by a glycine or proline residue
within the pore-lining helices has been proposed to allow their movement during
gating (del Camino et al. 2000; Doyle 2004; Jiang et al. 2002c; Yellen 2002; Zhao
et al. 2004). In both IP;R and RyR, TMD6 has a conserved glycine at its cytosolic
end (G2586 of IP;R1). Mutation of this residue in RyR1 (G4864A) had no functional
effect (Wang et al. 2003), while in IP;R1 mutation either attenuated (G2586A) or
abolished (G2586P) IP3-evoked Ca™ release, although the latter might have come
from constitutive activity draining the Ca>* stores (Schug et al. 2008). The role of a
gating hinge in TMD6 of IP3R1, therefore, remains to be firmly resolved.

We suggest that IPs;R activation is initiated when IP3 binds to the IBC and triggers
closure of its clam-like structure. That conformational change, which must also
initiate the events that allow Ca”* to bind to a stimulatory site, is passed to the rest of
the IP3R via the SD. The location of that Ca?*-binding site and so the structural links
between it and the SD are unresolved. One face of the SD appears to interact directly
with the IBC and the opposite face with a cytoplasmic loop linking TMD4 and
TMDS, through which conformational changes pass to the pore. Structural changes
of TMD6 and/or the selectivity filter open the pore and so allow passage of Ca’* to
the cytosol and of electrically compensating K in the opposite direction.
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1.7 Clustered IP3 Receptors and Elementary Events

The elegant schemes proposed to allow IP3-evoked Ca’* signals to grow from tiny
local Ca?* signals reflecting the activity of single IP;R to larger local events, and
eventually to global Ca?* waves (Sect. 1.2, Fig. 1.1) have hitherto supposed that IP;R
are pre-assembled into small clusters and that the only role of IP; is to regulate gating
of IP;R (Sect. 1.4 and 1.6) (Bootman et al. 1997; Horne and Meyer 1997; Lipp and
Niggli 1996; Parker and Yao 1996; Sun et al. 1998). Our recent analyses using the
patch-clamp technique to record the activity of IP3R in the nuclear envelope, which is
continuous with the ER, suggest that IP; contributes also to the assembly of IP3R clus-
ters and to re-tuning the regulation of IP3R as they cluster (Rahman and Taylor 2010).
These studies use DT40 cells in which the genes for all endogenous IP3;R have been
disrupted, thereby allowing the properties of heterologously expressed rat IP3R to be
characterized free of pollution from native IP3R (Taylor et al. 2009) (Fig. 1.6a, b).

The number of active IP3R detected within a patch was low (mean ~ 1 IP;R/patch),
but the distribution was random and each IP;R within the patch gated independently
(Rahman et al. 2009). A surprising observation was that in those patches that fortu-
itously captured more than one IP3R, and despite each IP;R gating independently,
the open probability (P,) and mean channel open time (T,) of these IP;R was only
half that of patches with only a single IP;R. We concluded, from additional evidence
showing that IP; causes IP;R rapidly and reversibly to assemble into clusters of about
five IP;R, that IP; dynamically regulates the assembly of IP3R into small clusters and
that clustered IPs;R are both less sensitive to IP3 and less active when they do bind
IP; (Rahman and Taylor 2009; Rahman et al. 2009) (Fig. 1.6c). We propose, there-
fore, that there are two fundamental units of IP;R signalling: lone IP;R and small
clusters of about five IP;R, within which the IP5R are probably in physical contact.
Lone IP3R are insulated from the Ca?*-releasing activities of their distant neighbors
by high concentrations of cytosolic Ca>* buffers (Sect. 1.2), whereas clusters are
likely to be exposed immediately to Ca>* released from a neighbor (Fig. 1.6¢). IP;
dynamically regulates the switch between these signalling units.

For lone IP3R, increasing the free cytosolic Ca’>* concentration from 200 nM
(typical of a resting cell) to 1 UM (to mimic that within a cluster containing an active
IP;R) almost doubled P, of IP3R activated by IP;. But clustered IP3;R behaved
differently: now the increase in Ca>* concentration caused P, to increase by about
fourfold as it both stimulated gating (as it does for lone IP3R), but also reversed
the inhibition imposed by clustering at resting Ca>*. The gating of clustered IP;R
exposed to increased Ca?* is also coupled: IP;R are more likely to open and close
together. This coordinated gating is not caused by local increases in cytosolic Ca**
concentration (because only K ™ passes through open IP3R in these experiments), but
must instead result from a physical coupling of IPsR. Under physiological conditions,
clustered IP3R are more likely to experience increased Ca>* concentration because
their neighbors may release it, but they are also tuned to respond better to it. We
suggest that clustering, by first suppressing IPsR activity, increases the impact of a
subsequent increase in the local Ca®* concentration. These interactions exaggerate
the effect of Ca®* within a cluster and may thereby allow the rapid recruitment of
IP3R that gives rise to a Ca>* puff (Figs. 1.1 and 1.6).
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Fig. 1.6 IPs-evoked clustering of IP; receptors tunes their regulation. a, b Typical recordings from
excised nuclear patches of DT40 cells expressing IP3R3, each with two active IP;R. Closed (C) and
open (O1 and O2) states are shown for IP3R stimulated with IP; and either 200 nM (a) or 1 uM (b)
free Ca>*. At low Ca’*, IP3R gate independently, but at elevated Ca*, there is evidence (arrows
in b) of coupled gating. ¢ At resting cytosolic Ca?* concentrations, low concentrations of IP3 cause
IP3R rapidly to assemble into small clusters within which their responses to IP; are attenuated (left
panel). Within such clusters, IP;R are more likely to be exposed to the Ca®>* released by another
IP;R, but they are also tuned to respond more effectively to a local increase in cytosolic Ca’*
concentration. This is shown in the right panel, where the increase in Ca?t is shown to both reverse
the inhibition caused by clustering and to promote coupled gating (curved arrow). The result is
that the effects of Ca>* within a cluster are much greater than for a lone IP3R (central arrows).
IP3-evoked clustering both positions IP;R where they will be exposed to Ca>* and it primes them
to respond to it

How might these proposals for the genesis of IP3-evoked elementary Ca®* re-
lease events (Rahman et al. 2009), which require dynamic assembly of mobile IP;R
(Sect. 1.2), be reconciled with suggestions from high-resolution optical analyses of
intact cells suggesting that Ca>* blips (Smith et al. 2009) and Ca>* puffs (Smith and
Parker 2009; Thomas et al. 2000; Tovey et al. 2001) may consistently originate from
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relatively fixed positions? We need also to understand why only a tiny fraction of
a cell’s complement of IP;R are selectively activated by concentrations of IP; that
evoke elementary events (Sect. 1.2). One possibility is that there are ‘hotspots’ within
a cell where the local environment, whether the membrane composition, luminal or
cytosolic composition, favors IP3R activation. The relatively fixed location of ele-
mentary Ca®* signals need not then reflect the behavior of fixed IP3R. Instead, we
can envisage that IP;R, whether lone or clustered, that transiently associate with a
‘hot spot” are more sensitive to IP3 and so more likely to initiate Ca®>* release events.
Individual IP;R, however, might both dynamically exchange with the ‘hot spot’ and
dynamically assemble into clusters in response to IP;. However, in seeking to ex-
plain the tiny numbers of IP;R that contribute to apparently immobile Ca®* initiation
sites, we face a problem. We need either to explain why a very tiny fraction of IP;R
are both immobile and uniquely sensitive (for fixed IP;R initiating the events) or we
must explain what it is that creates a ‘hot spot’, wherein those IP;R that encounter it
become more sensitive. The latter, of these still vaguely defined possibilities, has the
merit of accommodating the abundant evidence that IPsR appear to be mobile with
evidence that Ca’* initiation sites seem rather stable.
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Chapter 2
Phosphoinositide Signaling During Membrane
Transport in Saccharomyces Cerevisiae

Amber L. Schuh and Anjon Audhya

Abstract Phosphatidylinositol (PI) is distinct from other phospholipids, possessing
a head group that can be modified by phosphorylation at multiple positions to gener-
ate unique signaling molecules collectively known as phosphoinositides. The set of
kinases and phosphatases that regulate PI metabolism are conserved throughout eu-
karyotic evolution, and numerous studies have demonstrated that phosphoinositides
regulate a diverse spectrum of cellular processes, including vesicle transport, cell
proliferation, and cytoskeleton organization. Over the past two decades, nearly all PI
derivatives have been shown to interact directly with cellular proteins to affect their
localization and/or activity. Additionally, there is growing evidence, which suggests
that phosphoinositides may also affect local membrane topology. Here, we focus on
the role of phosphoinositides in membrane trafficking and underscore the significant
role that yeast has played in the field.

Keywords Lysosomal/vacuolar trafficking - Autophagy - Endocytosis - Protein
secretion - Actin cytoskeleton

2.1 Phosphoinositide Metabolism in the Yeast Saccharomyces
Cerevisiae

In wild-type Saccharomyces cerevisiae, four major phosphorylated derivatives of PI
have been identified: PI3P, PI4P, PI3,5P, and PI4,5P, (Fig. 2.1). A single soluble
Class III PI 3-kinase, encoded by VPS34, generates the total cellular pool of PI3P,
which accumulates mostly in the limiting membranes of endosomes and lysosome-
like vacuoles (Schu et al. 1993; Stack and Emr 1994; Stenmark and Gillooly 2001).
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Fig. 2.1 Phosphoinositide metabolism in yeast. The synthesis pathways for the 4 phosphoinositides
known to exist in yeast are shown. Major PI kinases are highlighted, as is the phospholipase C
isoform Plc1p, which hydrolyzes PI4,5P,. Not pictured are phosphoinositide phosphatases, which
mediate the dephosphorylation of various PI derivatives

Vps34p functions as a subunit of at least two distinct protein complexes, both of
which also contain the serine/threonine-protein kinase Vps15p. Myristoylation an-
chors Vps15p to membranes and assists in the recruitment of cytosolic Vps34p to
appropriate intracellular membranes (Herman et al. 1991; Stack et al. 1993). Vps15p
is considered to be a regulatory subunit within PI 3-kinase complexes and contains
HEAT domains responsible for additional protein-protein interactions (Vanhaese-
broeck et al. 2010). Despite the essential nature of the Vps15p kinase domain to
Vps34p recruitment and activation, direct substrates of Vps15p remain undefined.

The stability of PI3P is regulated by both catabolic and anabolic pathways. Two
major routes of PI3P degradation have been characterized. First, PI3P contained
in the limiting membrane of endosomes is a substrate for proteolytic enzymes in
the vacuole lumen. Inhibition of membrane transport to the vacuole thereby causes
an increase in cellular PI3P levels (Wurmser and Emr 1998). Alternatively, PI3P
is subject to dephosphorylation by a group of lipid phosphatases, which include
the myotubularin-related enzyme Ymrlp and two synaptojanin-like proteins, Sjl2p
and SjI3p (Stolz et al. 1998; Parrish et al. 2004). Although PI3P synthesis is not
essential to yeast cell viability, depletion of all three PI3P phosphatases results in
lethality (Parrish et al. 2005). It remains unclear whether elevated PI3P levels are
solely responsible for this effect, but the result highlights the importance of regulated
phosphoinositide turnover for normal cell proliferation.

PI3P is also a substrate for the Fablp lipid kinase, which specifically phospho-
rylates the D5 position in the inositol ring to generate PI3,5P,. The majority of
Fablp localizes to the limiting membrane of the yeast vacuole, where it functions
together with Vac7p, a transmembrane regulatory factor, to generate the total cellular
pool of PI3,5P, (Bonangelino et al. 1997; Gary et al. 2002; Botelho et al. 2008).
In the absence of Vac7p, levels of PI3,5P, become undetectable. However, dele-
tion of Figdp, a PI3,5P, 5-phosphatase, can suppress phenotypes exhibited by loss
of Vac7p, indicating that Fablp remains functional in the absence of its regulator
(Gary et al. 2002). Consistent with this finding, mutant isoforms of Fab1p have been
characterized, which bypass the requirement for Vac7p in PI3,5P, synthesis.
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In contrast to the unique functions of Vps34p to generate 3’ phosphoinositides
and Fablp to generate PI3,5P,, three PI 4-kinases have been characterized in yeast
and include the type Illa PI 4-kinase ST74, the type IIIb PI 4-kinase PIKI, and
the type II PI 4-kinase LSB6. Both Sttdp and Piklp are essential genes in yeast,
suggesting they possess non-overlapping functions and generate unique pools of
PI4P, which cannot substitute for one another (Audhya et al. 2000). Consistent with
this idea, Stt4p localizes primarily to the plasma membrane, while the majority of
Pik1p accumulates on Golgi membranes (Walch-Solimena and Novick 1999; Audhya
and Emr 2002). At the cell surface, Sttdp appear to coalesce into discrete patches
that are enriched in the mother cell. Purification of Stt4p has revealed a number
of interacting proteins that regulate Stt4p function. These include Sfk1p and Efr3p,
two putative transmembrane proteins and Ypplp, a soluble protein containing two
tetratricopeptide repeat domains (Audhya and Emr 2002; Baird et al. 2008; Zhai et al.
2008). Inhibition of each regulator has been shown to decrease PI4P levels at the cell
surface and perturb the localization of Stt4p. Unlike Sfk1p, both Efr3p and Ypplp
are essential for yeast cell viability, suggesting they may regulate unique biochemical
pathways downstream of Stt4p, but further studies are required to address this issue.

Distinct from plasma membrane synthesis of PI4P, Piklp generates an essential
pool of PI4P on Golgi membranes. Proper targeting of Pik1p to the Golgi requires an
interaction with Frqlp, a myristoylated regulator of Pik1p-mediated PI4P synthesis
(Hendricks et al. 1999). Loss of Frqlp is lethal, but overproduction of Piklp can
bypass the requirement of Frqlp, suggesting that additional mechanisms exist to
target Pik1p to Golgi membranes. In addition to its role at the Golgi, Pik1p undergoes
nucleo-cytoplasmic shuttling and has been postulated to generate a nuclear pool of
PI4P (Garcia-Bustos et al. 1994; Strahl et al. 2005). Frqlp is not required for Pik1p
function in the nucleus, and a specific role for nuclear PI4P has yet to be defined.

Unlike Stt4p and Pik1p, Lsb6p activity is not essential for normal growth of S.
cerevisiae, and its loss does not impact the total cellular levels of PI4P under standard
conditions (Han et al. 2002; Shelton et al. 2003). However, overproduction of Lsb6p
weakly suppresses the loss of Sttdp, indicating that Lsb6p can function as a PI 4-
kinase in vivo. Localization studies have placed Lsb6p at the plasma membrane,
consistent with its ability to suppress deletion of STT4, and the limiting membrane
of the vacuole. Additionally, Lsb6p has been shown to regulate endosome motility
(Chang et al. 2005). However, this function of Lsb6p is independent of its lipid
kinase activity.

Similar to PI3P, metabolism of PI4P is mediated by a set of lipid phosphatases
and a single lipid kinase, the PI4P 5-kinase Mss4p. The plasma membrane pool of
PI4P generated by Sttdp is largely regulated by the Saclp lipid phosphatase (Foti
et al. 2001). Biochemical and localization studies indicate that Saclp is a type II
membrane protein that localizes mainly to the ER under normal growth conditions
(Foti et al. 2001; Faulhammer et al. 2005). Recent findings indicate that Saclp
hydrolyzes PI4P at sites of ER-plasma membrane contact, acting from the ER in
trans on its plasma membrane substrate (Stefan et al. 2011). The retention of Saclp
in the ER is dependent on the dolichol phosphate mannose synthase Dpmlp, and
loss of Dpm1p results in the accumulation of Saclp in the Golgi (Faulhammer et al.
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2005). In the absence of Saclp, PI4P levels on the cell surface dramatically increase
in an Stt4p-dependent fashion (Roy and Levine 2004).

PI4P generated by Sttd4p can also be converted into PI4,5P, by the action of
Mssdp. Similar to Sttdp, Mss4p is largely restricted to discrete foci on the plasma
membrane (Homma et al. 1998; Audhya and Emr 2002). However, patches of Stt4p
and Mss4p do not overlap, suggesting that Mss4p can utilize alternative sources of
PI4P at the cell surface (Audhya and Emr 2002). Consistent with this idea, elim-
ination of Stt4p activity only diminishes PI4,5P; levels by ~50% (Audhya et al.
2000). The remaining pool of PI4,5P; is synthesized from PI4P initially generated
at the Golgi by Piklp, which is likely transported to the plasma membrane within
the membranes of secretory vesicles. Golgi PI4P is further regulated by multiple
phosphoinositide phosphatases, including members of the synaptojanin-like family
of lipid phosphatases, SjlI2p and SjI3p, as well as Saclp (Guo et al. 1999a; Foti et al.
2001; Faulhammer et al. 2005).

Although the majority of Mss4p localizes to the plasma membrane, the PI4P 5-
kinase also undergoes nucleo-cytoplasmic shuttling similar to Piklp (Audhya and
Emr 2003). The factors that mediate nuclear import and export of Mss4p (Kap123p
and Beplp) are distinct from those that regulate Pik1p nucleo-cytoplasmic transport
(Kap95p and Msn5p) (Strahl et al. 2005). Also unlike Pik1p, inhibition of Mss4p
nuclear entry fails to affect normal cellular growth, suggesting that nuclear PI4,5P,
is not essential in yeast (Audhya and Emr 2003). Instead, targeting of Mss4p to the
nucleus may function to regulate its activity on the cell surface and thereby control
cytoplasmic PI4,5P, synthesis. Although factors required specifically for cell surface
Mss4p patch formation have yet to be defined, plasma membrane targeting of Mss4p
is partially dependent on its phosphorylation by yeast casein kinase I activity (Audhya
and Emr 2003). Additionally, the small calcium-binding protein calmodulin appears
to regulate Mss4p lipid kinase activity, although the mechanistic basis for this affect
remains undefined (Desrivieres et al. 2002). Levels of P14,5P; are further regulated by
lipid phosphatases, including the synaptojanin-like proteins Sjl1p and Sjl2p, the ER-
localized inositol 5-phosphatase Inp54p, and the phospholipase C isoform Plclp,
which specifically hydrolyzes PI4,5P, to generate diacylglycerol (DAG) and IP3
(Flick and Thorner 1993; Wiradjaja et al. 2001; Stefan et al. 2002).

Through these highly regulated biosynthetic and degradation pathways, individ-
ual phosphoinositides are spatially restricted within the cell. PI3P and PI3,5P, are
enriched in endosomal and vacuolar membranes, while PI4P and PI4,5P, are con-
centrated in the Golgi and plasma membrane (Fig. 2.2). In the following sections, we
will highlight mechanisms by which phosphoinositides function to regulate virtually
all of the membrane trafficking pathways that have been described in yeast.

2.2 Binding Domains and Effector Proteins of PI3P

PI3P carries out its cellular functions by recruiting and/or activating a subset of pro-
teins to specific internal membrane compartments where PI3P is synthesized. These
proteins function in signal transduction, vesicle trafficking, and cytoskeletal rear-
rangements. Despite these differences in function, the majority of proteins known to
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Fig. 2.2 Distribution of Plasma Membrane (PI4,5P,)
phosphoinositides in yeast. A
cartoon depicting a yeast cell,
with various organelles that
harbor phosphoinositides
highlighted. The plasma
membrane is enriched with
PI4,5P,, the vacuole with
PI3,5P,, endosomes with
PI3P, and the Golgi with PI4P.
The pool of PI4P synthesized
on the plasma membrane is
not shown for simplicity

)) Vacuole (PI3,5P,)
Nuclear Envelope %

and ER (PI4P?) Golgi (P14P)

bind to PI3P share a small subset of domains that interact directly with the phospho-
inositide (Stenmark and Gillooly 2001, Seet and Hong 2006). We will first highlight
roles for PI3P generated at the endosome by PI3K Complex II, which is composed of
Vps15p, Vps34p, Vps30p and Vps38p (Kihara et al. 2001). In particular, effectors of
PI3P in both anterograde transport from the endosome to the vacuole and retrograde
transport from the endosome to the Golgi will be discussed. Additionally, we will
describe alternative roles for PI3P in constitutive and starvation-induced autophagy
pathways, which utilize PI3K Complex I, containing Vps15p, Vps34p, Vps30p, and
Atgl4p (Kametaka et al. 1998; Kihara et al. 2001).

2.2.1 The FYVE Domain

The FYVE domain is composed of ~70 conserved residues that specifically bind
PI3P. This domain is cysteine rich and coordinates two zinc ions, which are essential
for structural integrity and PI3P binding (Gaullier et al. 1998; Burd and Emr 1998;
Kutateladze et al. 1999; Misra and Hurley 1999). Three conserved sequences have
been identified in all FYVE domains: the amino-terminal WxxD motif, the central
(R/K)(R/K) HHCR motif, and the carboxyl-terminal RVC motif. These three regions
are crucial in forming a concave binding pocket for PI3P association. In addition,
the FYVE domain contains a hydrophobic protrusion, commonly referred to as the
membrane insertion loop (MIL) domain, adjacent to the (R/K)(R/K) HHCR motif
(Kutateladze et al. 1999; Misra and Hurley 1999).
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The FY VE domain uses a multivalent mechanism to anchor itself to a target mem-
brane, which includes specific interactions with PI3P as well as other lipids. Based
upon the calculated electrostatic properties of several FY VE domains, a strong posi-
tive potential exists around the MIL domain, which supports interactions with acidic
phospholipids (Diraviyam et al. 2003). Consistent with this finding, studies have
shown that the acidic phospholipid phosphatidylserine (PS) specifically enhances
the affinity of FYVE domains for lipid bilayers (Stahelin et al. 2002). In addition,
these nonspecific electrostatic interactions likely help to align the FYVE domain in
an optimal position for membrane penetration of the MIL domain (Stahelin et al.
2002; Kutateladze et al. 2004). Insertion of the hydrophobic MIL domain is depen-
dent upon the presence of PI3P, and this process has been shown to significantly
increase the affinity between lipid bilayers and FYVE domains (Kutateladze et al.
2004). Mutagenesis of select hydrophobic residues within the MIL region drastically
reduces the affinity for membrane bound PI3P and disrupts normal function of FYVE
domain containing proteins (Kutateladze et al. 1999; Stahelin et al. 2002).

The association of FYVE domains with membranes also appears to be pH de-
pendent. In a neutral buffer (pH 7.0), FYVE domain containing proteins in yeast
localize to endosomal and vacuolar membranes. However, when cells are shifted
into a mildly basic buffer (pH 8.0), FYVE domain containing proteins largely redis-
tribute to the cytoplasm (Lee et al. 2005; He et al. 2009). These data support a model
in which the two histidine residues within the conserved (R/K)(R/K) HHCR motif
must be protonated to form hydrogen bonds with the 3’ phosphate of PI3P (Dumas
et al. 2001; Kutateladze 2006).

In total, five FYVE domain containing proteins have been identified in yeast:
Vaclp, Fablp, Vps27p, Piblp, and Pib2p. Vaclp is required for the transport of
vesicles from the Golgi to prevacuolar endosomes (Webb et al. 1997). Similar to
other FYVE domains, the Vaclp FYVE domain binds directly to PI3P and localizes
to endosomes when expressed as a GFP fusion. However, in cells lacking PI3P, Vaclp
continues to accumulate on membranes, suggesting that the interaction between
Vaclp and PI3P does not solely influence it localization (Tall et al. 1999). Instead,
PI3P may regulate Vaclp activity, potentially by influencing its interactions with
other proteins. Consistent with this idea, both the Rab-type GTPase Vps21p and the
Sec1-like protein Vps45p, interact with Vaclp in a FY VE domain-dependent manner
(Peterson et al. 1999; Tall et al. 1999).

Fablp, a PI3P 5-kinase, and Vps27p, a component of the ESCRT (endosomal
sorting complex required for transport) machinery, have both been implicated in the
formation of multivesicular endosomes (MVEs), which are specialized organelles
essential for the degradation of many transmembrane proteins (Odorizzi et al. 1998;
Katzmann et al. 2003; Bilodeau et al. 2003; Raiborg and Stenmark 2009). In this
pathway, ubiquitin-modified cargoes are initially sequestered within vesicles that
bud into the endosome lumen. Upon MVE fusion with the vacuole, cargo-laden
vesicles are transferred directly into the hydrolytic environment of the vacuole lumen,
resulting in protein and vesicle degradation. In the absence of PI3P, neither Vps27p
nor Fablp localize properly, and MVE biogenesis is dramatically inhibited. Unlike
the FYVE domain of Vps27p, which localizes to endosomes when expressed as
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a GFP fusion, the Fablp FYVE domain associates specifically with the vacuolar
limiting membrane (Botelho et al. 2008). Although it has been shown to bind PI3P
directly, these data suggest that the Fablp FYVE domain may also bind another
factor, which directs its accumulation onto the vacuole membrane. The identity of
such a factor remains unknown.

In addition to the interaction between PI3P and the FY VE domains of Vps27p and
Fab1p, the ESCRT-II subunit Vps36p, which also functions in MVE biogenesis, binds
to PI3P through a noncanonical binding pocket within its amino-terminal GLUE
(GRAM-like, ubiquitin binding in EAP45) domain (Teo et al. 2006). The GLUE
domain exhibits a split PH (pleckstrin homology) domain fold with two curved beta
sheets and a single long alpha helix. A highly basic pocket is delineated by three
variable loops within the GLUE domain, a configuration that is distinct from most
PH domains that interact with phosphoinositides. Mutations within the basic region
inhibit protein sorting into MVEs, indicating association of ESCRT-II with PI3P is
critical for function (Teo et al. 2006; Im and Hurley 2008).

Pib1p may also function in the MVE pathway as an E3 RING-type ubiquitin ligase.
Studies indicate that Pib1p localizes to both endosomal and vacuolar membranes,
and its distribution is dependent solely on its interaction with PI3P (Shin et al. 2001).
Although specific Piblp-dependent cargoes have yet to be identified, it is likely
that Pib1p functions at the initial stages of cargo selection/modification in the MVE
pathway. The role of Pib2p remains unknown, although localization studies indicate
that it accumulates on the vacuolar membrane under steady state conditions (Huh
et al. 2003).

2.2.2 The Phox Homology (PX) Domain

The PX domain is composed of approximately 130 amino acids and is found in pro-
teins that function in vesicle trafficking, protein sorting, and lipid modification (Seet
and Hong 2006). Typically, the PX domain folds into a compact structure composed
of three beta strands followed by three alpha helices. A conserved RR(F/Y)S(D/E)F
motif and three additional basic residues located nearby are proposed to form a
binding pocket for PI3P (Cheever et al. 2001; Bravo et al. 2001; Sato et al. 2001).
In addition, many of the PX domains contain a polyproline motif (PxxP), which is
predicted to interact with SH3 domains (Xu et al. 2001). PX domains also interact
with membranes by using a multivalent mechanism, which includes non-specific
electrostatic interactions, hydrophobic insertion, and oligomerization. In particular,
oligomerization is crucial for increasing the affinity of PX domains that otherwise
would be unable to localize to membranes due to low affinities in their monomeric
state (Kutateladze 2007).

In yeast, 15 proteins that harbor a PX domain have been identified, and all have
an affinity for PI3P. Using surface plasmon resonance (SPR), four yeast PX domains
have been classified as having a high affinity for PI3P, ranging from 0.15 to 0.5 uM,
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while the rest exhibit affinities greater than 100 uM and are classified as low affin-
ity PX domains (Yu and Lemmon 2001). These affinity measurements suggest that
only the four high affinity PX domains are capable of membrane association inde-
pendently of other binding partners, while the remaining PX domains must require
oligomerization or interaction with additional proteins to mediate their localization.

The four yeast proteins with high affinity for PI3P are Mdm1p, Snx3p, Vam7p and
Ypt35p. Mdmlp is required for mitochondrial and nuclear inheritance, and although
its PX domain has been shown to bind to PI3P with a high affinity, the function of
this interaction remains unknown (Yu and Lemmon 2001). Snx3p is a member of the
sorting nexin family and functions in the retrograde transport of a subset of cargoes
from endosomes to the Golgi (Strochlic et al. 2007). Importantly, the retrieval of
certain transmembrane receptors from late endosomes is required to maintain the
proper sorting of hydrolases to the vacuole. One of the best studied receptors is the
type I membrane protein Vps10p, which is essential for the normal trafficking of the
soluble vacuolar hydrolase carboxypeptidase Y (CPY). At the endosome, CPY dis-
sociates from Vps10p for ultimate delivery to the vacuole, while Vps10p undergoes
recycling to the trans Golgi network (TGN), becoming available for another round of
CPY transport (Marcusson et al. 1994; Stack et al. 1995). The high affinity of Snx3p
for PI3P targets it to tubular endosomes where it can associate with Vps10p and
mediate its retrieval. However, mutations in the Snx3p PX domain that inhibit PI3P
binding result in the missorting of receptors to the vacuole, inhibiting further trans-
port of CPY and other cargoes (Strochlic et al. 2007). These data implicate PI3P
in retrograde trafficking from endosomes to the Golgi. Snx3p functions together
with the retromer complex, a set of proteins also required for retrograde trafficking
from endosomes to the Golgi. Two components of the retromer complex, VpsSp and
Vps17p, also contain PX domains, each with a low affinity for PI3P. However, when
co-assembled, the multiple low affinity interactions with PI3P maintain an endoso-
mal distribution for the retromer complex, and further highlight a role for PI3P in
orchestrating receptor recycling from the endosomal system (Burda et al. 2002).

The third high affinity PI3P interacting protein Vam7p is a target SNARE (Soluble
NSF Attachment Protein Receptor) that functions during the docking and fusion steps
of membrane transport to the vacuole (Cheever et al. 2001; Song et al. 2001). An
intact PX domain is required for this function, implicating PI3P in the late stages
of membrane transport to the vacuole. Finally, Ypt35p also binds to PI3P with high
affinity and has been found to localize to endosomal membranes. However, the
specific function of Ypt35p remains unknown (Yu and Lemmon 2001).

Among the other low affinity PI3P-interacting PX domains, Mvplp, Spol4p,
Snx4p, Snx41p, and Atg20p each possess characterized roles in membrane traffick-
ing. Mvplp is an endosomal protein required for protein sorting to the vacuole.
Although its precise role has not been clearly identified, genetic studies indicate that
Mvplp functions with the dynamin-like protein Vps1p in retrograde protein transport
from endosomes to the Golgi (Ekena and Stevens 1995). Spo14p is a phospholipase
D isoform that has been implicated in protein secretion (Sreenivas et al. 1998). Dur-
ing vegetative growth, Spol4p localizes to endosomes, but its specific activity there
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is poorly characterized, and it would be premature to suggest that PI3P functions di-
rectly in the secretory pathway (Sciorra et al. 2002). Snx4p (also known as Atg24p),
Snx41p, and Atg20p (also known as Snx42p) all are sorting nexins that function in
a common complex to sort receptors from early endosomes to the Golgi (Hettema
et al. 2003). Even though the binding affinities for individual PX domains within the
individual sorting nexins are low, their assembly into a complex leads to PX domain
multimerization and an increased affinity for PI3P on endosomes.

In addition, both Snx4p/Atg24p and Atg20p are required for selective autophagy,
a constitutive cytoplasm to vacuole targeting (CVT) pathway in which a perivacuo-
lar phagophore assembly site (PAS) initiates the biogenesis of an autophagosome, a
double-membrane vesicle (Nice et al. 2002; He and Klionsky 2009). This pathway de-
pends on a large group of proteins that assist in the elongation of a double-membrane
structure known as an isolation membrane that ultimately circularizes to form an
autophagosome. The autophagosome then fuses with the vacuole, leading to the
degradation of its contents (Huang and Klionsky 2002). When yeast cells are under
starvation, an alternative bulk autophagy pathway is initiated to break down proteins
into amino acids for energy (Burman and Ktistakis 2010). The CVT and bulk au-
tophagy pathways share many of the same proteins, including the PI3K Complex I
(Vps15p, Vps34p, Vps30p, and Atgl4p). The Atgl4p subunit of this complex pro-
vides specificity in directing Vps34p to PASs (Farre et al. 2009). Interactions between
PI3P and the PX domains of Snx4p/Atg24p and Atg20p are required for normal
CVT pathway function, directly implicating PI3P in the constitutive formation of
autophagosomes (Nice et al. 2002).

Further highlighting a role for phosphoinositides in the CVT pathway are two
additional PI3P effectors called Atg21p and Atg27p. Unlike other PI3P binding
proteins, neither Atg21p nor Atg27p harbor a PX or FYVE domain. Instead, PI3P
binding is mediated by short basic stretches of amino acids, FRRG in Atg21p and
KKPAKK in Atg27p (Wurmser and Emr 2002; Stromhaug et al. 2004; Krick et al.
2006; Nair et al. 2010). Mutations in these motifs, which inhibit PI3P binding,
block CVT pathway function. In addition, deletion of VPS34 or VPS15 has also been
shown to block starvation-induced bulk autophagy (Wurmser and Emr 2002). One
phosphoinositide effector potentially responsible for this effect is Atg18p, which also
contains an FRRG motif capable of binding to PI3P (Barth et al. 2001; Dove et al.
2004). Although the degree to which mutations in the Atgl8p PI3P-binding motif
affects bulk autophagy remains controversial (Krick et al. 2006), the participation of
PI3P in autophagosome biogenesis is incontrovertible.

In summary, studies in yeast have clearly illustrated the various roles PI3P plays
in membrane trafficking, both in directing localization of effector molecules and
regulating their activities. Although it is likely that several new PI3P effectors still
await characterization, most will likely function at endosomes, vacuoles, or au-
tophagosomes, where PI3P is highly enriched. We predict that many of these new
molecules will exhibit a low affinity for PI3P, but together with other protein-protein
interactions, specificity for endosomal/autophagosomal signaling pathways can be
achieved.
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2.3 Effectors of PI3,5P; and Their Roles in Membrane
Trafficking

In yeast, a single PI3P 5-kinase called Fab1p has been identified and is responsible
for the generation of PI3,5P, (Cooke et al. 1998; Gary et al. 1998). The Fablp lipid
kinase contains three conserved protein domains: an amino-terminal FY VE domain,
a Cpn60/TCP-1 chaperonin family (CCT) domain, and a carboxyl-terminal lipid
kinase domain (Gary et al. 1998; Efe et al. 2005). PI3,5P; is largely generated on
the vacuolar limiting membrane, where it has a role in retrograde trafficking from
the vacuole and vacuolar homeostasis (Dove and Johnson 2007). Deletion of FABI
leads to several phenotypes including enlarged vacuoles, defects in MVE biogenesis,
a lack of vacuolar acidification and slow temperature sensitive growth (Yamamoto
et al. 1995; Cooke et al. 1998; Gary et al. 1998; Odorizzi et al. 1998). Here, we will
discuss the effectors of PI3,5P, that have been discovered and how they relate to the
effects seen upon loss of Fablp activity.

Two classes of PI3,5P, binding domains have been identified. The firstis found ina
family of seven bladed B-propeller proteins that bind phosphoinositides (PROPPINs),
and the second is contained within members of the epsin family. In yeast, three PROP-
PIN proteins have been identified, including Atgl18p, Atg21p and Hsv2p (Michell
etal. 2006). As discussed earlier, both Atg18p and Atg21p harbor a FRRG motif capa-
ble of interacting with PI3P. However, SPR studies indicate they can also bind PI3,5P,
with high affinity (~500 nM) (Dove et al. 2004). Moreover, loss of Atgl18p causes
a dramatic increase in vacuole size, similar to the phenotype observed following
FABI deletion, suggesting a role downstream of PI3,5P, signaling (Dove et al. 2004;
Cooke et al. 2004). Localization studies indicate that all three proteins associate with
both endosomal membranes and the limiting membrane of the vacuole. It is possible
that PROPPIN proteins associate with both PI3P and PI3,5P, and exhibit distinct
activities depending on the lipid to which they are bound. For example, interactions
between PI3P and Atg18p and Atg2 1p are likely important for constitutive autophagy,
which does not depend on Fablp-mediated PI3,5P, production (Gary et al. 1998;
Wurmser and Emr 2002). In contrast, interaction between PI3,5P, and Atgl8p is
probably required for normal vacuole homeostasis and retrograde trafficking from
the vacuole to the Golgi via an endosomal intermediate (Dove et al. 2004). Notably, in
cells lacking Fab1p, the PROPPIN proteins continue to localize to the endosome and
vacuolar membranes (Efe et al. 2007). Nevertheless, PI3,5P, binding to these factors
may regulate their function as opposed to their localization. Hsv2p is the least well
characterized PROPPIN in yeast, but studies indicate that the protein participates in a
unique autophagic pathway responsible for the turnover of nuclear membranes (Krick
etal. 2008). It remains unclear whether PI3,5P, may function to regulate this activity.

As discussed earlier, Fablp also regulates the biogenesis of lumenal vesicles
within endosomes (Odorizzi et al. 1998). While none of the PROPPIN proteins ex-
hibit a function at the MVE, two other effectors of PI3,5P, have been implicated in
MVE-mediated protein sorting. Both Ent3p, which contains a phosphoinositide bind-
ing motif called the ENTH (epsin N-terminal homology) domain, and Ent5p, which
harbors a related ANTH (AP180 N-terminal homology) domain, bind to PI3,5P,
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in vitro and require Fablp activity for localization in vivo (Friant et al. 2003; Eug-
ster et al. 2004). Additionally, the simultaneous loss of Ent3p and Ent5p interferes
with the trafficking of integral membrane proteins to the vacuole lumen, similar to
the phenotype exhibited by fabl mutant cells (Eugster et al. 2004). Moreover, both
Ent3p and Ent5p have been implicated in AP-1 (adaptor protein 1)-dependent sorting
of chitin synthase, a process previously shown to require Fab1p activity, further sug-
gesting a role for the epsin-like proteins downstream of PI3,5P, signaling (Costaguta
et al. 2006; Phelan et al. 2006; Copic et al. 2007).

The phenotypes exhibited by mutant yeast cells lacking Fab1p cannot be explained
by the few effector molecules that have been discovered to date. Therefore, it is
highly probable that additional PI3,5P,-binding proteins await characterization. In
particular, the proteins that mediate Fab1p-dependent vacuolar acidification remain
unknown. Although speculative, the vacuolar ATPase, which is known to regulate
the acidification of vacuoles, is a likely candidate for this function. Presumably,
there are also other PI3,5P, effectors, in addition to Atgl8p, which participate in
the retrograde transport of proteins from the vacuole to endosomes, since deletion
of ATG18 does not phenocopy the effects of FABI deletion in this pathway (Efe
et al. 2007). The limited production of PI3,5P, in yeast cells has hindered progress
to identify key effectors of this lipid, but further genetic and biochemical studies
will almost certainly uncover new proteins that harbor binding domains specific for
PI3,5P;.

2.4 Roles for PI4P in Membrane Transport

At least two non-redundant pools of PI4P are synthesized in yeast cells, one at the
Golgi apparatus and a second at the plasma membrane. Each functions in multiple
membrane trafficking pathways, involving both protein and lipid transport. The type
IIIb PI 4-kinase Pik1p regulates PI4P production at the Golgi, and plays critical roles
in maintaining secretory protein export to the cell surface, trafficking of cargoes to
the vacuole, and endocytic protein transport (Hama et al. 1999; Walch-Solimena and
Novick 1999; Audhya et al. 2000). The type IIla PI 4-kinase controls PI4P synthe-
sis at the plasma membrane and has also been implicated in endocytic trafficking,
likely through its regulation of actin cytoskeleton organization (Audhya and Emr
2002; Tahirovic et al. 2005). Additionally, roles for PI4P extend to the endoplasmic
reticulum, both in protein secretion from this compartment and aminophospholipid
transport (Trotter et al. 1998; Lorente-Rodriguez and Barlowe 2011). Here, we will
discuss the various roles of PI4P at different intracellular compartments, specifying
effectors that have been identified thus far, which function in membrane transport.

2.4.1 Functions of PI4P Synthesized by Piklp in the Golgi

A function for PI4P in secretion from the Golgi in yeast was initially suggested by
studies that focused on the PI transfer protein Secl14p, which is essential for the
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biogenesis of Golgi transport vesicles (Kearns et al. 1997). In a screen for bypass
suppressors of a sec/4 temperature sensitive allele, a mutant isoform of the Saclp
phosphoinositide phosphatase was identified. Loss of Saclp activity led to an increase
in PI4P that was necessary for secl4 suppression, suggesting a role for this lipid in
Golgi secretion. Consistent with this finding, overexpression of the PI 4-kinase PIK/
partially restored the growth of sec/4 mutant cells at elevated temperature (Hama
et al. 1999). Moreover, loss of Sec14p activity led to diminished production of PI4P,
suggesting a role for Sec14p in regulating Pik1p activity. Since subsequent studies
have demonstrated that sac/ mutant cells accumulate PI4P mostly at the cell surface
in an Stt4p-dependent manner, the precise nature of Sac1p-mediated Sec14p bypass
remains unclear (Foti et al. 2001; Roy and Levine 2004). However, additional studies
further confirmed an essential function for PI4P synthesis at the Golgi. Specifically,
multiple pik] mutant alleles have been isolated, and each confers a defect in protein
transport from the Golgi (Hama et al. 1999; Walch-Solimena and Novick 1999). In
some cases, Golgi to plasma membrane secretion is specifically inhibited by loss
of Pik1p activity, but other pik! mutant strains exhibit more severe defects in Golgi
function that affect both secretory protein transport and the trafficking of biosynthetic
cargoes from the Golgi to endosomes and the vacuole (Audhya et al. 2000; Sciorra
et al. 2005; Lorente-Rodriguez and Barlowe 2011). Additionally, protein glycosyla-
tion in the Golgi is adversely affected by the absence of Piklp activity, suggesting
that multiple cisternae require PI4P synthesis for normal assembly and/or function
(Audhya et al. 2000).

Several effectors of PI4P that function at the Golgi have been described in yeast.
The first were members of the oxysterol binding protein (OSBP) family, which
likely function in the transfer of lipids between biological membranes (Li et al.
2002). There are a total of 7 OSBPs in yeast, Osh1p-Osh7p, which share a common
essential function, and each binds promiscuously to phosphoinositides (Beh et al.
2001; Schulz and Prinz 2007). Oshlp, Osh2p and Osh3p each harbor an amino-
terminal PH domain, a known phosphoinositide interacting motif. In general, PH
domains are composed of approximately 120 amino acids that share a common
structure consisting of two perpendicular anti-parallel beta sheets, followed by a
carboxyl-terminal amphipathic helix (Lemmon 2008). Although diverse in amino
acid composition, a single tryptophan located within the helix serves to nucleate the
core of the domain. A survey of more than 33 PH domains in yeast revealed that most
bind to phosphoinositides with little specificity and low affinity, and proteins that
harbor PH domains typically require additional interactions for proper intracellular
targeting (Yu et al. 2004). By analyzing GFP fusions to the PH domain-containing
OSBPs, Osh1p was shown to localize in part to the Golgi and is potentially involved
in sterol transfer with other organelles (Levine and Munro 2001). In contrast, neither
Osh2p nor Osh3p discernibly accumulated on Golgi membranes, although the PH
domain of Osh2p alone binds to PI4P on the Golgi in a Piklp-dependent fashion
(Levine and Munro 2002). These data highlight the role of additional protein-protein
interactions in specifying the distribution of PH domain containing proteins in yeast.

In the case of Osh4p, phosphoinositide binding is mediated by the conserved
sterol binding domain, which is found in all OSBPs (Li et al. 2002). Studies indicate
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that Osh4p localizes to the Golgi in a PI4P-dependent fashion and may mediate the
movement of sterols to and from this organelle, thereby regulating lipid homeostasis
and vesicle biogenesis. Additionally, recent findings indicate that Osh4p negatively
regulates Piklp activity (Fairn et al. 2007). These data suggest that Osh4p may
“sense” PI4P levels on Golgi membranes. For example, if a high concentration of
PI4P accumulated on the Golgi, Osh4p recruitment would increase to inhibit Pik1p
and slow PI4P synthesis. This type of feedback inhibition may be especially important
to regulate secretion in response to changing growth conditions and environmental
stress (Faulhammer et al. 2007).

In addition to members of the OSBP family, the gamma-ear-containing, ADP-
ribosylation factor binding protein Gga2p has also been shown to interact with PI4P
at the Golgi (Demmel et al. 2008). Gga2p functions as an adaptor for clathrin re-
cruitment and participates in transport between the Golgi and endosomes (Black
and Pelham 2000; Costaguta et al. 2001). Loss of Gga2p function phenocopied
several of the morphological and secretory defects observed in pik! mutant cells,
including the accumulation of abnormal, cup-shaped membranous structures in the
cytoplasm termed “Berkeley bodies.” These data suggest that Gga2p may be the most
relevant Pik1p-dependent PI4P effector in Golgi to endosome trafficking (Demmel
et al. 2008). PI4P binding is mediated by the VHS (Vps27p/Hrs/STAM) domain
of Gga2p, which shares significant similarity to the structure of phosphoinositide-
binding ANTH/ENTH domains (Demmel et al. 2008). In general, VHS domains
contain approximately 150 amino acids and consist of 8 helices arranged in a super-
helix (Mao et al. 2000). In Gga2p, the loop preceding helix 8 exhibits a pattern of
charged and aromatic residues, similar to those found in the ANTH domain of CALM,
a clathrin adaptor that interacts with PI4,5P, at the plasma membrane (Stahelin et al.
2003; Demmel et al. 2008). Mutations within this basic region of Gga2p disrupted its
association with PI4P and diminished Gga2p association with the Golgi. However,
a GFP fusion to the VHS domain of Gga2p showed that it alone was insufficient
to localize to Golgi membranes. Instead, the neighboring Arflp GTPase-interacting
GAT domain was also required. Therefore, similar to most PH domain containing
proteins in yeast, both lipid-protein and protein-protein interactions are required for
proper Gga2p localization (Zhdankina et al. 2001; Demmel et al. 2008).

As noted earlier, protein glycosylation in the secretory pathway is sensitive to
impaired Pik1p function, suggesting that PI4P may be required for the proper func-
tion or localization of Golgi glycosyltransferases. In many cases, retention of these
enzymes in the Golgi requires the function of Vps74p, an oligomeric protein that
binds to the cytosolic domains of glycosyltransferases and restricts their transport to
other organelles (Schmitz et al. 2008; Tu et al. 2008). Based on crystallographic data,
Vps74p harbors four alpha-helices that form a central core, which is surrounded by
several additional amphipathic alpha-helices and four beta-strands (Schmitz et al.
2008). The recruitment of Vps74p to the Golgi is mediated by PI4P generated by
Piklp (Wood et al. 2009). In pikl mutant cells, Vps74p becomes cytosolic, and
glycosyltransferases are no longer retained in the Golgi, thus leading to defects in
secretory cargo glycosylation. The PI4P-binding motif within Vps74p is composed
of a conserved basic region near the amino-terminus of helix 6, and mutations in this
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domain inhibit Vps74p-mediated retention of Golgi glycosyltransferases. Although
the loss of other PI4P effectors may further contribute to the defects in protein gly-
cosylation observed in pikl mutant cells, these data confirm a role for PI4P in this
process and further demonstrate that Pik 1 p-mediated PI4P production is required for
retrograde transport of cargoes in the Golgi (Wood et al. 2009).

Effectors of PI4P in yeast that function during secretory membrane transport have
been arguably the most challenging to identify. Genetic studies strongly suggest that
Pik1p functions together with multiple components of the secretory pathway, in-
cluding at least three Rab-type GTPases (Ypt31p, Ypt32p, and Secdp), two tethering
complexes (TRAPPII and exocyst), components of the actin-mysoin network, and
the phospholipid flippase Drs2p (Walch-Solimena and Novick 1999; Sciorra et al.
2005). In particular, Rab GTPases are known regulators of membrane trafficking,
which have been shown to interface with phosphoinositide signaling during endo-
somal sorting (Zerial and McBride 2001). One attractive model for Golgi secretion
involves a cascade of Rab activation, in which the Golgi-localized Ypt32p GTPase
recruits the guanine nucleotide exchange factor (GEF) for the subsequent Rab GT-
Pase that acts in the pathway (Mizuno-Yamasaki et al. 2010). Indeed, the active
GTP-bound form of Ypt32p, generated by the GEF activity of the TRAPPII teth-
ering complex, binds directly to Sec2p, which catalyzes GTP exchange on Sec4p
that is present on secretory vesicles (Ortiz et al. 2002). Active Secdp can then re-
cruit components of the exocyst complex, which are necessary for vesicle fusion
with the plasma membrane (Guo et al. 1999b). The Rab cascade is further regulated
by Secl5p, a component of the exocyst complex, which competes with Ypt32p for
Sec2p binding (Mizuno-Yamasaki et al. 2010). The precise mechanism by which
Sec15p replaces Ypt32p remains unknown, but recent evidence implicates a role for
PI4P in this switch. Specifically, Sec2p was found to interact directly with PI4P
generated by Pik1p on Golgi membranes. Three basic patches within the Sec2p GEF
were found to be important for PI4P binding in vitro, and a mutant isoform of Sec2p
containing mutations in these regions failed to localize properly (Mizuno-Yamasaki
et al. 2010). Both Ypt31p and Ypt32p were also found to be important for Sec2p
localization, suggesting that a combination of protein-protein and lipid-protein inter-
actions were necessary for proper Sec2p targeting. Consistent with this idea, Sec2p
was shown to form a ternary complex with both PI4P and Ypt32p in vitro. In contrast,
PI4P inhibited the association of Sec2p with Secl5p, suggesting a role for PI4P in
stabilizing the association between Sec2p and Ypt32p at the Golgi to drive vesicle
formation (Mizuno-Yamasaki et al. 2010). Subsequent to vesicle budding, Sec2p
may catalyze the formation of active, GTP-bound Sec4p, initiating the recruitment
of exocyst subunits including Sec15p, which ultimately displaces Ypt32p. Although
this idea is speculative, the data clearly define a novel function for PI4P in secre-
tion from the Golgi and help to explain several of the genetic interactions defined
previously using pik/ mutant cells.

In addition to the role of Rab-type GTPases, vesicle biogenesis from the Golgi
also requires the action of Drs2p, a type IV P-type ATPase, which catalyzes the
translocation of aminophospholipids from one leaflet of the lipid bilayer to the other.
Similar to Piklp, Drs2p has been implicated in the formation of vesicles destined
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for the plasma membrane as well as the endosomal/vacuolar system (Chen et al.
1999; Hua et al. 2002; Gall et al. 2002). Recently, the flippase activity of Drs2p
was shown to be dependent on PI4P generated by Piklp (Natarajan et al. 2009).
A phosphoinositide binding site within Drs2p was identified and found to exhibit
similarity to the PI3P-interacting split PH domain of Vps36p, a component of the
ESCRT-II complex. A basic motif within this region (RMKKQR) was critical for PI4P
binding in vitro, and mutations in this region prohibited complementation in drs2
mutant cells. Unlike other roles for PI4P in targeting effectors to the Golgi, these
data highlight a unique function for this lipid in regulating an enzymatic activity
necessary for Golgi vesicle formation.

Since secretory vesicles move from the Golgi to the plasma membrane along
actin cables in yeast, it is not surprising that mutations affecting actin cytoskeleton
organization are lethal to pik/ mutant cells (Pruyne et al. 2004; Walch-Solimena
and Novick 1999). Further study into this connection has demonstrated that PI4P
present in secretory vesicles is critical for vesicle movement mediated by the type
V myosin Myo2p. Under normal conditions, directed vesicle movement also requires
interactions between Myo2p and the Rab-type GTPases Ypt31p, Ypt32p, and Sec4p.
However, by enhancing the association between Myo2p and PI4P, binding to the Rab-
type GTPases becomes dispensable (Santiago-Tirado et al. 2011). Although Myo2p
has not been demonstrated to interact directly with PI4P, these findings strongly
suggest that coincidence detection of PI4P and Rab GTPases is important for myosin-
dependent transport of secretory vesicles. In the future, it will be critical to understand
the mechanism by which Myo2p recognizes vesicles containing PI4P.

While the majority of studies have focused on a role for Piklp-mediated PI4P
production at the trans Golgi network, a cell free assay used to study ER to Golgi
transport uncovered a critical role for PI4P in this pathway. Specifically, the presence
of PI4P in the cis-Golgi was found to be necessary for COPII vesicle fusion (Lorente-
Rodriguez and Barlowe 2011). Although vesicle tethering did not require the presence
of PI4P, inhibitors of PI4P reduced SNARE complex assembly. Analysis of pikl/
mutant cells further suggested a role for PI4P in anterograde transport between the
ER and Golgi. However, a specific effector of PI4P at this early step of the secretory
pathway remains unidentified. In a similar fashion, several studies have suggested a
potential role for PI4P at the endosome, but confirmation of such a function awaits
the characterization of a PI4P-binding protein, which regulates endosomal trafficking
(Walch-Solimena and Novick 1999; Audhya et al. 2000).

2.4.2 Functions of PI4P Synthesized by Sttdp at the Plasma
Membrane

Although a significant portion of PI4P generated by Stt4p is rapidly metabolized to
PI4,5P, (discussed in the next section), the unique phenotypes of s##4 mutant cells
suggest that the plasma membrane pool of PI4P has specific effectors. Consistent
with this finding, the Cladp protein kinase, which is involved in actin cytoskeleton
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organization, polarized cell growth and cell division, harbors a PH domain that binds
to PI4P generated by Stt4p (Eby et al. 1998; Wild et al. 2004). In cells lacking Stt4p
kinase activity, Cla4p is mislocalized from the cell surface, suggesting that its in-
teraction with PI4P is critical for its normal targeting. Like other yeast proteins that
harbor PH domains, interaction with PI4P alone is insufficient to direct localization
of Clad4p. However, together with another interacting protein, the Cdc42p Rho-type
GTPase, Cladp is able to maintain a polarized distribution at the plasma membrane
(Wild et al. 2004). These data again highlight coincident roles for lipid and pro-
tein interactions to maintain the cellular distribution of phosphoinositide interacting
molecules. Furthermore, these findings illustrate that PI4P directly regulates actin
polarity by controlling Cla4p recruitment to the plasma membrane. Notably, in the
absence of Sttdp function, directed membrane transport to the bud is disrupted by
perturbations in actin organization, resulting in isotropic cell growth (Audhya et al.
2000). Similar phenotypes have been observed in cells lacking Cla4p and a related
protein kinase, Ste20p (Holly and Blumer 1999). Although Ste20p has not been
shown to interact with phosphoinositides, these are the first data demonstrating that
PI4P generated by Sttdp exhibits functions in actin organization beyond its role as a
precursor to Mss4p-mediated PI4,5P, synthesis.

In addition to its role at the plasma membrane, Stt4p has also been implicated in the
transport of the phospholipid PS from the ER to the Golgi. Specifically, inhibition
of Sttdp kinase activity leads to an accumulation of PS in the ER, which under
normal conditions is metabolized to form phosphatidylethanolamine (PE) in the
Golgi (Trotter et al. 1998). These data suggest that PI4P generated by Stt4p regulates
the movement of phospholipids in the early secretory pathway, although an effector
of PI4P in this process remains unknown. Additionally, these findings raise the
possibility that PI4P generated by Stt4p at the plasma membrane can be transferred
to the ER, potentially at sites of ER-plasma membrane contact. Such a process may
be mediated by members of the OSBP family, which all exhibit the capacity to bind
phosphoinositides. In particular, Osh3p appears to be specifically enriched at sites of
ER-plasma membrane contact, and this localization is dependent on an interaction
between its PH domain and PI4P (Stefan et al. 2011). Although a model in which
OSBPs directly transfer phosphoinositides between organelles is highly speculative,
it is supported by studies suggesting that PI4P generated by Stt4p can accumulate in
the ER following inactivation of the Saclp lipid phosphatase (Li et al. 2002; Wood
et al. 2009). Further studies are clearly required to confirm or reject this possibility.

Beyond the putative role of OSBPs in lipid transfer, this family of phosphoinos-
itide-binding proteins also regulates PI4P turnover. In mutant cells deficient in OSBP
function, PI4P levels rise substantially, similar to the phenotype exhibited by cells
lacking Saclp phosphatase activity (Stefan et al. 2011). Furthermore, OSBPs have
been shown to activate the phosphatase activity of Saclp in vitro. Thus, PI4P auto-
regulates its stability by recruiting effectors that increase PI4P hydrolysis. This type
of feedback inhibition may be necessary to restrict PI4P signaling on the plasma
membrane and prevent the mistargeting of PI4P binding proteins required for function
downstream of Pik1p at the Golgi.
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As mentioned earlier, Osh3p is an effector of PI4P generated on the plasma mem-
brane by Stt4p and localizes to sites of ER-plasma membrane contact (Stefan et al.
2011). Since PI4P accumulates homogenously on the cell surface, these data suggest
that Osh3p distribution is also regulated by additional interactions. Consistent with
this idea, two ER membrane proteins that regulate phospholipid biosynthesis, Scs2p
and Scs22p, also bind to Osh3p and control its accumulation at sites of ER-plasma
membrane contact (Stefan et al. 2011). Notably, Scs2p has been shown to bind PI4P
in vitro, and mutations that disrupt its ability to associate with phosphoinositides
diminish its function in regulating the metabolism of ER phospholipids (Kagiwada
and Hashimoto 2007). Together, these data suggest that PI4P generated by Stt4p
plays an important role in generating and/or stabilizing contact sites between the
plasma membrane and ER through the recruitment of multiple effector proteins.
These contact sites potentially allow for the direct transfer of lipids between these
distinct organelles, allowing for rapid changes in membrane content independently
of vesicular transport. Further studies are necessary to determine whether inactiva-
tion of Stt4p may lead to the disruption of ER-plasma membrane contact and what
affect this has on cell growth and viability.

Characterization of stt4 mutant cells also revealed a role for Stt4p-mediated pro-
duction of PI4P in vacuolar membrane homeostasis. Following loss of Stt4p activity,
vacuoles undergo a dramatic reduction in volume, while their overall surface area
does not appear to change significantly (Audhya et al. 2000). One possibility is that
PI4P generated at the plasma membrane is required for controlling cellular osmo-
larity, and defects in PI4P production lead to changes in osmotic pressure within
the cell that cause vacuoles to lose volume. Importantly, such an effect is not seen
following loss of Mss4p-mediated PI4,5P, production, indicating that PI4P does not
simply act as a precursor lipid in this pathway. In the future, it will be important to
define specific effectors of PI4P, which control cellular osmolarity and/or vacuole
size and shape.

2.5 Roles for P14,5P; in Membrane Transport

Although the single yeast PI4P 5-kinase Mss4p undergoes nucleo-cytoplasmic shut-
tling, studies indicate that the essential cellular pool of PI4,5P; is synthesized on
the plasma membrane (Audhya and Emr 2003). At this location, PI4,5P, regulates
a number of distinct processes, which include endocytosis, exocytosis, cytokinesis,
maintenance of cell polarity, and actin cytoskeleton organization. In several cases,
PI4,5P, functions as a localization determinant. However, many effectors rely on
PI4,5P, binding to regulate their activities directly. We will discuss a variety of
mechanisms by which PI4,5P, modulates cellular function, with an emphasis on its
diverse roles in membrane trafficking.

During endocytosis, a number of different factors must be recruited to the cell
surface in a coordinated fashion to drive membrane invagination and scission. In
the case of clathrin-mediated endocytosis, adaptor proteins arrive soon after clathrin
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marks an endocytic site (Liu et al. 2010). Several of these factors require the presence
of PI4,5P; to associate with the plasma membrane. For example, the alpha subunit
of the mammalian AP-2 adaptor protein complex has been shown to bind PI4,5P,
through a conserved amino-terminal basic region, and this interaction is required for
its localization (Collins et al. 2002). Although the yeast AP-2 alpha subunit Apl3p
exhibits only 30% sequence identity with its human homolog, the basic residues
within the amino-terminus are almost entirely conserved, suggesting that Apl3p also
binds PI4,5P,. However, in contrast to human AP-2, the role of the yeast complex is
less clear as mutant cells lacking all AP-2 adaptor subunits fail to exhibit significant
defects in clathrin-mediated endocytosis (Huang et al. 1999; Yeung et al. 1999).
These data suggest that alternative proteins likely function in a redundant manner to
the AP-2 complex in yeast.

The epsins, Entlp and Ent2p, are adaptor proteins, which may fulfill such a func-
tion. Unlike AP-2, epsin function is essential for yeast cell viability, and specifically
plays an important role during clathrin-mediated endocytosis (Wendland et al. 1999).
Both Entlp and Ent2p harbor ENTH (epsin N-terminal homology) domains, which
bind to PI4,5P, (Aguliar et al. 2003). In general, ENTH domains are approximately
150 amino acids in length and are composed of 9 alpha helices connected by loops of
varying sizes. Based on the structure of the ENTH domain from mammalian epsin,
PI4,5P; interacts with basic amino acids in loop 1 and helices 3 and 4 (Itoh et al.
2001). The conservation of this region in Entlp and Ent2p strongly suggests a com-
mon mechanism for phosphoinositide binding. Additionally, genetic studies indicate
that the ENTH domain from either Ent1p or Ent2p is sufficient to complement dele-
tions of both genes (Aguliar et al. 2006). These data suggest additional functions
beyond phosphoinositide binding for this region. Consistent with this idea, the ENTH
domain has been found to be a coincident detector of both PI4,5P, and GEFs for
the Rho-type GTPase Cdc42p, which play an important role in polarized cell growth
(Aguliar et al. 2006). Thus, a combination of protein-protein and protein-lipid inter-
actions coordinates spatial and temporal regulation of endocytosis with maintenance
of cell polarity.

Yeast cells also express two epsin-related proteins, Yap1801p and Yap1802p,
which harbor ANTH (AP180 N-terminal homology) domains. The ANTH domain
exhibits a similar overall structure to the ENTH domain, containing 9 helices con-
nected by loops (Legendre-Guillemin et al. 2004). Additionally, a PI4,5P, binding
site within the ANTH domain has been defined (Stahelin et al. 2003), and contains
the conserved sequence KxgKx(K/R)(H/Y). Although initial studies failed to identify
endocytic defects in cells lacking Yap1801p and Yap1802p, subsequent findings indi-
cated that the adaptor proteins possess cargo specific roles in endocytosis (Wendland
and Emr 1998; Huang et al. 1999; Burston et al. 2009). These data further implicate
PI4,5P; in regulating endocytic trafficking in yeast.

In addition to Yap1801p and Yap1802p, a third ANTH domain containing protein
Sla2p has been implicated in endocytosis. Furthermore, Sla2p also functions to
regulate actin organization, connecting membrane transport from the cell surface to
the underlying cytoskeleton (Wesp et al. 1997). The conserved basic region within the
Sla2p ANTH domain was shown to be critical for PI4,5P;, interaction, and mutations
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in this region perturbed endocytic function in cells otherwise lacking Sla2p (Sun
et al. 2005). However, loss of the basic region failed to impact localization of Sla2p,
indicating that PI4,5P; is not essential for targeting of Sla2p to the plasma membrane.
Instead, PI4,5P; likely regulates the activity of Sla2p during endocytosis. Since Sla2p
binds to components of both the clathrin coat and the actin cytoskeleton, modulations
in Sla2p function by P14,5P, may be critical to appropriately couple vesicle formation
with actin-dependent vesicle internalization. However, further studies are necessary
to pinpoint the precise consequence of PI4,5P, interaction with the Sla2p ANTH
domain.

The intimate connection between endocytosis and cytoskeletal organization im-
plicates several additional PI4,5P, binding proteins, which modulate actin assembly,
in membrane trafficking. For example in mammalian cells, the actin severing protein
gelsolin is rapidly inactivated in the presence of PI4,5P,, while PI4,5P, binding to the
basic motif in WASP family members stimulates actin polymerization mediated by
the Arp2/3 complex (Janmey and Stossel 1987; Rohatgi et al. 2000; Papayannopou-
los et al. 2005). Thus, using several mechanisms, PI4,5P, accelerates the formation
of actin networks, which play a key role in endocytic vesicle budding. In total, more
than 30 actin filament binding proteins have been reported to associate directly with
phosphoinositides (Yin and Janmey 2003).

Similar to gelsolin, PI4,5P; also exhibits an inhibitory effect on the actin depoly-
merizing factor (ADF)/cofilin known as Coflp in yeast. In the absence of PI4,5P,,
Cof1p promotes rapid actin dynamics by driving the severing of actin filaments, but
its ability to associate with actin and its depolymerizing activity is strongly dimin-
ished by PI4,5P; (Carlier et al. 1997; Gorbatyuk et al. 2006). Based on a series of cof1
mutant alleles, a highly conserved basic helix in Coflp, as well as other positively
charged residues found throughout the molecule, appear to be important for P14,5P,
binding (Ojala et al. 2001). These findings suggest that Coflp may bind multiple
PI4,5P, molecules simultaneously. However, work using ADF/cofilin from another
organism indicated that PI4,5P, binding was mediated by the carboxyl-terminus of
the protein (Kusano et al. 1999). Additional work is necessary to define the precise
mechanism by which PI4,5P, binds cofilin and inhibits its activity.

Actin polymerization can also be terminated by the function of capping protein,
an evolutionarily conserved, heterodimeric complex consisting of alpha and beta
subunits, encoded by CAP/ and CAP2 in yeast. Through its association with the
ends of actin filaments, capping protein inhibits further actin dynamics (Saarikangas
et al. 2010). Both subunits contain highly basic residues that are critical for P14,5P,
binding, and association with PI4,5P, interferes with the interaction between capping
protein and actin, promoting actin dynamics necessary for endocytosis (Kim et al.
2007). The importance of the interaction between capping protein and PI4,5P; is
further highlighted by work indicating that a partial loss of function mss4 allele
exhibits synthetic lethality with deletion of either CAPI or CAP2 (Audhya et al.
2004).

Profilin, encoded by PFY]I in yeast, is another PI4,5P, binding protein that in-
teracts specifically with monomeric actin. Under certain cellular conditions, profilin
can act as an actin monomer sequestering molecule, inhibiting actin filament assem-
bly (Witke 2004). Interaction with PI4,5P, disrupts the association of profilin with



54 A. L. Schuh and A. Audhya

actin, thus inhibiting the effect of profilin on actin polymerization. Several regions
of profilin have been implicated in PI4,5P; binding, and the interaction appears to
be electrostatic in nature (Lassing and Lindberg 1985; Richer et al. 2008). In a sim-
ilar fashion, PI4,5P, also inhibits the actin monomer sequestering activity of the
yeast twinfilin Twflp (Palmgren et al. 2001). Thus, by maintaining free pools of
monomeric actin, the presence of PI4,5P, generates an environment conducive to
actin polymerization and endocytosis.

In several cases, PI4,5P, regulates cytoskeletal organization through effectors
that do not bind actin directly. For example, the Rho-type GTPase Rholp is required
for polarity of the actin cytoskeleton in yeast, as well as polarized secretion (Levin
2005). The Rholp GEF Rom2p harbors a PH domain that has been shown to interact
with PI4,5P; (Audhya and Emr 2002). Inhibition of Stt4p or Mss4p, which diminish
PI4,5P, synthesis on the plasma membrane, results in a defect in Rom2p localization
and leads to depolarization of the actin cytoskeleton, suggesting that phosphoinosi-
tide signaling regulates Rholp activity. Furthermore, a polybasic sequence within
Rholp, which plays a role in targeting the GTPase to sites of polarized growth in-
dependent of its GEFs, has also been shown to interact with PI4,5P, (Yoshida et al.
2009). Together, these findings demonstrate that phosphoinositide and Rho-type
GTPase signaling are tightly coupled.

Mssdp-dependent PI4,5P, synthesis is also required for the normal localization
of Slm1p and SIm2p, two additional regulators of actin organization in yeast. Both
Slm1p and SIm2p contain PH domains capable of interacting with PI4,5P,, and
mutations in the Slm1p PH domain that inhibit phosphoinositide interaction result
in the mislocalization of Slm1p to the cytoplasm (Audhya et al. 2004; Fadri et al.
2005). Although the precise mechanism underlying Slm1p and SIm2p regulation of
actin cytoskeleton organization remains unknown, these data further highlight the
diversity of PI4,5P, effectors that control actin polarity. Furthermore, Slmlp and
Slm2p also play roles in sphingolipid biosynthesis, which function in several mem-
brane trafficking pathways including endocytosis (Tabuchi et al. 2006). These data
suggest that phosphoinositide and sphingolipid signaling likely intersect, potentially
to coordinate vesicle transport with membrane homeostasis.

In addition to its role in endocytosis, the actin cytoskeleton also performs a key
function in directed protein secretion and exocytosis. As discussed earlier, PI4P
generated on the Golgi by Pik1p plays several important roles in generating secretory
vesicles, which move along actin cables to sites of polarized growth. Fusion of
vesicles with the plasma membrane requires the activity of a tethering complex
known as the exocyst. Of the 8 exocyst subunits, two have been shown to interact
with PI4,5P, and direct their localization to the plasma membrane, Exo70p and
Sec3p (He et al. 2007; Zhang et al. 2008). In the case of Exo70p, PI4,5P, binding
is mediated by a basic patch of amino acids in the carboxyl-terminus. Similarly,
a basic region in the amino-terminus of Sec3p, which has been shown to adopt
a PH domain fold, also binds to PI4,5P,. Consistent with a role for PI4,5P, in
regulating exocyst localization on the cell surface, inhibition of Mss4p activity led
to the accumulation of the exocyst complex in the cytoplasm. Notably, unlike the
uniform distribution of PI4,5P, on the plasma membrane, the exocyst complex is
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highly polarized, suggesting additional interactions are necessary for proper exocyst
distribution. Indeed, several Rho-type GTPases, which localize in an asymmetric
fashion, bind to components of the exocyst, and these interactions also play an
important role in recruiting the complex to the plasma membrane (Zhang et al.
2008). Taken together, these data again highlight the importance of dual targeting
mechanisms, which combine protein and lipid signals, in determining the localization
of phosphoinositide effectors in cells.

Finally, PI4,5P; has also been implicated in the final stages of cell division in yeast
by regulating several components of the septin complex, which orchestrate membrane
remodeling events necessary for cytokinesis. The septins Cdc3p, Cdc10p, Cdcll1p,
and Cdc12p have been demonstrated to form filaments that can function as a diffusion
barrier as cells divide (Weirich et al. 2008). Studies indicate that each septin harbors a
basic motif capable of binding to PI4,5P,. Mutations in basic residues found in Cdc3p,
which mediate PI4,5P, binding, cause defects in cell division (Votin et al. 2009).
Invitro, P14,5P, promotes septin filament assembly and organization, suggesting that
protein-lipid interactions in this case function beyond membrane recruitment (Bertin
et al. 2008, 2010). Further work is necessary to understand how phosphoinositide
binding may affect septin dynamics during the process of cell division.

2.6 Perspectives and Conclusions

The recognized roles of phosphoinositides in membrane transport pathways have
grown significantly over the last two decades. Although many more effectors likely
await characterization, it has become clear that phosphoinositide signaling plays key
roles in the movement of cargoes between virtually all cellular compartments. Two
major themes have emerged from the study of PI metabolism. First, the localization
of phosphoinositides is highly regulated, and their distributions rarely overlap. Thus,
phosphoinositides function as organelle specific labels, enabling membrane com-
partments to be distinguished from one another and preventing crosstalk between
distinct biochemical processes within a common cytoplasm. Second, phosphoinosi-
tides infrequently function alone, and instead regulate cellular pathways in concert
with other factors. Such a mechanism provides the high specificity necessary for
directed membrane transport between organelles. In the future, the diversity of phos-
phoinositide effectors will likely continue to grow, hopefully shedding additional
light on the complex mechanisms by which membrane trafficking is appropriately
coordinated.
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Chapter 3
Phosphoinositides in the Mammalian
Endo-lysosomal Network

Peter J. Cullen and Jeremy G. Carlton

Abstract The endo-lysosomal system is an interconnected tubulo-vesicular network
that acts as a sorting station to process and distribute internalised cargo. This network
accepts cargoes from both the plasma membrane and the biosynthetic pathway, and
directs these cargos either towards the lysosome for degradation, the peri-nuclear
recycling endosome for return to the cell surface, or to the trans-Golgi network.
These intracellular membranes are variously enriched in different phosphoinositides
that help to shape compartmental identity. These lipids act to localise a number
of phosphoinositide-binding proteins that function as sorting machineries to regu-
late endosomal cargo sorting. Herein we discuss regulation of these machineries by
phosphoinositides and explore how phosphoinositide-switching contributes toward
sorting decisions made at this platform.

Keywords Endosome - Membrane traffic - Phosphoinositide - Endosomal sorting

3.1 Introduction—The Endo-lysosomal Network

The endo-lysosomal network begins at the plasma membrane after transmem-
brane cargo becomes internalized through the process of endocytosis (Mayor and
Pagano 2007). After internalization, cargo proteins enter the early endosome, an
endomembrane compartment characterised by interconnected morphologically dis-
tinct vacuolar and tubular elements. Here cargo sorting occurs (Cullen 2008). Cargoes
destined for degradation, such as the epidermal growth factor receptor (EGFR), are
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Fig. 3.1 The endo-lysosomal
network. a The
interconnected membranous
network that constitutes the
endo-lysosomal network.

b Steady state distribution of
phosphoinositide isomers
within the network: the
‘phosphoinositide map’

P.J. Cullen and J. G. Carlton

a

e T pk Y T T N
Coated
Vesicle _/ b
2 (‘ é Endocytic
- Recycling
Early Compartment
Endosome \ '\
‘/ Golg| [ | e [ Y s | e §
MVB/Late \
Endosome
Nucleus
Lysosome
. J
Yeerr TTmR  Yoi-MPR
b
( 4@ @Coated _/ )
Vesicle O
Endocytic
Recycling
Early Compartment
Endosom ~
O @ Golgi 2= [ =]
O/~ o ==
MVB/Late
Endosome
Nucleus
Lysosome’
. J
Cellular Membrane PtdIns(3,5)P,
——PtdIns(3)P Ptdins(4,5)P,
PtdIns(4)P <% Clathrin

sorted onto intraluminal vesicles (ILVs) of endosomes, which, through a process of
compartment maturation give rise to the late endosome/multivesicular body (MVB)
(Piper and Katzmann 2007; Williams and Urbe 2007; Hurley and Hanson 2010). In
parallel, other cargoes are retrieved from this pathway. Transferrin receptors (TfnRs),
integrins and a variety of other cargo undergo sorting into tubular-branched struc-
tures from where they are recycled back to the plasma membrane via a direct fast
recycling route or, more slowly, through the juxtanuclear endocytic recycling com-
partment (ERC) (Grant and Donaldson 2009; Hsu and Prekeris 2010). Yet other
cargoes, such as cation-independent mannose 6-phosphate receptors (CI-MPRs) are
sorted into distinct tubular sub-domains for retrieval to the trans-Golgi network
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(TGN) (Bonifacino and Rojas 2006; Johannes and Popoff 2008). When all recycled
material has been removed, late endosomes/MVBs fuse with lysosomes thereby de-
grading cargoes associated with the intraluminal vesicles (Saftig and Klumperman
2009) (Fig. 3.1a).

Interest in this membranous network stemmed from academic curiosity into how
the complexities of the network are established and maintained. Subsequent medical
importance of endo-lysosomal sorting has emerged from an ever-growing body of
evidence implicating adverse sorting as an underlying mechanism for a number of
diseases. Moreover, adventitious viruses, pathogens and toxins exploit this pathway
in order to enter target cells and gain access to the cytosol (Gruenberg and van der
Goot 2006; Johannes and Romer 2010; Mercer et al. 2010). Research into this net-
work is therefore moving increasingly towards defining the molecular mechanisms
of endosomal related diseases, and nowhere is this more evident than in the study
of endosomal phosphoinositides (Nicot and Laporte 2008; McCrea and De Camilli
2009; Liu and Bankaitis 2010).

3.2 Subcellular Distribution of Phosphoinositides

Phosphoinositides are not uniformly distributed throughout cellular membranes
rather they adopt a compartmentalised distribution which is dependent on the spa-
tial and temporal regulation of specific kinases and phosphatases. While the exact
phosphoinositide composition of individual membrane compartments is not com-
prehensively understood, imaging based studies employing fluorescently-tagged
isomer-specific phosphoinositide biosensors have described a general map of
phosphoinositide distributions (Balla and Varnai 2009; Cooke 2009). For the endo-
lysosomal network this is defined by the enrichment of PtdIns(4,5)P, at sites of
clathrin-mediated endocytosis (Haucke 2005), while PtdIns(3)P is localized to the
cytosolic face of the limiting membrane of early endosomes and those intralumi-
nal vesicles contained within MVBs (Gillooly et al. 2000a). PtdIns(3,5)P, on the
other hand has been proposed to be primarily localised to the limiting membrane
of late endosomes although the evidence for this remains incomplete (Michell et al.
2006). Finally, membranes of the ERC, Golgi apparatus and cytoplasmic vesicles are
thought to contain PtdIns(4)P and PtdIns(4,5)P, (De Matteis et al. 2005; Hammond
et al. 2009; Jovic et al. 2009) (Fig. 3.1b).

Such a phosphoinositide map should always be taken as a generality. It is clear that
under certain physiological conditions specific phosphoinositide can be generated
on membranes other than those described within the map. Take for example the
early endosomal pool of PtdIns(3)P. It can be generated on the inner leaflet of the
plasma membrane during insulin stimulation (Maffucci et al. 2003), appears to be
associated with the outer plasma membrane leaflet (Kale et al. 2010), and is present
in the endoplasmic reticulum during the formation of autophagosomes (Axe et al.
2008).
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3.3 Endosomal Phosphoinositide Kinases and Phosphatases

A vital element in the biology of phosphoinositide is their rapid inter-conversion
through the actions of specific kinases and phosphatases (see (Balla and Balla
2006; Robinson and Dixon 2006; Ooms et al. 2009; van den Bout and Divecha
2009; Liu and Bankaitis 2010; Vanhaesebroeck et al. 2010) for detailed reviews).
Briefly, mammalian cells express families of specific kinases and phosphatases
which add or remove phosphates from the D3, D4 and D5 position of the inositol
head-group of specific phosphoinositide isomers. Thus, Class I PI 3-kinase gener-
ates PtdIns(3,4,5)P; by catalysing the addition of a phosphate to the 3-position of
PtdIns(4,5)P,, while PTEN is a 3-phosphatase that dephosphorylates PtdIns(3,4,5)P3
re-generating PtdIns(4,5)P, (Chalhoub and Baker 2009). Broadly speaking, the
molecular architecture of phosphoinositide kinases and phosphatases are organised
s0 as to target the catalytic region to different subcellular membranes through mech-
anisms that, for the majority of enzymes, remain to be completely defined. This has
the effect of spatially restricting the activity of individual kinases and phosphatases
to the membrane:cytosol interface of specified compartments. If one adds to this the
fact that these enzymes are also designed to respond to changes in the cellular state,
for example receptor activation and changes to the cell cycle, then a picture emerges
in which the metabolic turnover of specific phosphoinositides can be spatially and
temporal restricted to unique membrane compartments (i.e. the phosphoinositide
map, Fig. 3.1b).

To further illustrate and expand this, consider the endo-lysosomal network. The
central axis of this pathway classically begins with the formation of PtdIns(4,5)P,-
enriched clathrin-coated endocytic pits, proceeds through PtdIns(3)P-containing
early endosomes before ending with PtdIns(3,5)P,-containing late endosomes. Im-
portantly, the transition from clathrin-coated pits to late endosomes occurs through
compartment maturation—clathrin-coated pits mature and then fuse with early en-
dosomes, which in turn mature into late endosomes (Rink et al. 2005; Poteryaev
et al. 2010). Along this maturation axis therefore, there appears to be three
phosphoinositide switches—PtdIns(4,5)P,-to-PtdIns(4)P, PtdIns-to-PtdIns(3)P and
PtdIns(3)P-to-PtdIns(3,5)P, (Joly et al. 1995; Dove et al. 1997; Shin et al. 2005;
Zoncu et al. 2009).

3.3.1 PtdIns(4,5)P,-to-PtdIns(4)P Switch

The formation of plasma membrane PtdIns(4,5)P, through the actions of PtdIns(4)P
5-kinases is an essential localisation cue required for clathrin-mediated endocyto-
sis (Jost et al. 1998; Wenk et al. 2001). Early genetic studies in mice revealed
the importance of Type I PtdIns(4)P 5-kinase-y for this process during synaptic
transmission (Paolo et al. 2004). This class of phosphoinositide kinases are able to
directly associate with the clathrin-binding cargo adaptor AP-2 (Krauss et al. 2006;
Nakano-Kobayashi et al. 2007; Thieman et al. 2009), an intriguing observation
given that initial endocytic assembly zones are nucleated at the plasma membrane
through low affinity interactions between AP-2 and discrete, localised patches of
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Fig. 3.2 Clathrin-mediated endocytosis. a Schematic depicting stages of clathrin-coated vesicle
(CCV) formation. b Phosphoinositide kinases and phosphatases involved in shaping the phospho-
inositide profile of the nascent CCV and predicted PtdIns(4)P—PtdIns(4,5)P, transition during this
process

plasma membrane PtdIns(4,5)P, (Traub 2009b) (Fig. 3.2a, b) (see Sect. 3.5.1 for
more detail).

As for inositol 5-phosphatases, a number, including two isoforms of synaptojanin
1 (synaptojanin 1-170 and synaptojanin 1-145), synaptojanin 2, SHIP2, INPP5B
and OCRL (McPherson et al. 1996; Shin et al. 2005; Hyvola et al. 2006; Perera et al.
2006; Erdmann et al. 2007; Nakatsu et al. 2010), are recruited to forming clathrin-
coated endocytic structures, further establishing the importance of PtdIns(4,5)P,
turnover in the dynamics of this process. While there is no evidence to suggest a direct
association between Type I PtdIns(4)P 5-kinases and PtdIns(4,5)P, 5-phosphatases,
synaptojanin 1-170 does associate with the AP-2 adaptor (Haffner et al. 2000; Jha
et al. 2004), arguing for a close spatial relationship between these two catalytic
activities. Interestingly, while synaptojanin 1-170 remains associated with clathrin-
coated pits from early nucleation through to clathrin uncoating after fission (Perera
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et al. 2006), the association of other 5-phosphatases is dependent on the maturation
state of the clathrin-coated pit (Nakatsu et al. 2010). SHIP2 associates at early
stages during nucleation and growth but dissociates prior to scission (Perera et al.
2006; Nakatsu et al. 2010), and synaptojanin 1-145 and OCRL both arrive at late
stages of pit formation. After clathrin uncoating, an event triggered by PtdIns(4,5)P,-
to-PtdIns(4)P switching, only OCRL remains associated with the newly formed
endosomal vesicle (Perera et al. 2006; Erdmann et al. 2007) (see Sect. 3.5 for a
discussion of clathrin-mediated endocytosis).

Overall, the requirement for Type I PtdIns(4)P 5-kinases and the sequential as-
sociation of multiple 5-phosphatases is consistent with the continuous turnover of
PtdIns(4,5)P; and PtdIns(4)P during maturation of clathrin-coated pits and vesicles,
which helps create a plastic system allowing for regulation of the maturation process
(Fig. 3.2a, b). One interpretation of these data is that inclusion of individual enzymes
within discrete interaction networks within the global clathrin coat interactome may,
at specified times during the maturation pathway, modify on a local scale the level
of PtdIns(4,5)P;.

3.3.2 PtdIns-to-PtdIns(3)P Switch

Clathrin derived endocytic vesicles (and also those from clathrin-independent en-
docytosis) on entering the endosomal network contain Rab5 and APPL, but lack
detectable levels of PtdIns(3)P (Zoncu et al. 2009): presumably these vesicle also
contain PtdIns and residual PtdIns(4)P from dephosphorylation of PtdIns(4,5)P;.
Conversion of these intermediate endosomes to PtdIns(3)P-positive early endosomes
correlates with displacement of APPL and the acquisition of PtdIns(3)P-binding pro-
teins such as EEA1 (Zoncu et al. 2009). How this conversion is controlled is unclear
although competition with Rab5 may be one possibility (Zoncu et al. 2009): APPL
directly binds Rab5 (Miaczynska et al. 2004) and also the 5-phosphatase OCRL
which, as described above, remains associated with the newly formed endosomal
vesicle after clathrin-mediated endocytosis (Hyvola et al. 2006; Perera et al. 2006;
Erdmann et al. 2007).

Active GTP-bound Rab5 is a key regulatory of the principal PtdIns 3-kinase
in mammalian cells, VPS34 (Christoforidis et al. 1999; Backer 2008). VPS34 is
associated with a HEAT domain-containing regulatory subunit VPS15, and it is the in-
teraction with Rab5 that targets this dimer to endosomes, catalysing the formation of
PtdIns(3)P (Christoforidis et al. 1999). The antagonistic PtdIns(3)P 3-phosphatases
are members of the myotubularin family: a large group of lipid phosphatases, muta-
tions in which are linked to various genetic diseases affecting skeletal muscle and the
neuronal system (Robinson and Dixon 2006; Liu and Bankaitis 2010). Myotubularin
1 (MTM1) (defective in X-linked myotubular myopathy) and myotubularin-related
2 (MTMR?2) (defective in Charcot-Marie-Tooth disease type 4B (CMT4B1)) are
both able to associate with the VPS15:VPS34 complex through an interaction with
VPS15 (Cao et al. 2007, 2008). In these complexes both 3-kinase and 3-phosphatase
activities are inactivated, effectively shutting off the turnover of PtdIns(3)P (Cao
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et al. 2007, 2008) and stabilising domains of this lipid upon endosomes. Rab5 and
Rab7 however compete with MTM1 and MTMR2 for binding to the VPS15, re-
leasing the inhibition and allowing PtdIns(3)P turnover (Cao et al. 2007, 2008).
Imaging studies are consistent with the VPS15:VPS34:MTM1 complex residing at
the Rab5 early endosome and the VPS15:VPS34:MTMR2 complex localising to
Rab7 late endosomes (Cao et al. 2007, 2008). Perhaps competition of Rab5 with the
VPS15:VPS34:MTMI1 complex on APPL-labelled intermediate endosomes may be
one component in switching to a PtdIns(3)P positive early endosome. Understand-
ing how the activation statuses of Rab5 (and Rab7) modulate the assembly of these
PtdIns 3-kinase:PtdIns(3)P 3-phosphatase complexes will surely reveal interesting
insight into the co-ordination of PtdIns(3)P turnover and early-to-late endosomal
maturation.

3.3.3 PtdIns(3)P-to-PtdIns(3,5)P, Switch

In mammalian cells the PtdIns(3)P-to-PtdIns(3,5)P, switch is catalysed by the Pt-
dIns(3)P 5-kinase PIKfyve (Sbrissa et al. 1999; Shisheva et al. 1999), an enzyme
localised to early and late endosomes (Cabezas et al. 2006; Ikonomov et al. 2006;
Rutherford et al. 2006) through its PtdIns(3)P-binding FYVE domain. The reverse
reaction, converting PtdIns(3,5)P,-to-PtdIns(3)P, is driven by the 5-phosphatase
mFig4/Sac3 (Sbrissa et al. 2007). These two enzymes associate in a complex along-
side the associated regulator of PIKfyve (ArPIKfyve/hVacl4) (Sbrissa et al. 2004;
Jin et al. 2008), a HEAT domain-containing scaffold protein which regulates the cat-
alytic activities of both PIKfyve and mFig4 (this complex is evolutionarily conserved
being also present in yeast (Bonangelino et al. 2002; Dove et al. 2002; Gary et al.
2002; Rudge et al. 2004; Duex et al. 2006; Botelho et al. 2008)). Like many other
examples where antagonistic or complementary enzymatic activities are associated
within a single complex, the PIKfyve/mFig4/hVac14 complex appears designed to
allow co-ordination and fine regulation of the relative 5-kinase versus 5-phosphatase
activities during the PtdIns(3)P-to-PtdIns(3,5)P; switch (Botelho 2009). Again, how
this regulation is co-ordinated with endosomal sorting and maturation will be an
interesting area for further research.

That this complex is of central importance for normal endo-lysosomal function is
however clear (see Sect. 3.7.3 for more detailed discussion). Perturbing PtdIns(3,5)P,
leads to a variety of phenotypes one of which is the striking formation of numerous
swollen endosomal vacuoles that arise from a defect in the biology of late endosomes
and lysosomes (Michell et al. 2006). In mice the loss of Fig4 or Vacl4leads to
vacuolation of neurons and neurodegeneration (Chow et al. 2007; Zhang et al. 2007).
Moreover, mutations in Fig4 are observed in patients with recessive peripheral-nerve
disorder CMT4J, amyotrophic lateral sclerosis (ALS) and primary lateral sclerosis
(PLS) (Chow et al. 2007, 2009; Zhang et al. 2008), in which at least for CMT4J
patients, isolated fibroblasts have swollen vacuoles and impaired trafficking (Zhang
et al. 2008).
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3.3.4 Other Phosphoinositide Switches

Besides these switches one needs to consider that PtdIns(3,4,5)P5 also plays an im-
portant role during certain endocytic events including, abeit perhaps in a more minor
capacity than PtdIns(4,5)P,, clathrin-mediated endocytosis (Shin et al. 2005; Nakatsu
et al. 2010). Here a Rab5-GTP regulated phosphatase cascade acts to sequentially
convert PtdIns(3,4,5)P; to PtdIns(3,4)P, before dephosphorylation of PtdIns(3,4)P,
generates PtdIns(3)P—employing type II inositol 5-phosphatase and type low PI
4-phosphatase activities respectively (Shin et al. 2005). Rab5 therefore controls
the generation of PtdIns(3)P through two distinct routes—direct activation of the
VPS34 Class III PI 3-kinase and indirect switching of PtdIns(3,4,5)P3-to-PtdIns(3)P.

Away from the central axis of the endo-lysosomal degradative pathway, other
endosomal trafficking routes require phosphoinositide switches for their maturation.
Switching of PtdIns-PtdIns(4)P-PtdIns(4,5)P; is necessary for recycling through the
slow juxtanuclear endocytic recycling compartment. Here, the activity of a type
II PtdIns 4-kinase generates PtdIns(4)P, and the ARF6-mediated activation of Pt-
dIns(4)P 5-kinase leads to the production of PtdIns(4,5)P; in order to regulate exit
from the compartment back to the plasma membrane (Brown et al. 2001; D’ Angelo
et al. 2008; Grant and Donaldson 2009; Jovic et al. 2009). Finally, one can specu-
late that retrograde retrieval pathways will also require phosphoinositide switching
as membrane containing carriers are transported from the donor endosomes to the
target membranes. For example, retrograde carriers en route to the frans-Golgi net-
work will, depending on whether they originated from early or late endosomal donor
compartments, be predicted to contain respectively PtdIns(3)P or PtdIns(3,5)P,. As
the trans-Golgi network is not enriched in these phosphoinositides, switching must
occur to maintain phosphoinositide compartmental identity.

In summary: to maintain compartmental identity the phosphoinositide signature
of the proceeding compartment must be erased while the new phosphoinositide iden-
tity is developed (Botelho 2009). These switches appear tightly regulated. Indeed,
as a general concept one can argue that an inability to efficiently maintain phos-
phoinositide switching, and the resultant effects on compartment identity may well
underlie many of the diseases that are linked to endosomal phosphoinositides.

3.4 Sensing the Phosphoinositide Identity Code

With the distinction between phosphoinositides residing mostly in the organization
of phosphate groups on the inositol ring, the ability of proteins to bind these lipids
is mediated primarily through electrostatic interactions with basic amino acids. The
ways in which these amino acids are presented to the phosphoinositide are however
distinct, ranging from structurally well organized binding pockets (e.g. PH (pleckstrin
homology) domains, FYVE (Fabl, YOTB, Vacl, EEA1 homology) domains, PX
(phox homology) domains, ENTH (epsin N-terminal homology) and ANTH (AP180
N-terminal homology) domains) through to unstructured surfaces defined by amino
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acid clusters (e.g. MARCKS proteins (McLaughlin et al. 2002)) (for structural details
of these and other phosphoinositide-binding domains, plus broader discussion of
their roles in signaling and membrane trafficking see (Cullen et al. 2001; Balla 2005;
Lemmon 2008)).

Phosphoinositide binding sites and surfaces are associated with integral proteins
such as ion channels or, more commonly, peripheral cytosolic proteins. For the later,
binding is often characterized by relatively low (often micromolar) affinities (Carl-
ton and Cullen 2005). This favors a rapid, reversible mode of binding where the
phosphoinositide-binding protein is constantly sampling the membrane surface for
the present of the corresponding phosphoinositide, enriching at sites where the lipid
resides (Carlton and Cullen 2005). By itself such binding of individual molecules
to membranous phosphoinositides may not be of sufficient strength to lead to sta-
ble membrane association. Here the affinity for phosphoinositide recognition needs
to be enhanced by combination with another effect to drive productive membrane
localization. This additional localization signal can simply be interaction with a pre-
localised binding partner (Carlton and Cullen 2005), or can be the avidity-mediated
enhancement in affinity that occurs through generation of multivalent interactions
with membranes. To refer back to a previously described analogue (Carlton and
Cullen 2005)—this avidity-mediated binding can be likened to the ability of Velcro™
to generate a high-strength bond even though the interaction of each individual hook
and loop is relatively weak. Thus, although phosphoinositides are commonly re-
garded as membrane association cues that target peripheral proteins to membrane
surfaces, it is increasingly clear that other interactions besides recognition of phos-
phoinositides function to restrict the association of phosphoinositide-binding proteins
to cellular membranes. Such avidity-dependent, phosphoinositide-mediated mem-
brane association can take multiple forms. For example, the PH domain of dynamin
has a low millimolar affinity for membranes containing PtdIns(4,5)P, (Klein et al.
1998; Lemmon 2008). However, upon self-assembly into oligomers the apparent
affinity shifts towards the micro/nanomolar range leading to stabilisation of dynamin
oligomers on PtdIns(4,5)P, enriched regions of the plasma membrane during the pro-
cess of endocytic scission (Fig. 3.3a) (Klein et al. 1998; Lemmon 2008). Other modes
of avidity-based membrane association include, where a given phosphoinositide-
binding protein can associates with another membrane-bound protein such as integral
cargo protein or a lipid-modified small GTPase (e.g., PTB domains from Dab1/2,
numb and ARH all bind both NPXY-containing cargo and PtdIns(4,5)P, (Traub
2003)), with an additional membrane lipid (e.g. phosphatidic acid or phosphatidyl
serine in the case of the PX domain of p47phox) (Fig. 3.3b) (Karathanassis et al.
2002; Stahelin et al. 2003), or can sense the geometry of the membrane surface
(e.g. the combination of membrane curvature sensing BAR domain and PtdIns(3)
P-binding PX domain of the sorting nexins SNX1 and 2 (Fig. 3.3¢c) ((Carlton et al.
2004, 2005) see Sect. 3.7.1.1)). An intriguing example of how these associations can
be regulated is observed for HIV-1 Gag; here a polybasic region drives association
with PtdIns(4,5)P, (Ono et al. 2004; Chukkapalli et al. 2008) for viral assembly at the
plasma membrane. Association with PtdIns(4,5)P; induces exposure of a sequestered
myristate moiety (Saad et al. 2006) and is thought to stabilize Gag associated at the
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Fig. 3.3 Mechanisms of enhancing the strength of interaction between phosphoinositides and mem-
branes. a Oligomerisation of dynamin’s PH domain strengthens its interaction with membranes
through avidity-mediated enhancement of affinity. b The PX-domain of p47phox binds to both
PtdIns(3)P and acidic phospholipids such as PtdSer/PtdOH (PA). Ligation of both classes of lipid
enhances membrane association. ¢ Sorting nexins contain tandem membrane-binding PX and BAR
domains. Membrane association requires co-incident recognition of both PtdIns(3)P and curved
membranes
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plasma membrane. Similarly, in the case of p47phox’s PX domain, phospholipids
binding sites are masked by self-interaction and phospho-mimic mutations that re-
lieve this self-interaction greatly enhance membrane association, suggesting that this
interaction is regulatable (Stahelin et al. 2003).

Why incorporate phosphoinositide-binding into a membrane association system
that is based on avidity? Low affinity gives rise to a highly plastic system, defined
by dynamic instability, that allows rapid re-modelling in response to, for exam-
ple, fluctuations in the level phosphoinositides. Moreover, the fact that membrane
association depends upon multivalent interactions, builds into the system a prop-
erty referred to as co-incidence detection (Carlton and Cullen 2005). Here, two
or more signals, one of which is phosphoinositide recognition, are required to be
present at the same time within the same membrane in order to achieve membrane
association of the phosphoinositide-binding protein. In turn, co-incidence detection
affords a greater element of regulation as manipulation of signals, other than the
level of phosphoinositides, can have pronounced effects on the membrane associ-
ation and hence the function of phosphoinositide-binding proteins. Avidity-based
membrane association thereby gives rise to a greater spatial and temporal regulation
of phosphoinositide-mediated cellular regulation. In the following we expand on the
importance of avidity in phosphoinositide biology by discussing the four major steps
within the endo-lysosomal network: endocytosis, the biogenesis of MVBs, and cargo
sorting into the retrograde endosome-to-Golgi and endosomal recycling pathways.

3.5 PtdIns(4,5)P; in Endocytosis

The function of PtdIns(4,5)P; in clathrin-mediated endocytosis can be viewed as a
paradigm for the role of phosphoinositide in membrane trafficking. All membrane
trafficking pathways follow a similar series of co-ordinated events. At the donor mem-
brane, coat complexes package with high fidelity selected transmembrane spanning
cargo into membrane regions that they deform into vesicular or tubular shaped buds.
Bud fission generates coated cargo-enriched carriers, which undergo uncoating, ei-
ther prior to or after, short or long range movement towards their target membrane.
The correct target membrane is detected through interaction with tethering com-
plexes before SNARE-mediated membrane fusion allows lateral movement of the
cargo into the target compartment.

Mechanistically, clathrin-mediated endocytosis can be considered to comprise
three overlapping stages: (i) co-ordination of cargo selection and sorting with the as-
sembly of the coat complex; (ii) generation and stabilization of membrane curvature;
and (iii) fission to liberate the cargo-enriched clathrin-coated vesicle.

3.5.1 Initiation and Assembly of Clathrin-coat Pits

As discussed previously, formation of endocytic assembly zones appears to occur
through low affinity interactions between AP-2 and discrete, localised patches of
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plasma membrane PtdIns(4,5)P; (Fig. 3.2a, b) (Traub 2009b). Actual nucleation of
these assembly zones may however be dependent on the F-BAR domain-containing
protein family FCHo1/2 (Fer/Cip4 homology domain-only proteins 1 and 2) (Henne
et al. 2010). FCHo proteins, which associate with the plasma membrane through
binding to PtdIns(4,5)P, (Henne et al. 2010), contain an F-BAR domain that is
distinct to other BAR domains in being able to recognise less extreme membrane
curvature (Henne et al. 2007; Shimada et al. 2007). Importantly, overexpression of
FCHol/2 increases the rate of clathrin-coated pit nucleation (Henne et al. 2010),
and FCho2 associates with eps15 and intersectin, proteins that directly interact with
AP-2 but not clathrin (Henne et al. 2010). FCHo1/2 proteins therefore drive the
initial membrane sculpturing required for nucleating pit formation prior to the re-
cruitment of AP-2 (Henne et al. 2010). Once recruited to these nucleation ‘hot-spots’,
AP-2leads to clathrin recruitment and self-assembly and mediates cargo capture
(Traub 2009b).

A key feature in the formation of clathrin-coated pits is the reliance on multiple
low affinity interactions in order to generate the necessary avidity to drive stable coat
assembly (Schmid and McMahon 2007). A consequence of avidity is the generation
of dynamic instability, leading to the formation of pathway checkpoints (Loerke
et al. 2009). For example, there is a dependence on a threshold of PtdIns(4,5)P,
being breached to ensure sufficient AP-2 is membrane associated to engage enough
cargo. Indeed, a significant number of initial assemblies, rather than proceeding to
productive clathrin-coated pits, undergo early or late abortive events (Loerke et al.
2009; Saffarian et al. 2009). Furthermore, manipulating the level of cargo can alter
the lifetime and shift the relative levels of abortive to productive assemblies (Met-
tlen et al. 2010). A beautiful study suggests that abortive events may correspond to
incomplete opening of the AP-2 complex, a process necessary for multiple simul-
taneous PtdIns(4,5)P,-binding events and cargo recognition through linear sorting
motifs present on the cytosolic tail of cargo proteins (Jackson et al. 2010).

3.5.2 Maturation of Clathrin-coated Pits

Co-ordinated with the initial assembly of the clathrin-coated pit, the association of a
large number of accessory proteins (many of which associate with PtdIns(4,5)P5)
act to constrain clathrin self-assembly and further sculpture membrane bending
(Fig. 3.2a). Interacting with the core clathrin coat components are proteins such
as dynamin, amphiphysin, epsin and sorting nexin-9 (SNX9), which through the
presence of BAR and ENTH (epsin N-terminal homology) domains, sense and/or
generate membrane curvature (Schmid and McMahon 2007). These drive and/or
stabilize further membrane re-modelling, allowing maturation towards highly invagi-
nated clathrin-coated pits. Again, recruitments are based on multivalent interactions,
which generate dynamic instability, allowing for pathway progression (Schmid and
McMahon 2007). Within these accessory proteins, the GTPase dynamin appears
to play a key role in monitoring the maturation state of the clathrin-coated pit
(Loerke et al. 2009). Dynamin itself is PtdIns(4,5)P,-regulated, and its association
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with PtdIns(4,5)P, containing membranes is driven by avidity-mediated oligomeri-
sation (Fig. 3.3a) (Klein et al. 1998). Manipulating dynamin levels has the effect
of either enhancing or decreasing the turnover rate of abortive clathrin-coated pit
assemblies (Loerke et al. 2009).

3.5.3 Formation of Clathrin-coated Vesicles

Fission of the mature invaginated clathrin coated pit requires GTP hydrolysis and
the self-assembly of a dynamin spiral at the collar of the pit (Hinshaw and Schmid
1995; Takei et al. 1995) (see (Mettlen et al. 2009; Pucadyil and Schmid 2009; Traub
2009a, b) for extensive reviews on dynamin regulation and function). Dynamin is
recruited at late stages of clathrin-coated vesicles formation through an interaction
of its PH domain with PtdIns(4,5)P, (Salim et al. 1996; Merrifield et al. 2002; Rap-
poport et al. 2008). In solution, dynamin can spontaneously assemble into helices
and rings, and in the presence of protein-free, PtdIns(4,5)P,-containing liposomes
can drive the formation of membrane tubules (Hinshaw and Schmid 1995; Sweitzer
and Hinshaw 1998). In vivo however, it is predicted that with the level of membrane
tensions observed in cellular membranes, dynamin may not deform membranes into
tubules (Roux et al. 2010b). Rather, dynamin is recruited to the neck of clathrin-
coated pits only when the curvature of the neck is sufficiently high (Roux et al.
2010b). Subsequent polymerisation of dynamin constricts the neck further down to a
radius of approximately 10 nm (Roux et al. 2010b). Assembly of the dynamin collar
also triggers cooperative GTP hydrolysis. This is argued to lead to fission either via
mechanochemical constriction, extension and twisting of the collar (Stowell et al.
1999; Roux et al. 2006), or through a regulated cycle of dynamin assembly and dis-
assembly which, through imposing curvature stress, allows spontaneous stochastic
fission (Bashkirov et al. 2008).

Also aiding the sculpturing and fission of mature clathrin-coated pits is the reg-
ulated polymerisation of actin (Orth and McNiven 2003; Schafer 2004). Indeed,
a number of dynamin interacting proteins are actin-regulatory proteins (Orth and
McNiven 2003; Schafer 2004). An example is the BAR domain-containing protein
sorting nexin-9 (SNX9). This PtdIns(4,5)P,-binding protein directly binds dynamin,
aiding its recruitment to the highly invaginated necks of mature clathrin-coated pits
(Lundmark and Carlsson 2003, 2004, 2009). SNX9 also associates with and acti-
vates, in a membrane-dependent manner, N-WASP (Shin et al. 2007, 2008; Yarar
et al. 2007, 2008), thereby driving actin polymerisation via the Arp2/3 actin nucle-
ating complex. The localised, co-ordinated burst of actin polymerisation may assist
in the efficiency of dynamin-mediated fission through the generation of longitudinal
force (Fig. 3.2a) (Ferguson et al. 2009; Lundmark and Carlsson 2009).

Following liberation from the plasma membrane, the cargo-enriched clathrin-
coated vesicles undergo uncoating prior to delivery to early elements of the
endosomal network. Here, one needs to overcome the increased stability arising
from the avidity-based interactions that have developed during maturation of the
clathrin-coated vesicle, in order to allow recycling of the molecular components
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for further rounds of endocytosis (Schmid and McMahon 2007). For clathrin-coated
vesicles, uncoating is triggered by recruitment of the auxilin and Hsc70 ATPase (Fotin
et al. 2004) along with the switching of PtdIns(4,5)P, to PtdIns(4)P (Fig. 3.2a, b)
(see Sect. 3.3.1).

3.6 PtdIns(3)P and MVB Biogenesis

Cargos targeted for lysosomal degradation are tagged with ubiquitin after receptor
activation at the plasma membrane, suggesting cargo fate is determined early in its
endocytic itinerary. Ubiquitinated cargos are retained within specialized subdomains
of the endosome and, through the actions of endosomal sorting machinery, become
incorporated onto intraluminal endosomal vesicles (ILV) to generate an organelle
called a multivesicular body (MVB) (Fig. 3.1a) (Gruenberg and Stenmark 2004;
Piper and Katzmann 2007). Subsequent fusion of MVBs with the yeast vacuole
or mammalian lysosome results in the delivery of these cargoes to the hydrolytic
and proteolytic interior. A key event in degradative sorting is the separation of car-
goes destined for degradation onto ILVs, preventing them from being recycled. ILV
biogenesis requires deformation of the limiting endosomal membrane into the endo-
somal lumen with transfer of sequestered ubiquitinated cargoes onto the developing
bud (Gruenberg and Stenmark 2004; Piper and Katzmann 2007). Extension of these
buds leads to the development of intraluminal membrane invaginations and scission
of the necks of these invaginations leads to the release of nascent ILV into the MVB
interior. Importantly, these activities are in topological apposition to other cellular
budding events (Fig. 3.4a) and must be effected through the actions of a cytoplasmic
machinery.

Isolation of the yeast Vacuolar Protein Sorting (VPS) mutants provided initial
insights into mechanisms of degradative sorting (Bankaitis et al. 1986; Robinson
etal. 1988; Raymond et al. 1992). The Class E subset displayed clear defects in ILV
biogenesis and accompanying failure to properly sort cargo to the vacuole. Proteins
encoding these genes were subsequently found to form three macromolecular com-
plexes, termed ESCRT-I, -1I and -III (Katzmann et al. 2001; Babst et al. 2002a, b)
(Table 3.1). Genetic evidence suggested that these complexes acted sequentially in
the trafficking of ubiquitinated cargo onto the yeast vacuole and homologues of these
proteins were identified in mammalian cells and an evolutionarily conserved activ-
ity of degradative protein sorting was ascribed to these complexes (Williams and
Urbe 2007; Carlton 2010). In addition to a role for ESCRT proteins in regulating
degradative sorting, ESCRT-proteins were shown to be required for the release of
retroviruses such as HIV-1 (Morita and Sundquist 2004; Carlton and Martin-Serrano
2009). Here, they are recruited to sites of particle assembly at the plasma membrane
through direct interaction with viral structural proteins and provide an activity al-
lowing scission of membranous stalks connecting the viral particles to the cell and
subsequent release of the viruses (Morita and Sundquist 2004; Carlton and Martin-
Serrano 2009; Carlton 2010). Further, the ESCRT-machinery has been shown to
be important for the terminal phase of cell division where it plays a topologically
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Fig. 3.4 Phosphoinositide-dependent regulation of ESCRT activity. a Topological equivalence of
sites of ESCRT-activity. The ESCRT-machinery regulates membrane fission events leading to MVB
biogenesis, cytokinesis and viral release, indicated by the red asterisks. Note topological equivalence
of these events and contrast with topology of internalisation. b Known phosphoinositide-binding
activities within discrete ESCRT-complexes. Yeast nomenclature used for simplicity (barring
mVps24). It is unknown whether yeast Vps24 shares PtdIns(3,5)P, binding specificity

equivalent role in severing the membranous stalk connecting daughter cells at the end
of cytokinesis (Carlton and Martin-Serrano 2007; Morita et al. 2007; Carlton et al.
2008). The topological equivalence of the membrane scission event required for ILV
biogenesis, viral particle release and cytokinesis suggests a common mechanism is
involved (Fig. 3.4a). That all three processes require the ESCRT-machinery to effect
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Table 3.1 ESCRT-subunits in mammals and yeast

Complex Yeast Mammals
ESCRT-0 Vps27p HRS
Hselp STAM1, STAM2
ESCRT-1 Vps23p TSG101
Vps28p VPS28
Vps37p VPS37a, VPS37b, VPS37c, VPS37d
ESCRT-1I Vps22p EAP30
Vps25p EAP20
Vps36p EAP45
ESCRT-1II Did2p/Vps46p CHMP1la, CHMP1b
Vps2p CHMP2a, CHMP2b
Vps24p CHMP3
Snf7p CHMP4a, CHMP4b, CHMP4c
Vps60p CHMP5
Vps20p CHMP6
? CHMP7
ESCRT-associated Vpsdp VPS4a, VPS4b
Vtalp LIPS
Istlp IST-1
Brolp ALIX, HD-PTP

this scission suggests further that this machinery provides this membrane fission
activity. Thus, a picture emerges of the ESCRT-machinery as a transplantable mem-
brane deformation and scission apparatus, able to impose its topologically unique
activity upon cellular membranes.

In the context of endosomal sorting, the vps34 and vps15 mutants in yeast display
clear defects in the trafficking hydrolases to the yeast vacuole (Schu et al. 1993; Stack
etal. 1993). Vps34pis the sole PI 3-kinase in yeast, and Vps15p its regulatory subunit,
suggesting that 3-phosphoinositides are important in regulating degradative sorting.
In mammalian cells, treatment with PI 3-Kinase inhibitors such as wortmannin or
microinjection of antisera targeting the Class-III PI 3-kinase produce a striking de-
fect in MVB biogenesis with endosomes lacking ILVs (Fernandez-Borja et al. 1999;
Futter et al. 2001). These data suggested that products of this Class 3 PI 3-kinase
controlled key events allowing MVB biogenesis and subsequent degradative sorting,
findings confirmed by an analysis of sorting in cells in which endosomal PtdIns(3)P
was sequestered (Petiot et al. 2003). This endosomal PI 3-kinase activity is important
for generating a localization cue for a variety of endosomal regulators. As described
previously, Rab5-GTP can associate with the endosomal PI 3-kinase complex, cou-
pling Rab5 activity to PtdIns(3)P generation (Christoforidis et al. 1999). Further,
PtdIns(3)P-binding Rab5 effectors such as EEA1 and Rabenosyn5 can be recruited
to these microdomains, and their associated proteins such as the RabS GEF Rabex-5
can further stimulate Rab5 activation and thus PI 3-kinase activity, suggesting how
microdomains of PtdIns(3)P may be generated upon the endosomal membrane (Zerial
and McBride 2001). These microdomains have been visualized in mammalian cells
(Gillooly et al. 2000b, 2003) and act as localization signals for PtdIns(3)P-binding
endosomal regulators. Generation of these domains appears dependent upon the lo-



3 Phosphoinositides in the Mammalian Endo-lysosomal Network 81

calised activation of PI 3-kinases and 3'-phosphatases, which, as discussed earlier are
subject to feed-forward control through the actions of Rab5. These findings support
the generation of highly plastic endomembrane domains to support nucleation of
the ESCRT-machinery. Here we will examine 3-phosphoinositide binding domains
present within distinct ESCRT-complexes and will consider how these endosomal
lipids may regulate ESCRT-dependent cargo sorting to the MVB.

3.6.1 ESCRT-0

ESCRT-0 is a complex of HRS, STAM-1 and -2 in mammalian cells (Vps27p and
Hselp in yeast) (Williams and Urbe 2007). A FYVE domain within HRS confers
high affinity PtdIns(3)P-binding upon this complex (Burd and Emr 1998; Kutateladze
etal. 1999; Raiborg et al. 2001; Sankaran et al. 2001), directing ESCRT-assembly to
PtdIns(3)P-enriched microdomains (Fig. 3.4b). Multiple VHS (Vps27, Hrs, Stam)
and UIM domains within ESCRT-0 components bind strongly and co-operatively
to ubiquitinated cargo (Ren and Hurley), ensuring that these cargoes and down-
stream ESCRT-complexes are retained within the ESCRT-0 containing PtdIns(3)P
microdomain. Subsequent interactions of ESCRT-0 with deubiquitinating enzymes
such as AMSH or UBPY (McCullough et al. 2004, 2006; Mizuno et al. 2006),
explain how ubiquitin removal and recycling is coupled to cargo sequestration.
ESCRT-0 thus appears a PtdIns(3)P-localised endosomal adaptor for subsequent
ESCRT-recruitment.

3.6.2 ESCRIT-I and -11

ESCRT-I and -II play important roles in linking ESCRT-III with upstream adaptors:
in the case of endosomal sorting—the ESCRT-0 complex, and in the case of viral
release or cytokinesis, viral Gags or the cytokinetic apparatus respectively (Carlton
and Martin-Serrano 2009). ESCRT-I functions as a 1:1:1:1 heterotetramer (Vps23p,
Vps28p, Vps37p, Mvb12p) in yeast; paralogues in mammalian cells) that comprises
a ubiquitin-binding UEV-domain from TSG101/Vps23p (Sundquist et al. 2004; Teo
et al. 2004) linked to an elongated stalk made from all 4 ESCRT-I subunits (Koste-
lansky et al. 2006, 2007; Teo et al. 2006; Gill et al. 2007). This stalk terminates
in a headpiece that connects to ESCRT-II via interactions between Vps28p and the
GLUE domain of Vps36p/EAP45 within ESCRT-II (Teo et al. 2006; Gill et al. 2007,
Im and Hurley 2008). The presence of ubiquitin binding domains within ESCRT-I
and -II (the UEV domain of TSG101 (Sundquist et al. 2004; Teo et al. 2004),
non-canonical Ub-binding domain within Mvb12p (Shields et al. 2009), the GLUE
domain of ESCRT-II (Slagsvold et al. 2005; Alam et al. 2006; Hirano et al. 2006)
suggest how ubiquitinated cargo can be transported through these complexes). No
defined phosphoinositide binding domains have been observed within ESCRT-I and
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consistent with this, the recombinant ESCRT-I complex binds only to modestly to
acidic membranes with moderate enhancement given by the presence of PtdIns(3)P
(Kostelansky et al. 2007). Whilst unable to bind PtdIns(3)P when in isolation, mix-
ture of ESCRT-I and -II produced a PtdIns(3)P-binding complex, suggesting that
interaction with ESCRT-II is sufficient to drive ESCRT-I onto PtdIns(3)P containing
membranes (Fig. 3.4b) (Teo et al. 2006).

The ESCRT-II core binds to acidic membranes in a manner requiring the GLUE
domain of Vps36p. This domain was found to bind PtdIns(3)P (Table 3.1), suggest-
ing how ESCRT-II could localize independently to PtdIns(3)P enriched endosomes
(Fig. 3.4b) (Teo et al. 2006). Indeed, in mammalian cells, ESCRT-II localizes to
endosomal membranes and could bind 3-phosphoinositides (Slagsvold et al. 2005)
(although in this case, interaction with PtdIns(3,4,5)P; was observed via fat-blot).
The GLUE domain has a PH-domain like fold (Slagsvold et al. 2005; Teo et al.
2006). In fungi, two NZF fingers make a large 150-residue insertion into this fold,
suggesting that it may be a split PH domain. The 1% NZF-finger binds Vps28 in
ESCRT-I, the second NZF-finger binds ubiquitinated cargo (Teo et al. 2006). Split
phosphoinositide binding domains comprise a relatively new class of PI binding
module, formed by intra- or inter-molecular interactions of half-domains that pre-
clude their identification by sequence-based searching (van Rossum et al. 2005).
Crystalisation of the yeast Vps36p GLUE domain lacking this insertion reveals a
PH domain with a non-canonical PtdIns(3)P binding pocket, which is responsible
for endosomal localization (Teo et al. 2006). The spatial relationship between the
NZF-fingers and the PtdIns(3)P binding surfaces is unclear in the context of holo-
Vps36, although interactions between lipid, ESCRT-I and ubiquitinated cargo can be
simultaneously observed, suggesting that the ESCRT-II GLUE domain is a master
regulator of ESCRT-dependent traffic and that these co-incident localization cues may
act as foci for ESCRT-assembly (Fig. 3.4b). Indeed, expression of a Vps36p mutant
rendered unable to bind PtdIns(3)P induced a severe defect in degradative sorting,
emphasizing the critical role 3-phosphoinositides play in this process (Teo et al.
2006). Importantly, mammalian EAP45 lacks these NZF fingers, yet retains an abil-
ity to bind ESCRT-I and ubiquitinated cargo, suggesting a functional conservation of
ESCRT-II GLUE domain activity in the process of lysosomal sorting (Slagsvold
et al. 2005). In addition to the 3’-phosphoinositide binding GLUE domain, the
mammalian ESCRT-II subunit VPS22/EAP30 contains an acidic lipid-binding N-
terminal helix. This helix is conserved from yeast to humans and cooperates with
the 3-phosphoinositide binding GLUE domain to allow full binding of ESCRT-II to
cellular membranes (Im and Hurley 2008).

3.6.3 ESCRT-I1I1

ESCRT-III has long been considered the machinery providing membrane fission
activity. ESCRT-III subunits are all highly related Charged Multivesicular Body
Proteins (CHMP) with a highly basic N-terminus and a highly acidic C-terminus
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(Williams and Urbe 2007). They are thought to fold back into a ‘closed’ or autoinhib-
ited state, rendering them inactive. Like other ESCRT-subunits, ESCRT-III proteins
are mostly peripheral membrane proteins. The exception to this Vps20p/CHMPG; this
protein is myristolated and thought to be pre-localised to endosomal membranes.
Subsequent interaction of CHMPs with membranes or other CHMP proteins has
been postulated to drive them into an active conformation, allowing them to drive
membrane fission (Williams and Urbe 2007; Teis et al. 2008; Saksena et al. 2009).
ESCRT-III proteins are able to bind to membranes and deform them into inward
invaginations, recapitulating key features of ESCRT-activity (Hanson et al. 2008;
Saksena et al. 2009). The ESCRT-III subunit CHMP3 was isolated by virtue of its
ability to bind 3-phosphoinositides including PtdIns(3,5)P, (Fig. 3.4b, Table 3.1)
(Whitley et al. 2003). Again, no detectable phosphoinositide-binding domains were
observed, suggesting that this interaction occurred through a non-canonical PI-
binding motif. Indeed, other ESCRT-III proteins that are thought to form part of
the core membrane fission machinery (CHMP2a, CHMP4b) could be isolated from
cytosolic extracts upon PtdIns(3,5)P; liposomes (Catimel et al. 2008), suggesting
that PtdIns(3,5)P, recognition may be a conserved, if unexplained, feature of this
complex that tallies with the predicted location of this lipid (Fig. 3.1b). Crystal-
lization of the central region of CHMP3 demonstrated this protein folded into a
multimeric helical arrangement with a flat membrane targeting face (Muziol et al.
2006). Both basic membrane targeting and multimerisation activities were required
for CHMP3 function, and sequence analysis of other ESCRT-III subunits revealed
similar electrostatic potentials, suggesting that these proteins function as a membrane
bound lattice to effect ESCRT-activity (Muziol et al. 2006). Thus, whilst CHMP3
and possibly other CHMPs can bind to 3-phosphoinositides, it is possible that the
ESCRT-III complex acts simply on cellular membranes to effect membrane scission
with upstream ESCRT-complexes (ESCRT-0 and ESCRT-II) directing its assem-
bly in the endosomal context to regions of endosomal PtdIns(3)P. Consistent with
this possibility is the finding that ESCRT-III can function effectively at the plasma
membrane—usually devoid of PtdIns(3)P—to effect viral particle release. However,
it should be noted that PtdIns(3)P has been detected at the midbody of dividing
cells and localizes a PtdIns(3)P-binding protein called FYVE-CENT to this struc-
ture (Sagona et al. 2010). FYVE-CENT is required for cytokinesis and can interact
with ESCRT-III via TTC19 (Sagona et al. 2010). These data suggest that under some
conditions, PtdIns(3)P may be generated upon non-endosomal membranes where it
may assist ESCRT-dependent events.

3.6.4 InVitro Reconstitution of ESCRT Function

Recent elegant biophysical studies have reconstituted ESCRT-activity upon artificial
giant unilamellar vesicles (GUVs) in vitro (Wollert et al. 2009; Wollert and Hur-
ley 2010). Here, ordered addition of ESCRT-0, -1, -II and -III acted to sequester
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ubiquitinated cargo, generate invaginations and effect ILV release from the limit-
ing membrane of GUVs containing small molar percentages of PtdIns(3)P. These
data recapitulated numerous observed functions of the ESCRT-machinery, with
ESCRT-0 required for cargo sequestration, ESCRT-I and -II acting to produce inward
invaginations and ESCRT-III acting to release the ILV. An isolated study of ESCRT-
III-dependent ILV release revealed that PtdIns(3)P or PtdIns(3,5)P, provided only
a twofold enhancement of ILV release, suggesting that 3-phosphoinoitides are not
absolutely required for ESCRT-III activity (Wollert et al. 2009) and may instead
play regulatory roles in this activity and/or specifying endosomal localisation of this
machinery through coordination of upstream regulators.

3.6.5 ESCRT-independent, Phosphoinositide-mediated Sorting
into MVBs

Traffic to the lysosome appears PtdIns(3)P-dependent (Petiot et al. 2003) and the
ESCRT proteins are localized to endosomes in a 3-phosphoinositide-dependent man-
ner. However, ESCRT-dependent routes are not the only way of generating MVBs;
Gruenberg and colleagues have recently demonstrated that the PtdIns(3)P-binding
protein SNX3 is required for MVB biogenesis, suggesting either that SNX3 may
coordinate the formation of a distinct class of MVB from those formed downstream
of Hrs, or that SNX3 acts synergistically with the ESCRTs to produce ILVs. Yet other
data have shown that MVBs are still present in cells undergoing long term depletion
of numerous ESCRT-proteins (Stuffers et al. 2009), that some proteins can access
the MVB lumen independently of ESCRTs (Theos et al. 2006) and that enveloped
viruses such as influenza (Bruce et al. 2009; Rossman et al. 2010) can exit cells in
an ESCRT-independent manner. All of these data point to the existence of ESCRT-
independent mechanism for ILV biogenesis and membrane fission. Whether SNX3
co-ordinates such an activity remains an exciting area of future study.

3.7 Phosphoinositides and Retrograde Transport

Retrograde trafficking is the process by which proteins and lipids are transported
between endosomes and the biosynthetic/secretory compartments including the
trans-Golgi network (TGN) and Golgi apparatus (Fig. 3.5a) (Bonifacino and Ro-
jas 2006; Johannes and Popoftf 2008). It defines not a single pathway, but a number
of mechanistically distinct transport routes that may function in parallel or sequen-
tially. Retrograde transport has a variety of roles in normal physiology, which include
the retrieval of receptors and cargoes from the endo-lysosomal degradative pathway,
cellular adaptation to fluctuations in the nutrient environment and the establish-
ment of morphogenic gradients during tissue patterning(Johannes and Popoff 2008).
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Moreover, endosome-to-Golgi transport is perturbed in various diseases and is re-
quired for the cellular entry of pathogens and pathogenic toxins (Johannes and Popoff
2008). Defining the mechanistic basis of retrograde transport is therefore impor-
tant in understanding human disease and constitutes a novel avenue for therapeutic
development.

A number of molecular entities play important roles in retrograde transport (see
Johannes and Popoff (2008) for an extensive list). Included are clathrin (Lauvrak
et al. 2004; Saint-Pol et al. 2004; Esk et al. 2010), clathrin-binding proteins such
as epsinR, AP-1, AP-3, and OCRL, the clathrin uncoating ATPase Hsc70 (Folsch
et al. 2001; Medigeshi and Schu 2003; Saint-Pol et al. 2004; Choudhury et al.
2005; Popoff et al. 2009; Shi et al. 2009), and various small GTPases including
ARF1 and Rab9 along with their regulatory proteins (Lombardi et al. 1993; Diaz
et al. 1997; Shiba et al. 2010). In addition, the VPS34 PtdIns 3-kinase (Burda et al.
2002), the PtdIns(3)P 5-kinase PIKfyve (Rutherford et al. 2006), the PtdIns(4,5)P,
5-phosphatase OCRL (Choudhury et al. 2005) have all been implicated in retrograde
transport as have the PtdIns(4)P-binding proteins AP-1 (Wang et al. 2003) and epsinR
(Mills et al. 2003) and a number of PtdIns(3)P and PtdIns(3,5)P,-binding proteins that
make up components of the multimeric retromer complex (Cozier et al. 2002). That
a number of these phosphoinositide regulatory and binding proteins also associate
with clathrin and small GTPases hints at a complex level of communication between
multiple retrograde transport pathways.

3.7.1 The Retromer Complex

A major advance in our understanding of the role played by phosphoinositides in the
regulation of retrograde transport came with the identification of the yeast retromer
complex (Seaman et al. 1998). Here retromer is composed of two sub-complexes:
a stable cargo-binding Vps26p-Vps29p-Vps35p trimer and a membrane deform-
ing coat comprising the PtdIns(3)P-binding proteins VpsSp and Vps17p (Fig. 3.5b)
(Burda et al. 2002). Retromer is evolutionarily conserved, being present in the most
primitive of eukaryotic ancestors (Dacks et al. 2009), and functions to regulate
endosome-to-Golgi retrograde transport of cargo proteins including the yeast car-
boxypeptidase Y receptor Vps10p (reviewed in (Bonifacino and Hurley 2008; Verges
2008; Attar and Cullen 2010)). The mammalian retromer is more complex and com-
prises a VPS26-VPS29-VPS35 trimer (including two isoforms of VPS26) (Edgar
and Polak 2000; Haft et al. 2000; Kerr et al. 2005) and gene duplication appears to
have resulted in two Vps5p’s, sorting nexin-1 (SNX1) and SNX2, and two, possi-
bly three Vps17p’s, SNX5 and SNX6 (and possibly SNX32) (Teasdale et al. 2001;
Wassmer et al. 2007, 2009). Like its yeast counterpart, mammalian retromer reg-
ulates retrograde endosome-to-Golgi transport of an increasingly diverse group of
cargo proteins which include the cation-independent mannose 6-phosphate receptor
(CI-MPR) (Arighi et al. 2004; Carlton et al. 2004; Seaman 2004), sortilin (Seaman
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2007; Mari et al. 2008), the Wntless receptor/chaperone for Wnt developmental mor-
phogens (Belenkaya et al. 2008; Franch-Marro et al. 2008; Pan et al. 2008; Port et al.
2008), polymeric immunoglobulin receptor (Verges et al. 2004), the iron transporter
DMTI-II (Tabuchi et al. 2010), amyloid precursor protein (He et al. 2005; Small
et al. 2005) and Shiga toxin (Bujny et al. 2007; Popoff et al. 2007). Retromer has
also been linked with trafficking between mitochondria and peroxisomes (Braschi
et al. 2010), and in the clearance of apoptotic bodies in C. elegans (Chen et al. 2010).

3.7.1.1 Membrane Deformation Within the Retromer Pathway

The retromer sorting nexins all share a common domain architecture defined by an
amino-terminal phosphoinositide-binding PX domain (which in most cases binds
the early endosomal phosphoinositide PtdIns(3)P but can also associated with
PtdIns(3,5)P, (Cozier et al. 2002)) and a carboxy-terminal BAR domain (Cullen
2008): a domain that through dimerisation generates a rigid ‘banana-shaped’ struc-
ture, the concave face of which preferentially associates with membranes of high
positive curvature (Frost et al. 2009). The combined ability to bind PtdIns(3)P and
the curvature sensing mode of the BAR domain generates a co-incidence signal
that effectively targets retromer sorting nexins to high curvature sub-domains of the
PtdIns(3)P-enriched early endosome (Fig. 3.3c) (Carlton et al. 2004).

Like other BAR domain-containing proteins, retromer sorting nexins have an in-
herent potential to drive the formation of membrane tubules (Carlton et al. 2004;
Gokool et al. 2007). Here, as co-incidence detection increases their effective mem-
brane concentration, retromer sorting nexins undergo spontaneous assembly into a
helical coat (Frost et al. 2008). In forming this coat, the rigid nature of the BAR
domain imposes membrane curvature which is accommodated by the formation of
membrane tubules. In other words, on increasing their effective membrane concen-
tration retromer sorting nexins may switch from a curvature sensing to curvature
inducing mode (Roux et al. 2010a). That said, although these proteins can induce
tubulation in a protein-free reconstituted membrane system (Carlton et al. 2004),
nucleation in vivo may require additional factors.

One factor that lies upstream of retromer and therefore may play a role in retromer
nucleation in vivo is clathrin (Johannes and Popoff 2008). Evidence from endosome-
to-TGN transport of Shiga toxin and CI-MPR, suggests that clathrin and retromer
act sequentially in sorting from endosomes (Popoff et al. 2007, 2009). Indeed, a
two-step model for retrograde sorting has been presented in which retromer drives
the formation of a membrane tubule from the edge of a flat, cargo-enriched clathrin
containing lattice or, alongside other clathrin adaptors such as AP-1 and epsinR,
clathrin generates a dynamic flat, cargo-enriched lattice that nucleates the formation
of high membrane curvature which is subsequently stabilized and processed into
cargo-enriched carriers by retromer (Fig. 3.5a) (Popoff et al. 2007; Johannes and
Popoff 2008). Irrespective of the subtilties of these models, evidence that retromer
sorting nexins can form complexes with the clathrin-binding protein HRS (Chin et al.
2001; Popoft et al. 2009), the clathrin uncoating ATPase Hsc70 (Popoff et al. 2009;
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Shi et al. 2009), and clathrin heavy chain 22 (Towler et al. 2004; Esk et al. 2010),
all point to a dynamic relationship between clathrin and retromer. Clarifying the
precise nature of these relationships will be an important area for future research
into retrograde transport.

3.7.1.2 Cargo Selection—The Mammalian VPS26-VPS29-VPS35
Sub-complex

One route for endosomal association of the trimeric cargo-selective retromer sub-
complex is through binding to the GTP-bound form of Rab7 (Fig. 3.5b) (Rojas
et al. 2008; Seaman et al. 2009): this is entirely consistent with retromer-decorated
tubules occurring at a relative late stage of early endosome maturation close to the
transition with Rab7-labeled late endosome (Mari et al. 2008). The VPS35 subunit
has been implicated in direct recognition of sorting motifs within the cytosolic region
of cargo proteins: for CI-MPR and sortilin this comprises a linear tripeptide motif
of [FM]L[MV] with similar motifs being present in the cytosolic tails of sorLA,
Whtless and DMT1-1I (Seaman 2007; Tabuchi et al. 2010). Regions lying upstream
and/or downstream of these motifs also appear important for efficient cargo binding
and, at least for CI-MPR and sortilin, palmitoylation by DHHC-15 is required for the
interaction with VPS35 (McCormick et al. 2008). Structurally, VPS35 is arranged
as an o-solenoid composed of a predicted series of 17 HEAT-like a-helical repeats
(Hierro et al. 2007). Onto this core component the VPS29 and VPS26 subunits bind
independently at respectively the carboxy and amino distal ends to form an extended
trimeric complex (Hierro et al. 2007; Norwood et al. 2011). VPS29 itself displays
a phosphatase-like fold, although this appears to be non-functional (Collins et al.
2005; Wang et al. 2005; Damen et al. 2006; Hierro et al. 2007), and VPS26 has
an arrestin-like fold, leading to the suggestion that it may also play a role in cargo
recognition (Shi et al. 2006; Collins et al. 2008). Currently there is no data to support
this conclusion.

Away from the process of cargo selection, the VPS26-VPS29-VPS35 heterotrimer
also functions as a hub for the scaffolding of additional complexes that play im-
portant regulatory roles in endosomal sorting (Harbour et al. 2010). Interacting
proteins include TBC1DS5, a Rab GTPase-activating protein that probably functions
on Rab7 (Harbour et al. 2010), FKBP15 (Harbour et al. 2010), and, most notably,
the WASH complex. In humans this is composed of WASH and a core unit, re-
cently termed the “WASH regulatory complex’ (Jia et al. 2010), comprising FAM21,
SWIP, Strumpellin and CCDC53 (coiled-coil domain containing protein 53) (De-
rivery et al. 2009; Gomez and Billadeau 2009; Harbour et al. 2010; Jia et al. 2010).
VPS26-VPS29-VPS35 associates through direct binding of VPS35 to FAM21 (Har-
bour et al. 2010): additional binding of VPS35 and SNX1/SNX2 to WASH and
FAMZ21 may stabilize the interaction (Gomez and Billadeau 2009; Harbour et al.
2010). Importantly, while FAM21 does bind to a variety of phosphoinositides in-
cluding PtdIns(3)P and PtdIns(3,5)P, (Jia et al. 2010) (a note of caution here—data
derived using fat blots), the presence of VPS26-VPS29-VPS35 is necessary for the
association of the WASH complex to endosomes (Harbour et al. 2010).
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Functionally, suppression of the WASH complex results in the formation of ex-
tended and exaggerated retromer-labelled tubules leading to a defect in retrograde
sorting of the CI-MPR (Derivery et al. 2009; Gomez and Billadeau 2009; Harbour
et al. 2010). WASH itself is a member of the Wiskott-Aldrich syndrome protein
(WASP) family member, and shares with these proteins an ability to regulate the
actin nucleating ability of the Arp2/3 complex (Derivery et al. 2009; Gomez and
Billadeau 2009; Jia et al. 2010) (there are obvious parallels here with the role of
actin polymerization in clathrin-mediated endocytosis). Importantly, while isolated
WASH is constitutively active in driving Arp2/3-dependent actin nucleation, the ad-
dition of the regulatory complex is inhibitory (Jia et al. 2010). Moreover, the WASH
regulatory complex also interacts, although more weakly, with CAPZ (Harbour et al.
2010; Jia et al. 2010). This binds to the barbed ends of actin filaments, preventing
further elongation and promoting increased branch density—characteristics required
for force generation. A model emerges therefore where the VPS26-VPS29-VPS35
sub-complex regulates the association of the WASH complex to sites of endosomal
tubulation (Harbour et al. 2010). From here, Arp2/3-dependent nucleation leads to
actin polymerization suitable for generating longitudinal force, thereby aiding the
efficiency of tubule scission (Fig. 3.5a) (Derivery et al. 2009; Gomez and Billadeau
2009). Overall, given that the VPS26-VPS29-VPS35 sub-complex is also required
for the endosomal association of TBC1D5 and FKBP15 (Harbour et al. 2010), one
should consider that, besides a role in cargo selection, this sub-complex acts to
scaffold the recruitment of accessory proteins that regulate the dynamics of tubular
profiles during retromer-mediated endosomal transport.

Modes of cargo selection that are independent of the VPS26-VPS29-VPS35 are
also evident in the retromer pathway. In yeast the PtdIns(3)P-binding sorting nexin,
Grd19/Snx3p, acts as a cargo-specific adaptor, which, by ‘piggy-backing’ on the
retromer sorts cargo to the Golgi (Strochlic et al. 2007). Whether the equivalent pro-
teins in mammalian cells, sorting nexin-3 (SNX3) and sorting nexin-12 (SNX12),
function in a similar manner remains to be determined. However, if this does prove
to be the case, and as SNX3 has been implicated in the biogenesis of MVBs ((Pons
et al. 2008), see Sect. 3.6.5), this sorting nexin may form a nexus between PtdIns(3)
P-mediated endo-lysosomal sorting and retrograde transport. Finally, retromer sort-
ing nexins also directly associate with cargoes including EGFR, TGFR and various
G-protein-coupled receptors (Kurten et al. 1996; Otsuki et al. 1999; Parks et al. 2001;
Pons et al. 2003; Heydorn et al. 2004; Gullapalli et al. 2006; Yoon et al. 2006; Nisar
et al. 2010). Together, these VPS26-VPS29-VPS35-independent routes for cargo
selection allow for a far greater repertoire of retromer-dependent cargoes.

3.7.1.3 Processing of Retromer Tubules

As the retromer sorting nexins, SNX1 and SNX2, can association with VPS35 and
VPS29 (Haft et al. 2000; Collins et al. 2005), the classic model describing retromer
function argues that it acts by co-ordinating cargo selection with an ability to drive
membrane tubulation, thus enriching cargo into tubular carriers destined for retro-
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grade transport. Once cargo has been enriched into the tubular profiles membrane
scission occurs via a mechanism that has yet to be described, but may require the in-
teraction of retromer with dynamin and/or the dynamin-like protein EHD1 (Fig. 3.5a)
(Daumke et al. 2007; Gokool et al. 2007). However, what is emerging is that the
generation of longitudinal tension is an important element for efficient processing of
retromer tubules. As discussed above, retromer associates with the WASH complex
thereby driving the polymerization of actin (Derivery et al. 2009; Gomez and Bil-
ladeau 2009), and SNX5 and SNX6 are able to bind the p150&"° component of the
dynein-dynactin minus-end directed microtubule motor complex (Hong et al. 2009;
Wassmer et al. 2009). In both cases, uncoupling of retromer from actin polymeriza-
tion or motor function leads to the formation of extend tubular profiles that appear
unable to undergo efficient processing into tubular carriers (Gomez and Billadeau
2009; Wassmer et al. 2009).

In the final steps of retromer-mediated retrograde transport, coupling to the
dynein-dynactin motor allows for long-range movement of cargo-enriched carri-
ers from the cell periphery towards the trans-Golgi network (Fig. 3.5a) (Wassmer
etal. 2009). The carriers themselves, referred to as ETC’s (endosome-to-TGN trans-
port carriers), are devoid of clathrin and appear as non-branched tubules on average
170-230 nm in length and 20-50 nm in diameter(Mari et al. 2008). Recognition of
ETCs at the TGN is mediated, at least in part, through the binding of SNX1 and SNX2
by Rab6IP1 (Fig. 3.5a) (Wassmer et al. 2009): a TGN resident protein proposed to act
as a tethering factor for carriers from the endosomal network (Miserey-Lenkei et al.
2007). That components of the retromer coat are required during the tethering process
suggests that uncoating of ETCs occurs after arrival at the TGN: a scenario similar
to the recently described interaction of the COPII coat with the TRAPPI tethering
complex (Cai et al. 2007). The nature of the signal(s) that leads to uncoating remains
to be defined, although based on analogue with clathrin uncoating during endocyto-
sis, one can speculate on the involvement of phosphoinositide phosphatases and the
need for energy input to destabilize the assembled sorting nexin coat complex.

3.7.2 Phosphoinositide Regulation of Retromer-independent
Retrograde Transport

Other phosphoinositide-binding sorting nexins have been implicated in retrograde
transport. RNAi suppression of early endosomal associated sorting nexin-8 (SNX8)
leads to an inhibition of retrograde ricin transport whilst elevating endosome-to-TGN
transport of Shiga toxin (Dyve et al. 2009). In addition, suppression of sorting nexin-
4 (SNX4) leads to an inhibition of retrograde ricin transport, which is enhanced
by retromer co-suppression (Skanland et al. 2007) (see Sect. 3.8.2 for more de-
tailed discussion of SNX4). Finally, a paralog of SNX9, sorting nexin-18 (SNX18),
has been localised to early endosomes positive for the AP-1 adaptor and PACS1
(Haberg et al. 2008). This sorting nexin displays an in vitro binding preference
for PtdIns(4,5)P,, has the ability to drive membrane tubulation (it contains a BAR
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domain) and forms complexes with dynamin-2 and AP-1 (Haberg et al. 2008).
SNX18 may therefore scaffold a membrane-fission unit that mediates carrier for-
mation during AP-1-positive endosomal trafficking (Haberg et al. 2008). That said,
others have questioned this interpretation, preferring a model in which SNX18 plays
aredundant function with SNX9 in modulating endocytosis at the plasma membrane
(Park et al. 2010).

3.7.3 PtdIns(3,5)P, in Retrograde Transport

To completely define the role of phosphoinositides in endosomal sorting, one needs to
complement the growing repertoire of molecular complexes regulated by PtdIns(3)P,
with those regulated by PtdIns(3,5)P,. As eluded to previously, this phosphoinositide
clearly plays a key role in endosomal homeostasis: perturbing PtdIns(3,5)P; levels in
avariety of organisms results in multiple endosomal phenotypes including endosomal
swelling, and defects in acidification, MVB sorting, endosome-to-Golgi transport
and the late endosome-to-lysosome axis(Michell et al. 2006; Jefferies et al. 2008;
Shisheva 2008).

A major hurdle in our appreciation of the role played by this phosphoinositide is
the lack of well defined, bona-fida PtdIns(3,5)P; effectors. While CHMP3, Ent3p and
Ent5p have been suggested as PtdIns(3,5)P,-binding proteins their true phosphoinosi-
tide specificity remains controversial(Michell et al. 2006). The best characterized
specific PtdIns(3,5)P,-binding protein is yeast Svp1p/ATG18 which regulates traffic
from the vacuole (the yeast equivalent of the mammalian lysosome) back to the en-
dosome (Dove et al. 2004). A mammalian ATG18 is WIPI49 which binds PtdIns(3)P
and PtdIns(3,5)P;, is localized to TGN/endosomes and regulates endosome-to-TGN
transport of the CI-MPR(Jeffries et al. 2004). Since the retromer sorting nexins,
SNX1 and SNX2 also bind with similar affinities PtdIns(3)P and PtdIns(3,5)P,
(Cozier et al. 2002), these proteins have been independently isolated in a
PtdIns(3,5)P, interactome screen (Catimel et al. 2008), the role of PtdIns(3,5)P,
in mammalian retromer biology remains controversial, as does retromer’s relation-
ship with WIPI49. However, it is clear that defective retrograde endosome-to-TGN
transport, through retromer-dependent and -independent pathways is observed upon
manipulation of PtdIns(3,5)P, (Rutherford et al. 2006; Zhang et al. 2007; de Lartigue
etal. 2009). Some of the phenotypes observed upon perturbing the level of this phos-
phoinositide may arise indirectly from the miss-sorting of important components in
multiple pathways.

Moving away from retrograde transport, recent studies have linked PtdIns(3,5)P,
with promoting the targeting of CaV1.2 channels to lysosomes, thereby promoting
their degradation and protecting neuronal cells from excitotoxicity (Tsuruta et al.
2009), regulating the open probability of single RyR2 channels and hence modu-
lating cardiac contractility (Touchberry et al. 2010), and perhaps most intriguingly,
activating the endo-lysosome-localized mucolipin TRP (TRPML) channel (Dong
et al. 2010). Interestingly, in cells lacking TRPLMI, late endocytic trafficking de-
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fects are observed along with the generation of swollen endo-lysosomes (Dong et al.
2010). The PtdIns(3,5)P;-mediated regulation of the TRPLM1 channel is evolution-
arily conserved being observed in yeast upon hyper-osmotic shock (Dong et al. 2010).
As TRPLM1 channels regulate Ca>* release from the endo-lysosomal network, a
enticing aspect of PtdIns(3,5)P, biology may be the regulation of localized Ca®*
levels required for fusion and fission reactions during membrane trafficking (Dong
et al. 2010).

3.8 Phosphoinositides in Endosomal Recycling

Cargos that are to be returned to the cell surface are rescued from the degrada-
tive route via endosomal recycling pathways. Recycling cargoes are returned to the
plasma membrane from the early endosome either via a rapid recycling route or tran-
sit more slowly through a tubular juxtanuclear endocytic recycling compartment (the
ERC) (Fig. 3.1a) (Maxfield and McGraw 2004). By virtue of their high surface area
to volume ratio, recycling tubules are thought to effectively partition transmembrane
receptors whilst capturing little luminal content (Maxfield and McGraw 2004). Al-
though recycling has long been assumed to constitute a default sorting mechanism
occurring by virtue of iterative geometric sorting, recent data have identified new
protein and lipid regulators of this pathway, suggesting that machineries exist to
recognize, retain and sort cargoes into these recycling routes. Endosomal recycling
may therefore not be as simple as was once thought.

3.8.1 EHD Proteins and Recycling Tubules

Perhaps the clearest example of regulators of endosomal recycling is found in
C. elegans. Here, Receptor-Mediated Endocytosis-1 (Rme-1) was identified as a
regulator of endosomal recycling in the worm (Grant et al. 2001; Lin et al. 2001).
Mammalian cells express four orthologues of Rme-1- the Eps15 homology domain
(EHD) containing proteins EHD1-4 and of these, EHD-1 is the best characterized,
being required for endosomal recycling of cargoes including the TfnR receptor,
MHC-I molecule and numerous other recycling cargoes (Lin et al. 2001; Caplan
et al. 2002; Grant and Caplan 2008). EHD-1 is a peripheral membrane protein
that localizes to membrane tubules exiting the recycling endosome (Caplan et al.
2002). EHD-1 localisation to these tubules is abolished either upon expression of a
PIP5K 1Y, a PtdIns(4)P 5-kinase, or upon expression of Sacl-1, a PtdIns(4)P 4’ phos-
phatase, suggesting that PtdIns(4)P controls localisation of EHD-1 to these tubules.
The EHD proteins have a broad phosphoinositide-binding specificity in both fat-blots
and liposome-based assays (Blume et al. 2007; Daumke et al. 2007; Naslavsky et al.
2007), binding promiscuously to many phosphoinositides, with some preference for
the 4'-position. NMR-based analysis of the EHD-1 EH domain has demonstrated
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it can indeed bind PtdIns(4)P and a targeted mutation within this domain abolished
EHD-1’s ability to localize to endosomal recycling tubules and, importantly, pre-
vented it from rescuing transferrin and B1 integrin recycling in EHD-1 depleted
cells (Jovic et al. 2009). Interestingly, this mutant EHD-1 still localized to punc-
tate endosomal structures, suggesting that EH-domain-independent mechanisms of
endomembrane binding exist, but that 4’-phosphoinositide binding is important for
recruitment to recycling tubules. In worm and mammals, association of EHD1/Rmel
with BAR-domain containing proteins (AMPH-1 in C- elegans, BIN-1 in mammals)
and Rab8 effectors such as MICAL-L1 (Sharma et al. 2009) also assisted the tubu-
lar localization of these proteins and their function in endocytic recycling (Pant
et al. 2009). Indeed, the localization of this complex to phosphoinositide-enriched
tubules courtesy of coincident phosphoinositide:EH domain interactions and BAR
domain:membrane interactions has parallels with the localization of endosomal re-
trieval complexes such as retromer ((Carlton and Cullen 2005), see Sect. 3.7.1.1) and
suggest that cells may employ common mechanisms of localizing sorting complexes
to endosomal exit sites via coincident localization signals.

Other EHD proteins also regulate various aspects of early endosome trafficking;
EHD3 assists cargo retrieval to the Golgi (Naslavsky et al. 2009), (a pathway that
EHD1 participates in through interactions with retromer (Gokool et al. 2007)), EHD1
and 3 interact with the Rab11-FIP2 proteins to regulate export from early endosomes
to the endocytic recycling compartment (Naslavsky et al. 2006) and EHD4 is involved
in the trafficking of proteins at the early endosome (Sharma et al. 2008). Given the
role of the EH-domain in binding phosphoinositides, these data define the family
of EHD proteins as important regulators of phosphoinositide-mediated endosomal
trafficking.

3.8.2 Sorting Nexins—Another Route for the Generation of
Recycling Tubules

PtdIns(3)P is another phosphoinositide important for traffic through recycling en-
dosomes: for example, PtdIns(3)P consumption through overexpression of the
3’-phosphatase MTMR4 inhibits Tfn recycling (Naughtin et al. 2010). Here, an
important component of the PtdIns(3)P-dependent recycling pathway is the sort-
ing nexin, sorting nexin-4 (SNX4). Localised to both the early endosome and to
membranes of the juxtanuclear ERC, SNX4 acts to regulate the formation of mem-
brane tubules required for the geometric based recycling of TfnR away from the
degradative route, allowing their return to the cell surface (Traer et al. 2007). Like
the previously described role of retromer sorting nexins (see Sect. 3.7.1.1), SNX4
contains a PtdIns(3)P-binding PX domain and a curvature-sensing BAR domain,
which can switch to a curvature inducing mode, driving the formation of recycling
membrane tubules (Traer et al. 2007). Furthermore, nucleation of SNX4 tubules
may again be intimately linked with clathrin dynamics, given that this sorting nexin
interacts with clathrin (Skanland et al. 2009). Again, as with the retromer SNX4
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also associates with the minus-end directed microtubule motor protein dynein to aid
the efficiency of tubule fission (Traer et al. 2007; Skanland et al. 2009), although
whether it also interacts with elements that regulate actin polymerization remains to
be established.

Inyeast, Snx4pis part of acomplex with two additional sorting nexins, Snx41p and
Snx42p, and acts to retrieve Snc1p from a post-Golgi endosome (Hettema et al. 2003),
although in this case, the complex functions in parallel with retromer, returning
cargoes to the yeast Golgi. As discussed previously (see Sect. 3.7.2), mammalian
SNX4 is also thought to play a role in endosome-to-Golgi trafficking of toxins such as
ricin (Skanland et al. 2007), suggesting that it may bisect both recycling and retrieval
pathways. Recent data suggesting that the endocytic recycling compartment lies on
a route between early endosomes and the Golgi may reconcile these itineraries (Ang
et al. 2004). Whether mammalian cells also contain a similar SNX4 complex, the
most closely related proteins to Snx41p and Snx42p would appear to be SNX7 and
SNX30, remains to be explored. Given that SNX7 and SNX30 each contain predicted
phosphoinositide-binding PX domains, studying their function alongside SN X4 may
reveal exciting new insight into phosphoinositide-mediated endosomal recycling.

3.8.3 Sorting Nexins and Cargo Recognition

Besides the role of SNX4 in driving the formation of endosomal recycling tubules
(Traer et al. 2007), other members of the sorting nexin family have emerged as
cargo adaptors in endosomal recycling. Sorting nexin-17 (SNX17), which contains
a PtdIns(3)P-binding PX domain and a truncated FERM (4.1, ezrin, radixin, and
moesin) domain (it lacks a BAR domain), is associated with recycling tubules em-
anating from the early endosome (Florian et al. 2001; van Kerkhof et al. 2005).
As an adaptor, SNX17 associates directly with a number of recycling proteins in-
cluding low-density lipoprotein (LDL) receptor-related protein (LRP) (here binding
is via an NPxY motif in the cytosolic domain of the receptor) (Stockinger et al.
2002; Burden et al. 2004; van Kerkhof et al. 2005), amyloid precursor protein (APP)
(recognition via YXNPXY motif) (Lee et al. 2008), the scavenger receptor FEEL-
1/stabilin-1 (possible involvement of an NPxF motif) (Adachi and Tsujimoto 2010),
and P-selectin (recognition motif FxNaa(F/Y)) (Florian et al. 2001; Williams et al.
2004; Knauth et al. 2005). Where trafficking itineries have been explored, data is
consistent with SNX17 sorting receptors into an endosomal recycling pathway (e.g.
see (van Kerkhof et al. 2005)). Whether this is achieved by ‘piggy-backing’ onto
pre-existing SNX4 derived tubules, in a manner that would be analogous to the role
of SNX3 in Fet3p-Ftrlp sorting onto the retromer pathway (Strochlic et al. 2007), is
an interesting possibility that certainly merits exploration.

Another PtdIns(3)P-binding sorting nexin with a role in endosomal recycling is
sorting nexin-27 (SNX27) (Lunn et al. 2007; Rincon et al. 2007). In addition to
the early endosomal targeting PX domain, SNX27 contains a PDZ domain and,
possibly, an association domain for the small GTPase Ras (Fujiyama et al. 2003;
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Kajii et al. 2003). In the case of the B2-adrenoreceptor (B2-AR), the PDZ domain
of SNX27 associates with the B2-AR tail sequence and is required for the sorting
of the receptor into the endosome-to-plasma membrane recycling pathway (this is
also dependent on the ability of SNX27 to bind PtdIns(3)P) (Lauffer et al. 2010).
SNX27 also associates, again via its PDZ domain, with other cargoes, including
G protein-gated potassium (Kir3) channels (Lunn et al. 2007), and the o-variant
of the 5-hydroxytryptamine type 4 receptor (5-HT4R) (Joubert et al. 2004). With
regard to these cargoes, the interaction with SNX27 is argued to regulate endocytosis
or endo-lysosomal sorting rather than recycling (Joubert et al. 2004; Lunn et al.
2007). Clarifying these somewhat distinct conclusions will require further studies.
In addition, as with the role of SNX17, it will be interesting to determine whether the
adaptor function of SNX27 in cargo recognition is co-ordinated to transport through
other phosphoinositide-mediated endosomal recycling pathways.

3.8.4 Carrier Movement and Fusion with the Plasma Membrane

From the growing body of molecular evidence, it is clear that PtdIns(3)P can regulate
recycling pathways that exit the early endosome, and it is possible that transition
of PtdIns(3)P to PtdIns(4)P may allow for co-ordination of separable machineries
along the endocytic recycling pathway(s). Alternatively, these phosphoinositides may
sequentially regulate an individual protein. In this regard, the ACCH (Amot coiled-
coil homology) domain-containing Amot family of proteins may be of relevance
(Heller etal. 2010). Amot associates with both PtdIns(3)P and PtdIns(4)P, is localized
to the juxtanuclear ERC and, through its ACCH domain, has the ability to sense
membrane curvature and drive membrane tabulation (Heller et al. 2010). Moreover,
Amot can re-model the juxtanuclear endocytic recycling compartment (Heller et al.
2010). These data are entirely consistent with an important role for Amot family
members in phosphoinositide-mediated endosomal recycling.

Whilst phosphoinositides function in endosomal recycling pathways and the for-
mation of carriers carrying recycling cargos, it is currently unknown what signals are
required to allow fusion of these endosomal recycling carriers with the plasma mem-
brane. Identification of targeting and fusion machineries that regulate this step will be
instrumental in our understanding of mechanisms underlying endosomal recycling.
The PX domain-containing kinesin, KIF16B regulates the microtubule plus-end-
directed movement of endosomal recycling carriers towards the plasma membrane
through binding to PtdIns(3)P (Hoepfner et al. 2005). As for fusion, some insight has
come from depleting cellular levels of PtdIns(4,5)P, through overexpression of the 5'-
phosphatase domain of synaptojanin, depletion of PtdIns(4)P 5'-kinases or induced
PtdIns(4,5)P, hydrolysis via recruitment of a rapamycin-sensitive PtdIns(4,5)P,5'-
phosphatase to the plasma membrane. In all cases, recycling of Tfn was slowed
(Abe et al. 2008; Kim et al. 2006). Interestingly, in the latter, Tfn accumulated
beneath the plasma membrane (Abe et al. 2008) suggesting that PtdIns(4,5)P, may
regulate fusion of these recycling carriers with the plasma membrane.
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3.9 Future Perspectives

The embryonic lethality that occurs upon manipulation of enzymes that regulate en-
dosomal phosphoinositide, and the increasing number of genetic diseases linked to
mutations in these enzymes, clearly highlights the importance of phosphoinositides
for the function of the endo-lysosomal network. Several of these genetic disor-
ders are linked to defects in the sculpturing of membranes that occur during all
aspects of endosomal sorting. Further analysis of these, and related proteins, will
certainly extend our appreciation of the basic mechanisms through which membrane
re-modelling is co-ordinated with the process of cargo capture and sorting. Moreover,
characterizing additional phosphoinositide-binding proteins, an in particular those
for PtdIns(3,5)P,, will inevitably generate greater insight to human disease and may
identify new targets for therapeutic intervention.
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Chapter 4
Role of P1(4,5)P; in Vesicle Exocytosis
and Membrane Fusion

Thomas F. J. Martin

Abstract A role for phosphatidylinositol 4,5-bisphosphate (P1(4,5)P;) in membrane
fusion was originally identified for regulated dense-core vesicle exocytosis in neu-
roendocrine cells. Subsequent studies demonstrated essential roles for PI1(4,5)P, in
regulated synaptic vesicle and constitutive vesicle exocytosis. For regulated dense-
core vesicle exocytosis, PI(4,5)P, appears to be primarily required for priming, a
stage in vesicle exocytosis that follows vesicle docking and precedes Ca>*-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)P, exerts an
essential role in membrane fusion events at the plasma membrane. The observed
microdomains of PI(4,5)P, in the plasma membrane of neuroendocrine cells at fu-
sion sites has suggested possible direct effects of the phosphoinositide on membrane
curvature and tension. More likely, PI(4,5)P, functions in vesicle exocytosis as in
other cellular processes to recruit and activate PI(4,5)P,-binding proteins. CAPS
and Munc13 proteins, which bind PI(4,5)P, and function in vesicle priming to or-
ganize SNARE proteins, are key candidates as effectors for the role of PI(4,5)P, 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)P,. Additional roles for PI(4,5)P, in fusion pore dilation have been
described, which may involve other PI(4,5)P,-binding proteins such as synaptotag-
min. 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)P, 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)P; and DAG. The metabolism
of PI(4,5)P, also gives rise to PI(4)P or PI(3,4,5)P; as signaling lipids. But possi-
bly the most extensive role that PI(4,5)P, 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)P,, this lipid can achieve high local concen-
trations (~5mol%) 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)P, 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 domain or a C2 domain that interact stereoselectively with
PI(4,5)P, (Lemmon 2003, 2008). An even larger number of proteins contain Arg/Lys-
rich+ hydrophobic regions that interact electrostatically with PI1(4,5)P, (McLaughlin
et al. 2002). PI(4,5)P, 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 (Mar-
tin 2001), phagocytosis (Grinstein 2010) and endocytosis (Martin 2001; Di Paolo
and De Camilli 2006).

PI(4,5)P, regulates vectorial membrane trafficking to and from the plasma mem-
brane. In the anterograde direction, both constitutive and regulated vesicle exocytosis
require PI(4,5)P,. Following an initial discussion of these exocytic pathways and the
early discoveries that PI(4,5)P, plays a role in membrane fusion, we will discuss
mechanisms by which PI(4,5)P, 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)P; at the plasma membrane functions in the vectorial process of exocytic vesi-
cle fusion. All cells have an essential constitutive secretory pathway in which cargo
in vesicles leaves the Golgi and transits directly or indirectly via endosomal interme-
diates 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 Ca>*
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 Ca>* eleva-
tion. Additional regulated secretory pathways utilize endosome-derived vesicles such
as the synaptic vesicles (SVs) in neurons that undergo Ca’>*-dependent exocytosis.
In regulated secretory pathways, vesicles are commonly staged at the plasma mem-
brane prior to exocytosis in a docked configuration (Verhage and Sorensen 2008).
Several lines of evidence indicate that vesicles undergo an obligatory priming step
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synaptotagmin
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Fig. 4.1 Sequential priming and fusion steps of Ca>*-triggered vesicle exocytosis are depicted
with proteins that bind PI(4,5)P,. 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 P1(4,5)P; in PI(4,5)P,-rich microdomains with progressive segregation
of PI(4,5)P, from fusion sites. CAPS (via its PH domain) and Munc13 (via its Ca>*-dependent C2
domain) exhibit PI(4,5)P; 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 Ca>* binding

that renders them capable of engaging in Ca’*-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 vesi-
cle 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 vesi-
cles 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 fu-
sion 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 resolu-
tion 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
PI1(4,5)P, and the role(s) it plays directly or indirectly (via proteins) in membrane
fusion.

4.3 Discovery of a Role for PI(4,5)P; in Trafficking
to the Plasma Membrane

Evidence for the involvement of PI(4,5)P, in membrane fusion first emerged from
studies of regulated DCV exocytosis in permeable neuroendocrine cells. Eber-
hard et al. (1990) found that that treatment of digitonin-permeabilized chromaffin
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cells with a bacterial PI-specific phospholipase C (PLC) decreased PI levels and
inhibited Ca’*-triggered catecholamine secretion. Because inhibition was pref-
erential 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 Ca*-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 iden-
tified as phosphatidylinositol transfer protein (PITP) (Hay and Martin 1993) and
phosphatidylinositol 4-monophosphate 5-kinase type Iy (Hay et al. 1995). The iden-
tification of these factors, which mediate the ATP-dependent restoration of P1(4,5)P,
in permeable cell incubations, provided direct evidence that P1(4,5)P, was essential
for regulated DCV exocytosis. Hay et al. (1995) found that the addition of PI(4,5)P,-
specific antibodies or PLC31 strongly inhibited regulated exocytosis. These results
indicated that the intact lipid P1(4,5)P, played a central role in a late step in the DCV
exocytic pathway. Consistent with this, products derived from PI(4,5)P, by hydrol-
ysis (DAG, inositol phosphates, fatty acids) did not affect regulated DCV exocytosis
in the Ca’>*-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)P, 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)P; in cellular function, later
studies probed the mechanism(s) by which P1(4,5)P; participates in membrane fusion
mechanisms. These developments are reviewed below.

4.4 A Role for PI(4,5)P; in the Priming Reactions of Regulated
DCYV Exocytosis

Several studies in intact cells confirmed an essential role for PI(4,5)P; in regulated
DCV exocytosis. PI(4,5)P; is mainly present at the plasma membrane in cells and
Holz et al. (2000) showed that the PH domain of PLCS1 localized to the plasma
membrane of chromaffin cells where it inhibited regulated DCV exocytosis. PI1(4,5)P,
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 17y is one of the major 5-kinases responsible for
P1(4,5)P, 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
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(Lawrence and Birnbaum 2003; Gong et al. 2005; Waselle et al. 2005) in cells with
corresponding changes in cellular PI(4,5)P; 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)P; regulate vesicle exocytosis.

Studies in permeable PC12 cells had indicated that PI(4,5)P, was needed for a
priming step in DCV exocytosis (Hay et al. 1995; Grishanin et al. 2004). Priming of
DCYV 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)P, was required, high resolution capacitance studies were conducted
in neuroendocrine cells in which PI(4,5)P; levels were altered. Evoked capacitance
changes in response to cellular Ca>* 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 as priming reactions
that refill the RRP. Olsen et al. (2003) recorded the immediate (<2s) capacitance
increase in patch-clamped pancreatic B cells in response to depolarization-elicited
Ca’* 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)P,. Remarkably the
ATP requirement for priming DCV exocytosis was by-passed by direct microinjection
of PI(4)P or PI(4,5)P,. This evidence indicated that the priming of DCV exocytosis in
pancreatic 3 cells involved the synthesis of PI(4)P and PI(4,5)P,. CAPS antibody was
found to block priming in response to PI(4,5)P; injection, which suggested that CAPS
was an important effector for the role of PI(4,5)P, in DCV exocytosis (see below).

Similar studies were conducted in chromaffin cells following the perturbation of
P1(4,5)P, levels (Milosevic et al. 2005). PI(4,5)P; levels were measured in plasma
membrane sheets prepared from cells and reacted with a GFP-PH-PLC31 fusion pro-
tein. Overexpression of PI(4)P 5-kinase 1y or direct microinjection of PI(4,5)P, was
used to increase cellular PI(4,5)P, levels. Increases in PI(4,5)P, 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)P, 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 1y knockout mouse reached similar conclusions that a reduction in
plasma membrane PI(4,5)P, 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 1y knockout chromaf-
fin cells. Overall these studies confirmed the importance of PI(4,5)P, for priming
DCYV exocytosis although the basis for the critical role for this lipid remained to be
elucidated.

4.5 A Role for PI1(4,5)P; 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
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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 17 is
a major PI(4,5)P,-synthesizing enzyme in synapses that could potentially utilize the
PI(4)P although the actual source of PI(4)P for P1(4,5)P, synthesis at the presynap-
tic plasma membrane is unclear. Early studies on whether PI(4,5)P, was required
for Ca>*-triggered SV exocytosis in synaptosome preparations produced conflict-
ing results (Khvotchev and Sudhof 1998; Zheng et al. 2004). Because endocytosis
is strongly dependent upon P1(4,5)P, and SVs rapidly recycle, a requirement for
P1(4,5)P, 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 1y 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 P1(4,5)P, 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)P, although this has yet to be thoroughly examined in mam-
malian cells. By contrast, extensive genetic evidence in yeast indicates an essential
role of PI(4,5)P, 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 tem-
perature, Mss4 cells with a temperature-sensitive PI(4)P 5-kinase exhibit defects
in actin localization and in secretion (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
etal. 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 St4
PI 4-kinase and Mss4 PI(4)P 5-kinase to synthesize plasma membrane PI(4,5)P;, and
this is required for the function of the exocyst complex and SNARESs in the consti-
tutive secretory pathway (see below). The results support a key role for PI(4,5)P; in
the constitutive exocytosis of post-Golgi vesicles.

4.6 Is PI(4,5)P, Spatially Segregated to Sites of Exocytosis?

Several studies in neuroendocrine cells have found that plasma membrane PI(4,5)P,
is spatially inhomogeneous and distributed in microdomains (Laux et al. 2000; Ca-
roni 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 pro-
tein from PLCS1, which binds PI(4,5)P, without clustering it (James et al. 2008;
Milosevic et al. 2005; Aoyagi et al. 2005). In studies with PC12 cell membrane
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lawns, the fluorescent probe was calibrated with PI(4,5)P,-containing supported bi-
layers to infer a microdomain concentration for PI(4,5)P, corresponding to ~6 mol%
(James et al. 2008). Although it had been argued that apparent sites of PI(4,5)P,
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)P, enrichment (James et al. 2008; Milosevic et al. 2005).
Moreover, the inferred concentrations of PI(4,5)P, detected were proportional to
ATP-dependent synthesis (James et al. 2008). In this study, many of the PI(4,5)P,-
enriched microdomains corresponded to sites of DCV docking (~35%). About 50%
of CAPS, whichis a PI(4,5)P,-binding protein required for DCV priming (see below),
co-localized at microdomains of PI(4,5)P, 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)P;. 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)P, clusters
increased with cellular overexpression of PI(4)P 5-kinase, which also increased
Ca’*-triggered DCV exocytosis (Aoyagi et al. 2005). Overall these studies (Aoy-
agi 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)P,. This work on isolated
plasma membrane lawns has not yet been extended to living cells. Bodipy TMR-
P1(4,5)P, 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)P, was reversibly bound. However, it will
be important to directly image PI(4,5)P; in cells at sites of exocytosis to determine
if membrane fusion occurs in PI(4,5)P,-rich membrane microdomains. The tools
available currently to detect PI(4,5)P; in living cells (e.g., PH-GFP) simultaneously
inhibit Ca?*-triggered DCV exocytosis (Holz et al. 2000) so additional methods to
detect and quantify PI(4,5)P; in living cells will be needed.

While there is considerable evidence for independent pools of PI(4,5)P, in
the plasma membrane (Janmey and Lindberg 2004), the basis for PI(4,5)P, mi-
crodomains 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)P, would need to be “captured” at such sites. This might be achieved
by interactions with proteins that have specific PI(4,5)P,-binding domains such as
dynamin with its PH domain that in turn could oligomerize and cluster PI(4,5)P,
(Bethoney et al. 2009). Alternatively, the electrostatic clustering of PI(4,5)P; by pro-
teins that contain basic/hydrophobic regions could alter the diffusion of PI(4,5)P,
away from localized sites of synthesis (McLaughlin and Murray 2005). Proteins
such as GAP-43, MARCKS, CAP-23, and NAP-22 contain “basic effector do-
mains” capable of electrostatically sequestering PI(4,5)P,. The 13 basic residues
in the MARCKS effector domain sequesters three PI(4,5)P, molecules (McLaughlin
and Murray 2005). Indeed overexpression of MARCKS in PC12 cells was found
to increase PI(4,5)P; clusters in the plasma membrane whereas overexpression of a
dominant interfering mutant was found to decrease PI(4,5)P; clusters (Laux et al.
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2000). Many transmembrane proteins have Lys/Arg-rich segments on their cytoplas-
mic membrane-proximal domains, which would enable formation of a diversity of
distinct PI(4,5)P, microdomains containing different protein clusters. SNARE pro-
teins such as syntaxin-1 that undergo cholesterol-dependent clustering at sites of
DCYV exocytosis have basic juxtamembrane regions that might sequester P1(4,5)P,
into associated microdomains (see below).

PI(4,5)P, 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)P,
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 do-
mains that sequester PI(4,5)P, 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)P, by the Gag protein displaces a myristate buried in a hydropho-
bic 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)P, 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)P, microdomains and the lipid raft domains in the extracellular leaflet.

4.7 Mechanisms for PI(4,5)P, Function in Membrane Fusion

A central question concerns the mechanism(s) by which P1(4,5)P, affects membrane
fusion. PI(4,5)P, 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 P1(4,5)P, at later steps in DCV exocytosis. Below we consider a
number of suggested mechanisms for both positive and negative effects of P1(4,5)P,
on membrane fusion. Firstly, if PI(4,5)P; 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, P1(4,5)P; 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)P, 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)P,-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 PI1(4,5)P,

Membrane preparations from PC12 cells exhibit spatially-restricted microdomains of
P1(4,5)P, near docked DCVs (James et al. 2008; Aoyagi et al. 2005; Milosevic et al.
2005). P1(4,5)P; concentrations in microdomains may exceed 5 mol% in contrast to
interdomain regions at ~2 mol% (James et al. 2008). PI(4,5)P; 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)P, at 5 mol% in either v-SNARE donor or
t-SNARE acceptor liposomes was found to inhibit SNARE-dependent liposome fu-
sion. Vicogne and co-workers also found that PI(4,5)P, was inhibitory when included
in t-SNARE liposomes (Vicogne et al. 2006). Inhibition by PI(4,5)P, was compara-
ble 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)P, 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 P1(4,5)P, by a basic charge-rich linker domain in syntaxin-1. There may be other
mechanisms in cells for which PI(4,5)P, 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)P; 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).
P1(4,5)P, microdomains in the plasma membrane may exhibit positive curvature
but in addition many PI(4,5)P,-binding proteins undergo hydrophobic insertion,
which would further amplify positive curvature. Many types of PI(4,5)P,-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 Ca’*-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)P, 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)P,-Derived or Activated Metabolites

Under mild Ca?* stimulation conditions, DCV exocytosis requires PI(4,5)P, as the
intact phospholipid (Eberhard et al. 1990; Hay et al. 1995). However, under strong
stimulation conditions, PI(4,5)P, can be metabolized by phospholipase C (PLC)
(Micheva et al. 2001). One of the metabolites of P1(4,5)P,, DAG, has been strongly
linked to activation mechanisms for regulated vesicle exocytosis. Protein kinase C
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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 P1(4,5)P; 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)P,-activated
enzyme that hydrolyzes PC to PA, has been strongly implicated both in regulated
DCYV 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 into a stalk intermediate to promote fusion. In
PC12 cells in which Ca®* 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
DCYV 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 exo-
cytosis 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 PI1(4,5)P, in DCV exocy-
tosis. Other studies have suggested that SCAMP2, a membrane tetraspanin protein
that binds PI(4,5)P, 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 PI1(4,5)P,

At present, the best established mechanisms for the function of PI(4,5)P, in actin
polymerization (Janmey and Lindberg 2004) and endocytosis (Di Paolo and De
Camilli 2006) involve protein recruitment. In each of these cases, proteins inter-
act with PI(4,5)P, 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)P,-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
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supported bilayers that contained PI(4,5)P, (Wagner and Tamm 2001). PI(4,5)P,
itself exhibits reduced mobility in supported bilayers (Baumann et al. 2010), which
suggests that direct interactions with PI(4,5)P, may reduce the mobility of t-SNAREs
to organize them at sites in the membrane. PI(4,5)P, 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 P1(4,5)P, 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)P, (or PA) among exocytic syntaxins con-
sists of K»®?KAVKYQSKARRKK?% (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)P,-containing liposomes in
vitro (Lam et al. 2008; James et al. 2008). Both of these results indicate that syn-
taxin interactions with PI(4,5)P, (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)P, in the membrane to prevent the steric inhi-
bition 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 neg-
ative curvature-preferring lipid at the periphery of contacting leaflets to reduce the
energy requirement for stalk formation (Lam et al. 2008).

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)P, 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 PI1(4,5)P,
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)P, 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)P; in priming DCV exocytosis (see below).

The vesicle SNARE VAMP-2 also interacts with acidic phospholipids through
membrane-proximal linker segments containing K®¥*LKRKYWWKNLK** (for
VAMP-2) (Williams et al. 2009; Kweon et al. 2003; De Haro et al. 2003). Sea-
gar and co-workers (De Haro et al. 2003; Quetglas et al. 2002) reported that a region
of VAMP-2 overlapping this one binds Ca>*/calmodulin and acidic phospholipids in
a mutually exclusive manner. They provided evidence that Ca®*/calmodulin bind-
ing to VAMP-2 switched its cis interactions with vesicle membrane lipids to trans
interactions with the plasma membrane. These interactions might be expected to pro-
mote fusion but recent liposome fusion assay studies showed that Ca>*/calmodulin
inhibited SNARE-dependent fusion (Di Giovanni et al. 2010). Williams et al. (2009)
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reported that the overexpression of a VAMP-2 K85E/R86D mutant inhibited evoked
DCYV 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 ap-
proaches of < 1 nm. The principle electrostatic interaction for VAMP-2 in trans would
be with PI(4,5)P; 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 frans 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 Ssolp 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 P1(4,5)P; in the regulated secretory path-
way relates to a function in priming DCV exocytosis. Two of the major priming
proteins for regulated vesicle exocytosis, CAPS and Muncl3, are regulated by
P1(4,5)P, and by PI(4,5)P;, or DAG, respectively. CAPS was discovered as a protein in
rat brain cytosol that reconstitutes Ca’*-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)P, have gone to completion (Grishanin et al. 2004). CAPS
binds PI(4,5)P, in part through its central PH domain, which is required for CAPS
activity in evoked DCV exocytosis (Grishanin et al. 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)P; is present in the acceptor liposomes
that contain the plasma membrane t-SNARESs syntaxin-1 and SNAP-25. By contrast,
P1(4,5)P, in the donor VAMP-2-containing liposomes failed to support CAPS func-
tion. As anticipated for essential interactions with PI(4,5)P,, 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)P, is
present on the t-SNARE liposomes. This contrasts with the lack of a requirement for
PI(4,5)P, for CAPS binding to SNARE proteins (Daily et al. 2010). Thus, the current
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evidence indicates that CAPS may function in vesicle priming through dual interac-
tions with PI(4,5)P, via its PH domain and with SNARE proteins via a C-terminal
domain in CAPS. Anchorage in the membrane through PI1(4,5)P, 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)P; in priming Ca’*-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 Ca®* and exhibits Ca’>*-dependent PI(4,5)P, 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 Ca?>* 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)P, during Ca?t rises, or to DAG arising from Ca®t 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)P, 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)P, or its metabolite DAG for activation. In future studies, it
will be important to determine the plasma membrane sites for PI(4,5)P, and DAG
synthesis relative to vesicle exocytosis and establish whether CAPS and Munc13
proteins are recruited to these sites.

4.13 Roles for Other P1(4,5)P,-Binding Proteins in Regulated
Vesicle Exocytosis

Additional steps in vesicle exocytosis beyond priming may require PI(4,5)P, and
PI(4,5)P,-binding proteins. In capacitance recordings of DCV exocytosis in chro-
maffin cells (Milosevic et al. 2005), modulation of PI(4,5)P, 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 Ca** triggering were not
strongly dependent upon PI(4,5)P,. Similar findings emerged in the capacitance stud-
ies of chromaffin cells from PI(4)P 5-kinase 1y knockout mice (Di Paolo et al. 2004).
Synaptotagmins, the major Ca’>* sensors for regulated vesicle exocytosis, exhibit
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Ca’*-dependent binding to PI(4,5)P, in vitro (Bai et al. 2004). Loss of synaptotag-
min function is associated with decreased rates of triggered exocytosis (Voets et al.
2001). Possibly residual levels of PI(4,5)P, in cells from the PI(4)P 5-kinase 1y
knockout mice are sufficient to maintain synaptotagmin function. Additional stud-
ies 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)P,. However, in amperometric measurements of cat-
echolamine 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 PI1(4,5)P,. Proteins that bind P1(4,5)P,
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 SCAMP?2, a P1(4,5)P,-binding tetraspanin
protein (Liao et al. 2007). In addition, a decrease of PI(4,5)P, would result in de-
creased F actin polymerization, which would alter fusion pore dilation (Berberian
et al. 2009).

4.14 Tethering Complexes Bind PI(4,5)P, in Constitutive Vesicle
Exocytosis

Considerable genetic evidence indicates that plasma membrane P1(4,5)P; is an im-
portant 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)P, 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 pre-
viously, 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 Rom?2 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, Secl5, Exo70,
Exo084) (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)P, via N-terminal polybasic sequences (Zhang et al. 2008) and Exo70
to bind PI(4,5)P, via a C-terminal domain (He et al. 2007). These subunits also in-
teract 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)P,, which was essential for the docking and
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fusion of post-Golgi secretory vesicles in the constitutive secretory pathway (Liu
et al. 2007a). These studies indicate that plasma membrane PI(4,5)P, plays an im-
portant 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 teth-
ering 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 phos-
phoinositides (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 P1(4,5)P;.

4.15 Conclusions

As a specific constituent characteristic of the plasma membrane in resting cells,
PI(4,5)P, likely participates in all vectorial processes involving the plasma mem-
brane. As an abundant highly-charged constituent in the cytoplasmic leaflet,
PI(4,5)P; 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)P, in vesicle exocytosis in-
volves 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)P,-binding
proteins such as CAPS and Munc13 play a major role in vesicle priming reactions
where the principal role of PI(4,5)P; is exerted. Other proteins such as PLD1, synap-
totagmin and SNAREs may mediate the regulation by PI(4,5)P, at other stages of
vesicle exocytosis.
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Chapter 5
Role of Phosphoinositides at the Neuronal
Synapse

Samuel G. Frere, Belle Chang-Ileto and Gilbert Di Paolo

Abstract Synaptic transmission is amongst the most sophisticated and tightly con-
trolled biological phenomena in higher eukaryotes. In the past few decades, tremen-
dous progress has been made in our understanding of the molecular mechanisms
underlying multiple facets of neurotransmission, both pre- and postsynaptically.
Brought under the spotlight by pioneer studies in the areas of secretion and signal
transduction, phosphoinositides and their metabolizing enzymes have been increas-
ingly recognized as key protagonists in fundamental aspects of neurotransmission.
Not surprisingly, dysregulation of phosphoinositide metabolism has also been im-
plicated in synaptic malfunction associated with a variety of brain disorders. In the
present chapter, we summarize current knowledge on the role of phosphoinositides at
the neuronal synapse and highlight some of the outstanding questions in this research
field.

Keywords Synaptojanin - Synaptic vesicle - Exocytosis - Endocytosis - Glutamate
receptors - Synaptic plasticity - Phospholipid - Membrane trafficking

5.1 Introduction

Chemical synapses are intercellular junctions through which neurons efficiently
transfer electrical signals to target cells. Synapses consist of two juxtaposed
structures, the pre- and postsynaptic compartments, which are separated by the
synaptic cleft. The presynaptic compartment is specialized for the fast release of
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neurotransmitters in response to action potentials propagating along axons towards
nerve terminals and the opening of voltage-dependent Ca>* channels. Ca’*-triggered
release of neurotransmitters occurs through fast exocytosis of synaptic vesicles (SVs)
at specialized sites called the active zones and is generally followed by a slower re-
trieval of SV membrane by endocytosis (Fig. 5.1). The released neurotransmitters,
which are mainly glutamate and gamma-aminobutyric acid (GABA) in the central
nervous system, bind to ionotropic and metabotropic postsynaptic receptors. This
translates the chemical signal in the form of neurotransmitters into inhibitory and
excitatory electrical events as well as into intracellular signaling cascades, thus trans-
mitting action potentials in the target cell. The strength of synaptic transmission can
vary across a broad range in a phenomenon called synaptic plasticity, which is typi-
cally associated with drastic morphological changes at the postsynapse of excitatory
neurons (i.e., dendritic spines) and believed to underlie key neurobehavioral re-
sponses, such as learning and memory. The past 60 years has witnessed a worldwide
and massive effort to investigate the molecular and cellular bases of synaptic trans-
mission leading to substantial progress in our understanding of how this phenomenon
works. However, despite the fact that many aspects of synaptic transmission critically
depend on signaling across lipid bilayers and membrane trafficking, less is known
about the role of lipids in this process. In the past two decades, lipids such as phos-
phorylated derivatives of phosphatidylinositol, also called phosphoinositides, have
progressively come to center stage due to their growing implication in fundamental
aspects of neurotransmission.

Phosphoinositides are quantitatively a minor lipid class in cellular membranes;
nevertheless, they play a crucial role in many aspects of cellular physiology, in-
cluding synaptic function. There are seven known phosphoinositides, one of which,
phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P; ], has been extensively studied
due to its abundance and its historical implication in signal transduction as a pre-
cursor for second messengers as well as in secretion. This book chapter largely
focuses on the role of PtdIns(4,5)P, metabolism at the neuronal synapse, with par-
ticular emphasis on its function in the traffic of SVs at the presynapse. The role
of other critical phosphoinositides, such as phosphatidylinositol-3.,4,5-trisphosphate
[PtdIns(3,4,5)Ps], will also be discussed, based on its implication in synaptic plas-
ticity. Phosphoinositides are also important regulators of many ion channels and
transporters, such as voltage-gated Ca>* channels or potassium channels, and this
regulation is central to neuronal excitability and synaptic transmission. However,
space limitation prevents us from elaborating on this topic, which is covered by a se-
ries of recent review articles to which we refer the reader (Hilgemann 2007; Suh and
Hille 2008; Logothetis et al. 2010). In the present chapter, we describe the main lipid
enzymes controlling the metabolism of the two main signaling phosphoinositides
at the synapse, PtdIns(4,5)P, and PtdIns(3,4,5)P;. We then highlight the mecha-
nisms by which these lipids control fundamental aspects of synaptic transmission at
the pre- and post-synapse. Finally, we discuss the implications of dysregulation of
synaptic phosphoinositide metabolism in disease-related processes, such as in Down
syndrome and Alzheimer’s disease.
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Fig. 5.1 Neurotransmission at glutamatergic synapses: Presynaptically, synaptic vesicles (SVs)
filled with glutamate are localized in proximity to the plasma membrane (PM) and are docked at
the active zone after the assembling of the SNARE complex (and other proteins such as Muncl8,
not depicted here) composed of the PM-associated syntaxin-1, the cytosolic SNAP-25 and the SV
membrane-associated synaptobrevin. Upon the arrival of a calcium (Ca?*) influx, SVs fuse with
the PM and the content of the SV is released in the synaptic cleft. Following SV collapse, the
SNARE complex is disassembled by the ATPase N-ethylmaleimide-sensitive factor (NSF) and its
adaptor o.-SNAP. The fused vesicle is retrieved by clathrin-mediated endocytosis, which starts by
the recruitment of the clathrin adaptors, AP-2 to PM enriched in PtdIns(4,5)P, and by its interaction
with Syt-1. Clathrin molecules assemble into a lattice structure at the endocytic site and, along
with a variety of tubulating factors, permit PM invagination and the formation of a CCP. Dynamin
oligomers formed a helix that encircles the bud of the pit and triggers the fission and the individuation
of a clathrin-coated vesicles. Quickly, the clathrin coat is removed and the AP-2-clathrin complex is
disassembled. The SV is refilled with neurotransmitters and can undergo another cycle of exocytosis
and endocytosis.

Postsynaptically, released glutamate binds to the ionotropic AMPA and NMDA receptors and to
the Gqg-coupled metabotropic glutamate receptor (mGluR) type 1 (the other types of mGluR are not
depicted). Gating of the AMPA receptor by glutamate generates a net current influx that depolarizes
the postsynaptic PM allowing the gating of glutamate-bound NMDA receptor and a slower influx
of sodium and calcium. mGluR type 1 activation releases the Gq proteins and the hydrolysis of
PtdIns(4,5)P, by phospholipase Cy into diacylglycerol (DAG) and inositol (1,4,5)-trisphosphate
(Ins(1,4,5)P3). DAG recruits to the PM and activates the protein kinase C, while Ins(1,4,5)P; binds
to and opens the Ins(1,4,5)P3 receptor (Ins(1,4,5)P3R), which liberates the calcium stored in the
endoplasmic reticulum (ER). In the figure, interactions of the receptors with the structural proteins
that organize the postsynaptic density (PSD) is emphasized. NMDA binds directly to PSD-95
with a PDZ-binding motif localized at the C-terminal extremity of the receptor. AMPA receptor and
mGIluR type 1 are indirectly anchored to the PSD-95 complex via the transmembrane AMPA receptor
regulatory proteins (TARP) and via Homer/Shank/GKAP, respectively. Homer also interacts with
the IP3R and allows the anchoring of the receptor in proximity to the mGluR type 1. Finally, AMPA
receptors are mobile and traffic between the synaptic and extrasynaptic zone, where they can be
internalized by CME and be recycled via the endosome
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5.2 Phosphoinositide Metabolism at the Synapse

While PtdIns(4,5)P, and PtdIns4P are the most abundant phosphoinositides in cells,
the former has been extensively characterized in the past few decades and is now
known to play fundamental roles at the plasma membrane. Indeed, PtdIns(4,5)P,
controls both exocytosis and endocytosis, actin dynamics, signal transduction as
well as the function of many ion channels and transporters (Di Paolo and De Camilli
2006; Saarikangas et al. 2008; Suh and Hille 2008). Although the synaptic plasma
membrane contains highly specialized structures, such as the active zone and the
post-synaptic density, and a distinct protein and lipid composition, PtdIns(4,5)P; is
known to regulate these very same biological processes at these membranes. Steady-
state PtdIns(4,5)P, levels at the synapse are controlled by a specific set of lipid
enzymes, which, at mammalian synapses, include PtdInsP kinases type 1y (Wenk
et al. 2001; Di Paolo et al. 2004) and polyphosphoinositide phosphatase Synjl
(Cremona et al. 1999; Voronov et al. 2008). Additionally, a variety of enzymes,
such as phosphoinositide 3-kinases (PI3K), phospholipase C (PLC) and A2, play
both critical and pleiotropic roles in phosphoinositide-dependent signaling. Besides
PtdIns(4,5)P,, the low abundance phosphoinositide PtdIns(3,4,5)P3 is known to reg-
ulate many cellular processes, some of which are critical for synaptic physiology
and plasticity. The following section will primarily focus on the enzymes controlling
PtdIns(4,5)P, and PtdIns(4,5)P, metabolism at the synapse. The precise role of these
two phosphoinositides at synapses will be discussed in Sect. 5.3 and 5.4.

5.2.1 Regulation of PtdIns(4,5)P, Metabolism at the Synapse

PtdIns(4,5)P, can be synthesized by type 1 PtdInsP kinases (PtdInsPK1s), which
phosphorylate PtdIns4P on the 5’ position, and by type 2 PtdInsP kinases, which
phosphorylate PtdIns5P on the 4’ position (Doughman et al. 2003; Anderson et al.
1999). The activation loop located at the COOH-terminus of the kinase core domain
controls the substrate specificity of either class (Kunz et al. 2000). Each type of PtdIn-
sPKs is comprised of three catalytically-active isoforms, o, B, y (Ishihara et al. 1996;
Anderson et al. 1999). A kinase-dead homolog, PtdInsPKH, has also been reported
(Chang et al. 2004). Biochemical measurements using immunodepleted or knockout
(KO) brain extracts have demonstrated that the main pathway for the synthesis of
PtdIns(4,5)P; in the brain and at the synapse involves the PtdInsPK1yisoform (Wenk
etal. 2001; Di Paolo et al. 2004; Volpicelli-Daley et al. 2010). Its substrate, PtdIns4P,
is produced by a PtdIns 4-kinase (PI4K), which was identified as a type Ilo. enzyme
(PI4KIIov), at least in the brain and at neuronal synapses (Guo et al. 2003). In mouse
brain, PtdInsPK17y occurs as 3 splice variants, PtdInsPK1y635 (or PtdInsPK1Y87),
PtdInsPK1y661 (or PtdInsPK1Yy90) and PtdInsPK1y687 (Ishihara et al. 1998; Giu-
dici et al. 2004). At synapses, PtdInsPK1y661 is the most abundant isoform and the
main kinase for the production of PtdIns(4,5)P, (Wenk et al. 2001; Di Paolo et al.
2004; Volpicelli-Daley et al. 2010). In mice, the extended COOH-terminal tail of
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PtdInsPK1y661 binds to the Four-point-one, Ezrin, Radixin, Moesin (FERM) do-
main of the head region of talin (Di Paolo et al. 2002; Ling et al. 2002) and with the
clathrin adaptor complex protein-2 (AP-2) (Bairstow et al. 2006; Nakano-Kobayashi
etal. 2007; Krauss et al. 2006; Kahlfeldt et al. 2010). Three other types of interactors
have been identified for PtdInsPK1y: (i) Rho GTPases (Chatah and Abrams 2001;
Weernink et al. 2004); (ii) Arf GTPases (Krauss and Haucke 2005; Krauss et al.
2003); and (iii) phospholipase D (Divecha et al. 2000; Jarquin-Pardo et al. 2007,
Moritz et al. 1992). Similar to a group of proteins involved in SV endocytosis called
the “dephosphins”, PtdInsPK 1y undergoes depolarization-dependent dephosphory-
lation by calcineurin, a phenomenon known to promote the assembly of endocytic
factors (Cousin and Robinson 2001; Slepnev et al. 1998; Wenk et al. 2001). The phos-
phorylation of PtdInsPK1vy is mediated at least in part by cyclin-dependent kinase-5
(Cdk-5), a proline-directed serine/threonine kinase that is critically important for SV
trafficking and the control of the recycling pool size (Lee et al. 2005; Kim and Ryan
2010). Phosphorylation is a primary mechanism by which the activity of PtdInsPK1y
is locally controlled. For instance, phosphorylation of residue S645 in the COOH tail
of PtdInsPK1Y661 decreases the binding of the lipid kinase with talin and AP-2 (Lee
et al. 2005; Nakano-Kobayashi et al. 2007). Additionally, phosphorylation of the
S645 is reduced by phosphorylation of the neighbor residue, Y649, by non-receptor
tyrosine kinase Src (Lee et al. 2005).

The main PtdIns(4,5)P, phosphatase at the mammalian synapse is synaptojanin 1
(Synjl) (McPherson et al. 1996; Cremona et al. 1999). Two different Synj-encoding
genes, Synjl and Synj2, have been reported in mammals, although Synj1 is known
to be the predominant activity in the brain (Cremona et al. 1999; Voronov et al.
2008). Additionally, two splice variants for Synjl have been described, Synj1-145
and Synj1-170 (Ramjaun and McPherson 1996; Haffner et al. 1997, 2000; McPher-
son et al. 1996). However, only the shorter variant, Synj1-145, is highly expressed in
mature brain and synapses, while Synj1-170 is ubiquitously expressed but at lower
levels. Synjl contains three protein regions (McPherson et al. 1996; Blero et al.
2007): (i) acentral inositol 5S-phosphatase domain that can hydrolyze PtdIns(4,5)P; to
release phosphate from the 5’ position of the inositol ring; (ii) an NH,-terminal Sacl
region that can also function as a phosphoinositide phosphatase towards a variety
of substrates, including monophosphorylated phosphoinositides and PtdIns(3,5)P,
(Guo et al. 1999); and (iii) a COOH-terminal proline-rich domain (PRD) involved
in the binding of Src-homology type 3 (SH3) domain-containing proteins, such as
Growth factor Receptor-Bound protein 2 (Grb2), amphiphysin, endophilin and in-
tersectin (Simpson et al. 1999; Yamabhai et al. 1998; Ringstad et al. 1997; de Heuvel
et al. 1997; Cestra et al. 1999; Pechstein et al. 2010). It is commonly accepted that
the 5-phosphatase activity mediates most of Synj1’s actions, although a recent func-
tional analysis of a Sacl activity-deficient mutant of Synjl suggests some roles for
this domain in SV recycling (Mani et al. 2007).

As a member of the dephosphin protein group and similar to PtdInsPK1vy, Synjl
is constitutively phosphorylated in nerve terminals by the Cdk-5 and undergoes
stimulation-dependent dephosphorylation by calcineurin (Marks and McMahon
1998; Lee et al. 2004b). Cdk-5 phosphorylates the COOH-terminal tail of Synjl
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on a serine residue, which disrupts its interaction with endophilin and amphiphysin
(Lee et al. 2004b). Additionally, Synjl is a substrate of Dyrkla, a homolog of the fly
minibrain kinase (Adayev et al. 2006), and phosphorylation of Synjl by this kinase
regulates its interactions with the SH3 domain of amphiphysin and intersectin, but
does not affect its enzymatic activity (Adayev et al. 2006). More relevant to the
postsynaptic actions of Synjl, three tyrosine residues in Synj1’s PRD domain can
be phosphorylated by the activated EphB receptor, which reduces the interaction
between Synjl and endophilin and affects glutamate receptor internalization (Irie
et al. 2005). Finally, in addition to phosphorylation/dephosphorylation mechanisms,
our recent studies have shown that membrane curvature and endophilin control both
the recruitment of Synjl to membranes and its PtdIns(4,5)P, phosphatase activity
(Chang-lleto et al. 2011).

5.2.2 Regulation of PtdIns(3,4,5)P3 Metabolism of the Synapse

The metabolism of PtdIns(3,4,5)P; is intimately linked to that of PtdIns(4,5)P,,
because class I PtdIns 3-kinases (PI3K), which use the latter as a substrate, are be-
lieved to be the main enzymes for the synthesis of PtdIns(3,4,5)P3. The phosphatase
PTEN (phosphatase and tensin homolog located on chromosome 10) catalyzes
the converse reaction by dephosphorylating PtdIns(3,4,5)P3 on the 3’ position.
While PtdIns(4,5)P; has been predominantly studied in its role at the presynapse,
PtdIns(3,4,5)P; has been mostly characterized at the postsynapse.

Class I PI3Ks are heterodimers composed of a regulatory and a catalytic subunit.
Four genes encoding the catalytic subunits have been reported (p110 or PI3Ka, {3, 8
and 7). PI3Ko, B, 0 compose the class Ia PI3Ks and are mainly activated by receptor
tyrosine kinases, while PI3KYy is the sole member of class Ib (Hawkins et al. 2006;
Marone et al. 2008). For the class Ia PI3Ks, several genes have been found to encode
for the regulatory subunits, collectively referred to as p85 family members, despite
the size diversity. These include pik3r (p85a., pS5a., pS0a), pik3r2 (p85P) and pik3r3
(p55y). Two different genes, pik3r5 and pik3r6, code for the p101 and p84 subunits,
which form a complex with PI3Ky. The role of PI3K at the synapse has been mostly
assessed using broad specificity pharmacological agents, such as wortmannin (i.e.,
an inhibitor of class I and III PI3Ks) and LY294002 (i.e., an inhibitor which is fairly
specific for class Ia PI3Ks). Generally, little information is known regarding the
subtype of PI3K complexes expressed at synapses. Nevertheless, in the brain, the
p110P and the p85a. seem to be the predominant heterodimer of the class Ia (Geering
et al. 2007). At synapses, PI3K activity can also be activated by the complex formed
by the GTPase PI3K enhancer-Long (PIKE-L) with Homer lc and an activated
mGluR of class I, which promotes neuronal survival (Rong et al. 2003).

PTEN is a 403 amino-acid protein composed of two large domains, the phos-
phatase domain and a C2 domain. The phosphatase domain is flanked at the
NH,-terminus by a short PtdIns(4,5)P;-binding domain composed of several basic
amino acids and the C2 domain is flanked at the COOH-terminus by a PDZ-binding
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Thr-Lys-Val motif (Bonifant et al. 2007). PTEN is the only 3-phosphatase identified
that can mediate the PtdIns(3,4,5)P;-to-PtdIns(4,5)P, conversion, thereby arresting
PI3K-dependent signaling. PTEN is widely expressed in mouse brain, and prefer-
entially in neurons, particularly Purkinje cells, olfactory mitral and large pyramidal
neurons, where it is present in dendrites and spines (Perandones et al. 2004; Chang
et al. 2007).

5.3 Presynaptic Roles of Phosphoinositides

Phosphoinositides are known to play a multitude of roles in cell physiology, including
multiple aspects of neuronal function. Because changes in the metabolism of these
lipids were originally studied in the context of secretion, the first clues that these lipids
may play a critical role in secretion and particularly, secretory granule exocytosis,
were obtained from work carried out in chromaffin and PC12 cells (Martin 2003;
Di Paolo and De Camilli 2006). However, the identification of Synj as a major regu-
lator of SV recycling contributed to the remarkable expansion of our knowledge on
the role of Synj’s main substrate, PtdIns(4,5)P,, in endocytosis. There is now robust
molecular, physiological and genetic evidence indicating that PtdIns(4,5)P,, controls
both the exocytic and endocytic limbs of SV trafficking, and that perturbation of its
metabolism alters presynaptic function in neurons. The following section highlights
the functional consequences of phosphoinositide perturbations on the SV cycle as
well as the molecular basis underlying this process.

5.3.1 Synaptic Vesicle Exocytosis

Release of neurotransmitters is triggered by the fusion of SVs with the presynaptic
plasma membranes in response to action potentials and Ca?>* entry (Fig. 5.1). In
the past two decades, the field has achieved a remarkable understanding of this
phenomenon through the identification and characterization of proteins mediating
the fusion process using molecular, biochemical, structural and genetic approaches
(Sudhof and Malenka 2008). The fusion machinery consists of three or four SNARE
proteins and one sec1-Munc18-like protein (or SM protein) that are controlled by a
variety of accessory factors, including members of the synaptotagmin (Syt) family.
These proteins serve as the Ca?*-sensors that mediate the bulk of neurotransmitter
release under normal stimulation conditions in all synapses. There is now increasing
evidence that phosphoinositides play an important modulatory role in several aspects
of the fusion of SVs, as hinted by seminal studies on secretory granule exocytosis
20 years ago.
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5.3.1.1 Exocytic Defects in PtdIns(4,5)P,-deficient Synapses
and Neurosecretory Cells

Studies from the groups of Holz and Martin in the early 1990s showed a critical role
for inositol lipids and PtdIns(4,5)P; in the exocytosis of secretory granules in broken
(or permeabilized) chromaffin or PC12 cells (Eberhard et al. 1990; Hay et al. 1995;
Martin 1997). Importantly, a phosphatidylinositol transfer protein (Hay and Martin
1993) and a PtdInsP kinase (Hay et al. 1995) were identified as factors required
for the ATP- and Ca?*-dependent priming step in the release of large dense core
vesicles (LDCVs) in PC12 cells, while a PtdIns 4-kinase activity was shown to be
essential for secretion in chromaffin cells (Wiedemann et al. 1996). Remarkably,
these early studies suggested that PtdIns(4,5)P; plays a role in LDCV exocytosis as
an intact molecule rather than as a cleavage product of PLC, a biochemical reaction
previously implicated in secretion (Osborne et al. 2006). Subsequently, a series of
exocytic factors were found to bind PtdIns(4,5)P,, demonstrating the importance of
this lipid as an intact molecule in the fusion process. These include Syt (Schiavo
etal. 1996; Bai et al. 2004), rabphilin (Chung et al. 1998), Ca? *-dependent activator
protein for secretion (CAPS) (Loyet et al. 1998), SNARE proteins (Lam et al. 2008),
and secretory carrier membrane protein 2 (SCAMP2) (Liao et al. 2007).

While a role for PtdIns(4,5)P; in the fusion of LDCV had been well established
by the Holz and Martin studies, a reliance of SV exocytosis on this lipid has only
been suggested by a couple of studies. In the first study, reducing the synthesis of
PtdIns4P, the main precursor of PtdIns(4,5)P,, by phenylarside oxide was shown
to decrease the release of glutamate from depolarized synaptosomes (Wiedemann
et al. 1998). The second study involved the functional characterization of mice
lacking PtdInsPK 1Y, the main PtdIns(4,5)P,-synthesizing enzyme at the synapse (Di
Paolo et al. 2004). Indeed, deletion of PtdInsPK1y was shown to produce defects in
neurotransmitter release in cultured cortical neurons, based on the reduced frequency
of miniature EPSPs and inhibitory postsynaptic potentials and the smaller readily-
releasable pool (RRP) observed upon brief applications of hypertonic solutions (Di
Paolo et al. 2004). Consistent with a smaller RRP, genetic ablation of PtdInsPK1y
also enhanced rapid depression during prolonged high-frequency stimulation. It was
hypothesized that these exocytic defects may be accounted for, in part, by a delay in
the replacement of docked and primed vesicles that have undergone exocytosis with
new fusion-competent vesicles (Di Paolo et al. 2004). Defects in SV recycling also
occur in mutant synapses and are discussed below.

A follow-up study on primary chromaffin cells lacking PtdInsPK1y confirmed
that reduced levels of PtdIns(4,5)P, decrease the size of the RRP of LDCVs and
its refilling rate. Together with electron microscopy data showing an increase in
morphologically-docked vesicles, data from this study indicated that PtdInsPK1y
controls the priming of LDCVs (Gong et al. 2005). Finally, amperometry measure-
ments in mutant chromaffin cells revealed a delay in the expansion of the fusion
pore, thus implicating PtdIns(4,5)P, in the regulation of LDCYV fusion pore dynam-
ics (Gong et al. 2005). This study confirms the notion that PtdIns(4,5)P, controls the
priming step in the exocytosis of LDCVs (Eberhard et al. 1990; Hay et al. 1995) and
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is in partial agreement with an independent study in PC12 cells in which acute ma-
nipulations of PtdIns(4,5)P, levels were shown to affect the rate of fusion of LDCVs
(Milosevic et al. 2005).

5.3.1.2 Molecular Basis for the Actions of PtdIns(4,5)P, in Exocytosis

Since the discovery that PtdIns(4,5)P, promotes exocytosis independently of its
metabolic conversion to diacylglycerol (DAG) and inositol-1,4,5-trisphosphate
[Ins(1,4,5)P5] by PLC (Eberhard 1990; Hay 1995), the idea that PtdIns(4,5)P, ef-
fectors may mediate the fusion process gained in popularity, particularly in light
of the identification of peptides or protein modules binding to this lipid with high
selectivity and affinity. Two such PtdIns(4,5)P, effectors were extensively charac-
terized in this context, CAPS and Syt, with significant implications for the priming
and Ca’ T-sensing stages of the exocytic process.

CAPS and the Priming Step

CAPS was originally discovered as a 145 KDa cytosolic factor promoting Ca’*-
dependent exocytosis of LDCVs (Walent et al. 1992). Following the identification
of CAPS as a homolog of Unc-31 (Ann et al. 1997), studies on Unc-31 and on
mammalian CAPS in semi-broken synaptosomes confirmed the involvement of this
gene family in LDCV exocytosis, but not in the fusion of SVs (Speese et al. 2007,
Tandon et al. 1998; Gracheva et al. 2007). Although synaptic transmission at the
fly and worm neuromuscular junction (NMJ) was found to be altered in CAPS mu-
tants, these phenotypes were interpreted as secondary to defects in LDCV exocytosis
(Speese et al. 2007; Renden et al. 2001; Gracheva et al. 2007). In the mouse, ablation
of CAPS-1 was shown to perturb the uptake of catecholamines into LDCVs and the
exocytosis of LDCVs (Speidel et al. 2005), while deletion of CAPS-2 interferes with
the development of the cerebellum and short-term plasticity (Sadakata et al. 2007).
A role for CAPS in SV exocytosis was unambiguously shown in synapses derived
from mice lacking CAPS-1 and 2 (Jockusch et al. 2007). The double KO mice ex-
hibited dramatic reduction in the number of fusion-competent SVs concomitantly
with a normal number of vesicles docked at the plasma membrane, thus implying an
essential role of CAPS in the priming step in excitatory neurons. Further supporting
this view, deficits in the mutant mice were rescued, at least transiently, by hyperac-
tivation of Munc13, a well-established priming factor (see below) (Jockusch et al.
2007; Augustin et al. 1999; Varoqueaux et al. 2002; Siksou et al. 2009) but see also
(Siksou et al. 2009) for a role in Munc13 in SV docking. CAPS also binds to mem-
branes in a Ca’*-dependent manner via its C2 domain and to phosphoinositides,
such as PtdIns4P, PtdIns(4,5)P, and PtdIns(3,4)P,, via its PH domain (Loyet et al.
1998; James et al. 2008). Binding of CAPS to PtdIns(4,5)P, appears to be critical
for the fusion-promoting action of CAPS because it decreases the intrinsic ability
of the inverted cone shape of PtdIns(4,5)P; to block SNARE-mediated fusion and
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may directly affect the fusogenic properties of syntaxin/Soluble NSF Attachment
Protein-25 (SNAP-25) (Grishanin et al. 2004; James et al. 2008). Syntaxin itself
can directly bind to phospholipids, particularly “cone shape” lipid phosphatidic acid
(PA), which is fusogenic, and PtdIns(4,5)P,, via a polybasic juxtamembrane region.
Indeed, in PC12 cells, PtdIns(4,5)P, co-clusters with syntaxin at sites of exocytosis
(Aoyagi et al. 2005). Since mutations of the juxtamembrane domain decrease the
fusion pore size in PC12 cells and this effect is mediated by PA, it was suggested
that this syntaxin-1 domain clusters PA at the site of fusion (Lam et al. 2008).

The function of priming factor Munc13 heavily relies on the ability of this family
of proteins to bind to DAG via their C1 domain, suggesting the interesting possibility
that PtdIns(4,5)P, hydrolysis by PLC also regulates the priming step of SV exocytosis
(Rhee et al. 2002; Lou et al. 2008). Additionally, recent work has shown that Munc13
also binds phosphoinositides in a Ca?>*-dependent manner via its central C2B domain
and that this property allows Munc13 to potentiate SV exocytosis during repeated
action potentials, thereby minimizing synaptic depression induced by SV depletion
(Shin et al. 2010).

Role of Synaptotagmin in Ca®*-sensing and Synaptic Vesicle Fusion

Synaptotagmin is considered the main Ca>* sensor for Ca?*-triggered (fast) syn-
chronous release of neurotransmitter at central synapses, but not for the (slow)
asynchronous release (Pang and Sudhof 2010; Perin et al. 1991; Brose et al. 1992;
Geppert et al. 1994; Chapman 2008). Originally identified as a 65 KDa protein
enriched in SVs and LDCV (Matthew et al. 1981; Chapman 2008), synaptotagmin-
1 (Syt-1) is the founding member of a large family that includes seventeen other
proteins (Chapman 2008). Syt-1 is the most extensively studied Syt member and is
believed to be the main isoform controlling SV exocytosis. Work carried out in the
past 15 years, including genetic studies in various species and recent cell-free fusion
assays, suggest a complex involvement of Syt-1 in the fusion process, which can
be summarized as follows: Syt-1 is believed to act as a pre-fusion “clamp” in the
absence of Ca?* (Martens et al. 2007; Chicka et al. 2008) and to accelerate SNARE-
mediated fusion in the presence of the divalent cation, in part by regulating fusion
pore dynamics and the final steps of fusion (Stein et al. 2007; Chapman 2008).
Since the primary sequence of Syt-1 revealed, in addition to the single NH;-
terminal transmembrane domain anchored to the SV membrane, a large cytodomain
consisting of tandem C2 domains, C2A and C2B, separated by a 9-residue linker, the
idea that Syt may bind and “sense” Ca>* was put forward (Brose et al. 1992; Geppert
et al. 1994). Indeed, while the C2A domain can bind to three Ca®™ ions, the C2B
domain binds to two ions, in agreement with the previous notion that the Ca> * sensor
for synchronous release exhibits an apparent cooperativity of five Ca>* ions (Boll-
mann et al. 2000; Schneggenburger and Neher 2000). In addition to its role in Ca?~*
sensing, SV-bound Syt-1 has been shown to play a crucial role in docking the vesi-
cles to the plasma membrane via its interaction with SNAP-25, presumably as part of
an assembled Munc18/syntaxin-1/SNAP-25 acceptor complex (de Wit et al. 2009).
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C2 domains often bind phospholipids, thus suggesting a relationship between Ca?*
binding and membrane interactions. Indeed, the C2B domain of Syt-1 was shown
to bind to phosphoinositides and the specificity of interaction of this domain for
PtdIns(4,5)P, or PtdIns(3,4,5)P3 depends on intracellular levels of Ca?>* (Schiavo
et al. 1996). The relationship between the C2 domains and phospholipids has been
extensively dissected by several groups using biochemical, structural and functional
assays in combination with site-directed mutagenesis of the C2 domains. Indeed, in
the presence of Ca’>*, the C2A domain of Syt-1 interacts with anionic phospholipids,
such as phosphatidylserine (PS), which triggers the insertion of the Ca?*-binding
loops of C2A into lipid bilayers. It was shown that the C2B domain alone also
binds weakly to PS, but binds preferentially to PtdIns(4,5)P,. C2B does not pen-
etrate into the bilayer as a result of this interaction, it was thus suggested that the
C2B domain may simply serve to tether Syt-1 to the plasma membrane (Bai et al.
2004). However, dimers of the C2A and C2B domains primarily mediate the Ca?*-
dependent binding of Syt-1 to PtdIns(4,5)P,- or PtdIns4P-containing membranes
and the Ca’*-dependent evoked release (Hui et al. 2009). After its insertion into
the plasma membrane, bending of the membrane by Syt-1 is dependent on the C2B
domain. The positive membrane curvature induced by Ca®*-bound Syt-1 facilitates
the fusion of SVs to the plasma membrane by reducing the distance between the
membranes and by reducing the energy barrier for their fusion (Shin et al. 2010).

5.3.2 Synaptic Vesicle Recycling

Sustained release of neurotransmitter is crucial for neuronal communication. To pre-
vent SV depletion and a rundown of neurotransmission, SVs must be efficiently
recycled in nerve terminals, particularly during prolonged stimulations. Several
recycling pathways have been described, including those involving ‘kiss-and-run’
mechanisms and clathrin-mediated endocytosis (CME), which has been extensively
characterized at the molecular level. This latter pathway occurs at the periphery of
the active zone (also called periactive zone) and is typically triggered upon full col-
lapse of SVs with the plasma membrane during the release process. An important
implication of full fusion of SVs with the plasma membrane is that SV-associated
components undergo rapid diffusion at the synaptic membrane. Thus, precise and
efficient molecular mechanisms must be in place to ensure the appropriate capture
and sorting of SV-associated components into endocytic vesicles in order to preserve
the molecular composition and functionality of SVs.

Work carried out in the past decade has provided overwhelming evidence showing
that phosphoinositides and specifically PtdIns(4,5)P, regulate multiple aspects of SV
recycling. In particular, studies on Synjl and PtdInsP kinase type 17, have established
that both an excess and a deficiency of PtdIns(4,5)P, interfere with the SV cycle.
At the molecular level, dysregulation of PtdIns(4,5)P, metabolism at the synapse
alters the function of a large variety of proteins that control multiple aspects of SV
trafficking, including the recycling of SVs via the pathway of CME. The following
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section highlights how a loss of the main PtdIns(4,5)P,-metabolizing enzymes affects
this process and the physiology of nerve terminals. This followed by a discussion
of the mechanistic aspects underlying the pleiotropic roles of PtdIns(4,5)P, in the
process of SV recycling.

5.3.2.1 Synaptic Vesicle Recycling Defects upon PtdIns(4,5)P, Imbalance
Consequences of Synj Loss on Nerve Terminal Function

The identification of Synjl by De Camilli et al. as a partner for the SH3 domain of
Grb2 (and amphiphysin), along with the endocytic fission factor dynamin, indirectly
suggested an involvement of this enzyme in SV recycling (McPherson et al. 1994,
1996). Conclusive evidence for a direct role of Synj in this process emanated from
a genetic study in the mouse, where a null mutant was shown to produce defects in
synaptic vesicle recycling (Cremona et al. 1999). At the Synjl~/~ synapse, increased
PtdIns(4,5)P, levels correlated with an excess of clathrin-coated vesicles (CCVs),
suggesting a delay in the uncoating reaction (Cremona et al. 1999). In agreement
with defects of recycling, a deeper depression of neurotransmission was observed
in hippocampal slices as well as in primary cortical cultures from null mice dur-
ing a prolonged stimulation (Cremona et al. 1999; Luthi et al. 2001). Fluorescent
dye (FM1-43) uptake and release assays in cultured neurons confirmed that newly
endocytosed vesicles recycle with slower kinetics in nerve terminals, likely reflect-
ing the accumulation of CCVs (Cremona et al. 1999; Kim et al. 2002; Mani et al.
2007). Strikingly, endocytic defects resulting from inactivation of Synj function
were also observed in other species, such as the budding yeast (Singer-Kruger et al.
1998; Stefan et al. 2002), the worm (Harris et al. 2000) and the fly (Dickman et al.
2005; Verstreken et al. 2003). Importantly, nerve terminals from lower organisms
lacking the only Synj ortholog showed pleiotropic defects in SV recycling, includ-
ing an accumulation of coated and, in some cases, even non-coated pits at various
stages of invagination (Verstreken et al. 2003; Harris et al. 2000). Consistent with
the abovementioned studies, an experimental manipulation of the lamprey reticu-
lospinal (giant) synapse showed an accumulation of clathrin-coated pits (CCPs) and
free CCVs upon blockade of the interaction of Synj with the SH3 domain of its
main interactor, endophilin, utilizing a proline-rich peptide derived from the COOH-
terminal tail of mammalian Synjl (Gad et al. 2000). Additionally, in the zebrafish
nrc mutant, defects in SV trafficking were observed in the ribbon synapses of fish
photoreceptors as a result of a stop mutation the Synj/ gene, although in this case,
an accumulation of coated intermediates was not reported (Van Epps et al. 2004).
Instead, nrc cone photoreceptor pedicle exhibited unanchored ribbons as well as a
reduction in SV number and an abnormal distribution of these organelles. A more
recent electron tomography study from De Camilli et al. not only showed striking
evidence for an accumulation of CCVs in Synjl~/~ synapse, but also highlighted
a stronger requirement for Synjl in GABAergic neurons, at least based on a mor-
phological assessment (Hayashi et al. 2008). In summary, the endocytic function of
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Synj appears to be largely conserved across evolution, although the precise actions
of the phosphoinositide phosphatase in this process depend on the cell or synapse
type, perhaps reflecting the pleiotropic role of phosphoinositides in cell physiology.

Based on studies of Synj function in various organisms as well as of the role of
PtdIns(4,5)P, in multiple experimental systems, a main function of Synj appears to be
the elimination of PtdIns(4,5)P, from membranes during the endocytic process (Ste-
fan et al. 2002; Cremona and De Camilli 2001; Cremona et al. 1999; Di Paolo and De
Camilli 2006). However, Synj family members also contain an NH,-terminal Sacl
domain, which is also present in other proteins and has been shown to dephosphory-
late phosphoinositides other than PtdIns(4,5)P,. These include PtdIns3P, PtdIns4P,
PtdIns5P and PtdIns(3,5)P; (Guo et al. 1999; Hughes et al. 2000). Although the orig-
inal study by Cremona et al. only shows an increase in PtdIns(4,5)P; in Synjl~/~
primary cortical neurons, only two phosphoinositides, namely the most abundant,
were analyzed: PtdIns(4,5)P, and PtdIns4P. Consequently, changes in the levels of
other Synjl substrates cannot be ruled out and PtdIns(4,5)P,-independent pheno-
types in synapses lacking Synj cannot be excluded either. Supporting this idea, the
Sacl domain of yeast Synj-like protein 2 (Sjl12) and 3 (SjI13) was shown to hydrolyze
PtdIns3P in a physiological context, although concomitant deletion of myotubularin
ortholog Ymrlp (i.e., an inositol 3-phosphatase) was required to unmask this func-
tion (Parrish et al. 2004). Importantly, a more recent study on Synjl~/~ cultured
neurons expressing various Synjl mutant constructs confirmed the essential nature
of the inositol 5-phosphatase domain of this enzyme, suggesting that PtdIns(4,5)P,
dephosphorylation is central to its function [although PtdIns(3,4,5)P3 dephosphory-
lation may also play a role]. This study also unmasked a role for the Sacl domain of
Synjl in SV internalization, but only for brief stimuli (Mani et al. 2007). However,
the physiological substrate(s) of Synjl’s Sacl domain at synapses is (are) still unde-
termined. Finally, the role of the other Synj isoform, Synj2, has not been addressed
at synapses.

Consequences of PtdInsPK 1y Loss on Nerve Terminal Function

Studies on Synj rapidly became a driving force to further explore the role of
PtdIns(4,5)P; at the synapse and specifically, to identify the main enzymatic source
of PtdIns(4,5)P; in this compartment. Of the three type 1 PtdInsP kinase isoforms
known, PtdInsPK 1y was shown to represent the main activity in the brain and was thus
further characterized (Wenk et al. 2001). Evidence for a role of this enzyme in synap-
tic function originated from a mouse genetic study, where ablation of PtdInsPK1y
was shown to cause a deficiency of CCVs upon stimulation and an increase in surface
area of horseradish peroxidase-laden endosome-like structures (likely corresponding
to bulk invaginations of the plasma membrane) (Di Paolo et al. 2004). Functional
correlates of these morphological phenotypes were a decrease in the rate of SV en-
docytosis, as measured by the synaptopHluorin technology (Sankaranarayanan and
Ryan 2000; Miesenbock et al. 1998), as well as a reduced rate of SV recycling,
based on FM1-43 dye uptake and release assays (Di Paolo et al. 2004). Similarly
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to Synjl~/~ synapses, basal synaptic transmission and short-term plasticity were
preserved after ablation of PtdInsPK1y. However, faster depression of inhibitory
postsynaptic currents was observed during the first hundred action potentials of a
train of stimuli (Di Paolo et al. 2004). Other electrophysiological changes consistent
with exocytic defects were described in Sect. 5.3.1.1.

Further suggesting an important role of PtdInsPK1yin SV recycling was a study in
the lamprey giant synapse showing that blocking the interaction between the COOH-
terminal tail of this lipid kinase and the FERM domain of talin with a PtdInsPK1y
peptide (Di Paolo et al. 2002), caused the appearance of aberrant CCPs and a decrease
in synaptic F-actin upon prolonged stimulation (Morgan et al. 2004). In contrast to the
case of Synj, there are no studies on lower organisms indicating a role for PtdInsPK in
SV trafficking. There is however a fly mutant (rweek) which is associated with lower
synaptic levels and aberrant distribution of PtdIns(4,5)P; as well as with defects in
SV trafficking (Verstreken et al. 2009). Because the underlying gene does not encode
a PtdInsP kinase, the link with PtdIns(4,5)P, metabolism has remained elusive.

5.3.2.2 Molecular Basis for the Actions of PtdIns(4,5)P,
in Synaptic Vesicle Recycling

A major function of PtdIns(4,5)P, metabolism is to control the process of CME.
While this phenomenon is far from being specific to nerve terminals, most of our un-
derstanding of the role of PtdIns(4,5)P; originates from studies of clathrin-mediated
recycling of SVs at the synapse. Another key function of this lipid is to regulate actin
dynamics. We summarize the current knowledge on how PtdIns(4,5)P, regulates
these two processes at the presynapse with a focus on molecular details.

Clathrin Coat Recruitment

Several studies in the late 1990s indicated that clathrin coat components (e.g., AP-2)
as well as other endocytic proteins, such as dynamin, bind to PtdIns(4,5)P, (Gaidarov
and Keen 1999; Jost et al. 1998). However, the physiological significance of these
interactions was best highlighted by a mouse genetic study on Synjl~/~ synapse,
which showed that increased PtdIns(4,5)P; levels facilitate clathrin coat assembly in
vitro and conversely, delay coat shedding in vivo (Cremona et al. 1999). Furthermore,
ablation of the main PtdIns(4,5)P,-synthesizing enzyme at the synapse, PtdInsPK1Y,
leads to a decreased association of the clathrin coat proteins with membranes in cell-
free assays (Wenk et al. 2001) and a reduced number of CCVs in stimulated cultured
neurons (Di Paolo et al. 2004). As a result of these studies, a model emerged in which
PtdIns(4,5)P; is a key parameter controlling the affinity of coat proteins for synaptic
membranes and thus the efficacy and kinetics of SV recycling.

The clathrin coat includes both the heavy and light chains of clathrin as well as
adaptor proteins, which are essential for the recruitment of clathrin to membranes (in
addition to mediating the sorting of cargo proteins into CCPs). The clathrin coat is



5 Role of Phosphoinositides at the Neuronal Synapse 145

organized into an assembly of triskelia, which consist of three heavy chains (CHC)
and three light chains (CLC), at a stoichiometry of 1:1. Triskelia self-assemble into
a basket-like polyhedral protein lattice of pentagons and hexagons that coats the en-
docytic vesicle (Kirchhausen 2000). The initiation of CME at the plasma membrane
occurs by the membrane association of a variety of adaptor proteins, all of which bind
PtdIns(4,5)P, and clathrin. The main clathrin adaptors at the synapse are discussed
below, with emphasis on the best-characterized adaptor at the molecular/structural
level, namely AP-2.

AP-2 is a heterotetramer consisting of o, 2, U2, and 62 subunits (also called
adaptins) and plays a central role in clathrin-mediated internalization of multiple car-
goes (Robinson 2004). Indeed, AP-2 is considered a “hub” in the endocytic network
due to its multiple interactions with clathrin, accessory factors and transmembrane
protein cargoes. Although several studies have indicated a critical role for AP-2 in
clathrin mediated-receptor internalization, its implication in SV endocytosis was
first demonstrated in a fly mutant in the a-adaptin gene (Gonzalez-Gaitan and Jackle
1997). However, more recent studies in the worm (Gu et al. 2008) and dissociated
hippocampal neurons showed that ablation/silencing of the u2 subunit of AP-2 fails
to eliminate cargo retrieval and SV recycling, although slower endocytic kinetics are
observed in AP-2 depleted hippocampal synapses (Dittman and Ryan 2009; Kim and
Ryan 2010).

In the current model, PtdIns(4,5)P,-containing membranes play a pivotal role in
switching AP-2 from a closed (or locked) conformation to an open, ligand-bound
conformation (Jackson et al. 2010b; Kelly et al. 2008; Collins et al. 2002). The first
step in AP-2 activation involves its recruitment to the plasma membrane through an
interaction of basic residues from its o and B2 subunits with PtdIns(4,5)P,. These
electrostatic interactions facilitate the binding of u2’s COOH terminus with the mem-
brane, which subsequently allows AP-2 to adopt an open conformation and interact
with sorting signals from transmembrane cargo proteins (Jackson et al. 2010b). A
key effect of this activation is to dislodge the 2 subunit, which acts as a “latch”
and can no longer block the two peptide ligand-binding sites in the active confor-
mation. These in turn can freely bind to YxxF or [ED]xxxL[LI] motifs that belong
to cargo proteins, resulting in high affinity (i.e., low nM) interactions of the AP-2
complex with the plasma membrane (Jackson et al. 2010b). Further underscoring
the importance of PtdIns(4,5)P; in the activation of AP-2, this clathrin adaptor has
been shown to directly bind to PtdInsPK 1Y, suggesting the occurrence of a positive
feedback loop controlling PtdIns(4,5)P, production in proximity to sites of AP-2
recruitment. Specifically, PtdInsPK1y was shown to bind to the U2 subunit of AP-2,
and this binding stimulates its kinase activity (Krauss et al. 2006; Bairstow et al.
2006). Additionally, PtdInsPK1Y661 also interacts with the appendage domain of
the B2 subunit of AP-2, promoting its catalytic activity only if its COOH-terminal
extension is in a dephosphorylated state (Nakano-Kobayashi et al. 2007), This same
binding platform of B2 also interacts with the heavy chain of clathrin in a mutually
exclusive manner (Thieman et al. 2009). It is of note that the other two PtdInsPK1
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isoforms, ot and B, also interact with AP-2, suggesting that the ability to interact with
the clathrin coat is a general feature of PtdInsPK1s (Krauss et al. 2000).

Recruitment of clathrin also occurs via monomeric adaptors, such as AP180
and Clathrin Assembly Lymphoid Myeloid (CALM), which both harbor an AP180
N-terminal homology (ANTH) domain. This NH,-terminal module contains a
series of surface basic residues that interact with phosphoinositides, including
PtdIns(4,5)P,, while the central and COOH-terminal portions of AP180 bind to
CHC and AP-2, via a variety of peptide motifs. Functional evidence for a role of
AP180/CALM in SV recycling has so far been only obtained in the worm and the fly,
where mutations in the only ortholog result in an alteration of the size of CCVs and
SVs as well as missorting and higher cell surface levels of the SV protein, synap-
tobrevin (Harel et al. 2008; Dittman and Kaplan 2006; Zhang et al. 1998; Nonet
et al. 1999). Thus, AP180/CALM likely regulates both cargo recruitment and the
size of the membrane area destined to be internalized at synapses. Other clathrin
adaptors, such as epsins, are endowed with membrane deforming properties and will
be discussed in Sect. 5.5.2.

Finally, the F-BAR domain-containing Fer/Cip4 homology domain-only proteins
1 and 2 (FCHo1/2) may play an important role in the regulation of the number
of endocytic sites. These proteins possess an NH;-terminal F-BAR domain (see
Sect. 5.5.2) and a COOH-terminal pu2-homology domain. Remarkably, FCHo1/2
are recruited to CCPs concomitantly with Eps15, intersectin and AP-2, but prior to
clathrin. Their F-BAR domain is extended with a region that is enriched in basic
residues and preferentially interacts with PtdIns(4,5)P,, targeting these proteins to
the plasma membrane (Henne et al. 2010).

Membrane Curvature Generation and Stabilization

Generation of membrane curvature during the endocytic process is believed to be
driven by clathrin assembly per se and by the action of various families of proteins en-
dowed with membrane deforming capacity. This latter property was originally shown
for the fission factor dynamin (Takei et al. 1995) and its SH3 domain-containing in-
teractor amphiphysin, a Bin/Amphiphysin/Rvs (BAR) protein (Takei et al. 1999).
However, the past decade has witnessed an expansion in the catalog of endocytic
proteins with similar properties and share the ability to bind PtdIns(4,5)P,, but with
differential selectivity and affinity.

The discovery of the membrane deforming property of BAR proteins, such as
amphiphysin (Takei et al. 1999) and subsequently endophilin (Farsad et al. 2001),
preceded the structure determination of the BAR domain (Peter et al. 2004). However,
the latter not only provided a structural basis for the observed effects of this domain
on lipid bilayers, but it also introduced the concept of curvature sensing/stabilization
for BAR proteins. Indeed, the BAR domain of amphiphysin was originally identi-
fied as a crescent-shaped dimer with positively charged residues lining its concave
surface. This banana shape of the BAR domain was shown to prefer highly curved
substrate liposomes and primarily uses electrostatic forces to bind negatively charged
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lipids, such as PS or PtdIns(4,5)P, (Peter et al. 2004). The BAR family of proteins
has now been expanded and can be subdivided into several classes, based on differing
structural features: (i) N-BAR proteins (e.g., amphiphysin, endophilin); (ii) F-BAR
proteins (e.g., syndapin); (iii) [-BAR proteins; and (iv) PX-BAR proteins represented
by several isoforms of the Sorting Nexin (SNX) family (SNX 1,2,5,6 and 9) (Shi-
mada et al. 2007; Frost et al. 2008; Weissenhorn 2005; Gallop et al. 2006; Peter et al.
2004; Frost et al. 2009). Members in each of these classes have been implicated in
membrane trafficking and/or endocytic processes. The N-BAR proteins, in partic-
ular, play an important role in phosphoinositide metabolism not only because their
N-BAR domain binds these lipids, but also because well-characterized members of
this subfamily, such as endophilin and amphiphysin, possess a COOH-terminal SH3
domain that physically interacts with Synj (Chang-Ileto et al. 2011; Gad et al. 2000;
Ringstad et al. 1997). Importantly, several studies have established the functional
significance of the Synjl-endophilin interaction in various species, including the
worm (Jorgensen et al. 1995), the fly (Verstreken et al. 2003); the lamprey (Gad et al.
2000) and the mouse (Mani et al. 2007).

Although endophilin’s N-BAR domain binds to PtdIns(4,5)P,, it interacts in vitro
with various acidic phospholipids via the concave face of this module, which is lined
with basic residues (Chang-Ileto et al. 2011; Weissenhorn 2005; Mattila et al. 2007;
Tsujita et al. 2006; Itoh et al. 2005; Peter et al. 2004; Gallop et al. 2006). Since the
interaction with membranes is largely electrostatic in nature and that the plasma mem-
brane has an overall negative surface charge [in part because of the greater content in
PtdIns(4,5)P,], endophilin primarily tubulates the plasma membrane (Chang-Ileto
et al. 2011). While the relatively late recruitment of endophilin to CCPs (i.e., at a
time immediately preceding the fission process) argue against a primary role of the
tubulating activity of its N-BAR domain in the budding process, it may be involved
in stabilizing membrane curvature at sites of endocytosis, potentially in concert with
other BAR proteins and/or the fission factor, dynamin (Perera et al. 2000). A key
function of endophilin, however, appears to be the recruitment of Synj to sites of en-
docytosis, thus controlling PtdIns(4,5)P, elimination during the endocytic process.
This idea is supported by biochemical, morphological and physiological data from
various species and research groups (Micheva et al. 1997; Gad et al. 2000; Verstreken
etal. 2003; Schuske et al. 2003; Dickman et al. 2005; Chang-Ileto et al. 2011; Perera
etal. 20006). Ablation of endophilin recaptitulates many of the features observed upon
ablation/inactivation of Synj, including the accumulation of CCPs at various stages,
including free CCVs. The interaction between endophilin 1 and Synjl1 is regulated
by phosphorylation/dephosphorylation of Synjl by the protein kinase Cdk-5 and
the phosphatase calcineurin. Additionally, endophilin stimulates the PtdIns(4,5)P,
5-phosphatase activity of Synjl (Chang-Ileto et al. 2011; Lee et al. 2004b) and this
phenomenon is enhanced by small liposomes (i.e., 50 nm in diameter), suggesting
that robust stimulation of Synj1 by endophilin 1 may occur at sites of high curvature,
namely the neck (or perhaps the bud) of the endocytic pit (Chang-Ileto et al. 2011)
(Fig. 5.2). Endophilin may also have additional functions at nerve terminals which
are unrelated to endocytosis, as suggested by a recent study (Bai et al. 2010). Other
BAR proteins, such as PX-BAR member SNX9, also bind to phosphoinositides,
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Fig. 5.2 PtdIns(4,5)P; role in endocytosis. The PtdIns4P-enriched membrane of the SV fuse and
merge with the PtdIns(4,5)P,-enriched PM liberating the neurotransmitter extracellularly. AP-2 is
recruited by PtdIns(4,5)P, with other accessory clathrin adaptors to the surface of the PM. The
PM buds and invaginates to form a Q2-shaped pit covered by clathrin lattice and that comprised the
SV proteins. Fission factor, dynamin gets recruited to the bud with endophilin and synaptojanin.
Dynamin mediates the scission of its neck to release a free clathrin-coated vesicle (CCV), possibly
facilitated by the hydrolysis of PtdIns(4,5)P, by synaptojaninl (Synj1). The PtdIns(4,5)P, present
on the CCV is dephosphorylated to PtdIns4P by Synjl, thereby promoting the shading of the
adaptors from the membrane and the uncoating reaction

although both PX and BAR domains are involved in these interactions with lipids
and are required for the proper localization of SNX9 to CCPs (Yarar et al. 2008).

In addition to BAR proteins, epsin (Eps15 interacting protein) family members
may also contribute to curvature generation/stabilization at sites of endocytosis, par-
ticularly epsin 1. Epsins interact with the CHC, the appendage domain of o-adaptin
and the EH domain of Eps15. Epsins also harbor ubiquitin-interacting motifs, which
may help to internalize ubiquitinated cargo proteins (Shih et al. 2002). Importantly,
the NH;-terminal ENTH domain of epsins, which is distinct from the ANTH domain
of AP180/CALM, contains an unstructured NH,-terminal sequence that folds into an
a-helix upon interaction with PtdIns(4,5)P,. This oa-helix inserts itself into lipid bi-
layers, thus providing ENTH domains with the ability to deform membranes in vitro,
a function that may be important for the budding of CCPs in physiological contexts
(Ford et al. 2002; Itoh et al. 2001). Consistent with this idea, inactivation of epsin
by antibody microinjection into the lamprey giant synapse produces a stimulation-
dependent accumulation of large CCPs (Jakobsson et al. 2008). However, loss of
epsin in the fly mutant “Liquid Facets” does not seem to alter SV recycling (Bao
et al. 2008) and it is unclear whether epsin null mice have SV endocytic defects
(Chen et al. 2009).

In conclusion, membrane curvature needed for CCV formation is likely to be
generated through clathrin assembly as well as via the coordinated action of several
proteins containing ENTH, F-BAR and N-BAR modules. PtdIns(4,5)P, not only
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plays an important role in the targeting of these proteins to the cell surface, but also,
in the case of epsins, in altering the conformation of these proteins/modules, which
in turn facilitate curvature generation.

Endocytic Fission

The fission of CCPs during the process of SV endocytosis is believed to be mediated
by the large GTPase dynamin. This protein was first identified as critical in neuronal
function in temperature-sensitive mutants in the fly (“Shibire””) (Chen et al. 1991;
van der Bliek and Meyerowitz 1991; Grigliatti et al. 1973; Suzuki et al. 1971) and
purified through its association with microtubules in vitro (Obar et al. 1990; Shpet-
ner and Vallee 1989). Dynamin contains an NH;-terminal GTPase domain, a PH
domain that binds to PtdIns(4,5)P,, a middle GTPase effector domain (GED) that
is important for oligomerization, and a COOH-terminal proline-rich domain, which
interacts with the SH3 domain of several endocytic proteins, including endophilin,
amphiphysin, intersectin, syndapin and SNX9 (Slepnev and De Camilli 2000). Dy-
namin has been established as an endocytic factor critical for membrane fission based
on the expression of dominant-negative mutants (Yamashita et al. 2005; Newton and
Messing 2006; Koenig and Ikeda 1999). However, deletion of dynaminl, the major
dynamin isoform in the brain only partially impairs the retrieval of SVs during strong
stimulation (Ferguson et al. 2007). SV endocytosis occurs after its cessation or dur-
ing mild stimulation, most likely due to the low expression of dynamin 3, which is
relocalized at the synapse in absence of dynamin 1 (Ferguson et al. 2007).

The relationships between dynamin and phophoinositide metabolism are three-
fold. First, as mentioned above, the PH domain of dynamin binds to PtdIns(4,5)P,
and this interaction is critical for dynamin’s function, at least in part because it allows
dynamin to interact with the plasma membrane (Roux et al. 2006; Lee et al. 1999).
Second, PtdIns(4,5)P; stimulates the GTPase activity of dynamin (Zheng et al. 1996).
Finally, our recent study has shown that acutely-induced PtdIns(4,5)P, dephospho-
rylation of endophilin-coated tubules by the 5-phosphatase domain of Synjl triggers
their fragmentation in a dynamin-dependent fashion, suggesting that PtdIns(4,5)P,
hydrolysis facilitates membrane fission (Chang-Ileto et al. 2011). While the precise
molecular basis for this phenomenon is unclear, we have hypothesized that an acute
loss of PtdIns(4,5)P, may help to disassemble dynamin scaffolds from membranes.
This disassembly of dynamin, which is dependent on dynamin’s own GTPase activ-
ity, appears to permit membrane fission by destabilizing the underlying constricted
bilayer membranes (Pucadyil and Schmid 2008; Bashkirov et al. 2008). In addition,
rapid depletion of PtdIns(4,5)P, by Synjl selectively at endocytic sites [presumably
at the bud neck (Sundborger et al. 2010)] may produce a transient gradient of this
lipid between the globular part of the bud and its neck, which in turn may cause
lipid phase separation between these compartments (Liu et al. 2006). The predicted
outcome of this rapidly-induced heterogeneity in lipid composition is the generation
of interfacial forces at the CCP-bud neck interface, resulting in the squeezing of the
lipid domain boundary and facilitating membrane fission (Liu et al. 2010).
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Clathrin Coat Shedding

Once a CCV has been released by the fission process, the free vesicle undergoes
uncoating in order to recycle clathrin coat components (as well as other endocytic
factors) and to produce a new SV. The uncoating of the clathrin coat is triggered
by the concerted action of the molecular chaperone Hsc70 and the DNA-J factor
auxilin, which mediates the recruitment of the ATPase to the CCV (Eisenberg and
Greene 2007; Yim et al. 2010). A major breakthrough in the field of SV endocytosis
was the original characterization of nerve terminals from Synjl/~/~ mouse neurons
showing an increased number of CCVs. Drawing upon studies showing that clathrin
adaptor AP-2 and dynamin bind to PtdIns(4,5)P, (Jost et al. 1998; Gaidarov and
Keen 1999), the hypothesis that PtdIns(4,5)P, elimination by Synjl may facilitate
the shedding of clathrin adaptors was proposed (Cremona et al. 1999). Subsequent
studies have confirmed this phenotype, although loss of Synjl (or its orthologs in
other genetic models) is now known to produce pleiotropic defects in SV recycling,
as testified by the report of aberrant numbers of clathrin-coated structures at multiple
stages of invagination in affected synapses. This is consistent with the complexity
and multitude of PtdIns(4,5)P, actions in the recycling process.

While the hydrolysis of PtdIns(4,5)P, may suffice to destabilize the clathrin coat,
it may not be sufficient to trigger its complete disassembly, partly because clathrin
spontaneously forms triskelia together with its adaptors. As mentioned above, Hsc70
facilitates the uncoating of clathrin alongside auxilin. Interestingly, auxilin contains
an inactive PTEN-homology domain that is necessary for its targeting to clathrin-
coated membranes and binds to phosphoinositides, most notably to PtdIns4P and,
to a lower extent, PtdIns(4,5)P, (Guan et al. 2010; Massol et al. 2006). A burst of
recruitment of auxilin to the CCVs occurs after the peak of recruitment of dynamin
at the CCVs via the binding of the PTEN-homology domain to membranes (Mas-
sol et al. 2006). Because Synjl is recruited to CCPs concomitantly with dynamin
(Perera et al. 20006), it is tempting to speculate that the PtdIns(4,5)P,-to-PtdIns4P
conversion mediated by Synj (following its recruitment by endophilin) may not only
facilitate membrane fission (Chang-Ileto et al. 2011), but also represent a signal for
the recruitment and activation of auxilin, and thus, the uncoating process (Guan et al.
2010). This mechanism would also allow for a tight coupling between the fission
and uncoating steps of CCVs.

Actin Dynamics

It has long been known that phosphoinositides are primary regulators of actin dy-
namics, largely because a significant number of actin regulatory proteins bind to
these lipids, PtdInds(4,5)P; in particular (Saarikangas et al. 2008; Yin and Janmey
2003). A commonly accepted view is that PtdInds(4,5)P, predisposes actin for poly-
merization by the nucleation of F-actin by the actin-related protein 2 and 3 (Arp2/3)
complex, the removal of capping proteins and the dissociation of actin monomer-
profilin complexes (Saarikangas et al. 2008; Yin and Janmey 2003). Actin plays



5 Role of Phosphoinositides at the Neuronal Synapse 151

fundamental roles in multiple aspects of neuronal function, including neurite out-
growth and pathfinding, organelle trafficking, and dendritic spine morphogenesis.
It also plays an important role presynaptically, where it functions in the structural
organization of the active zone. At the subcellular level, F-actin localizes predom-
inantly around the pool of releasable SVs and in the endocytic (periactive) zones,
at least in some large synapses (Galffield et al. 2006; Richards et al. 2004; Schafer
2002; Morgan et al. 2004; Bloom et al. 2003). Accordingly, several key endocytic
proteins, such as amphiphysin (Yamada et al. 2009), either interact with actin reg-
ulators or are actin regulators themselves (review by (Schafer 2002)). Remarkably,
acute manipulations of actin dynamics in mammalian hippocampal synapses with
actin drugs have relatively minor consequences on the SV cycle (Dittman and Ryan
2009; Sankaranarayanan et al. 2003). Indeed, the only phenotype caused by a treat-
ment with the actin depolymerizing drug latrunculin-A in this model system is a
slight acceleration of the rate of SV exocytosis, with no effects on the rate of SV
internalization (Sankaranarayanan et al. 2003). However, a clear role for actin in SV
recycling was demonstrated at other types of synapses, such as the lamprey giant
synapse, where injections of phalloidin (i.e., an F-actin stabilizing drug) and the
Clostridium botulinum C2 toxin (i.e., an actin ADP-ribosylation factor that prevents
the polymerization of actin) were shown to cause the accumulation of CCPs with
wide neck and the expansion of the plasma membrane (Shupliakov et al. 2002). It is
thus not surprising that in such synapses with a strong requirement for actin a role for
PtdIns(4,5)P, was also demonstrated. Indeed, injection of a peptide that competes for
the binding of PtdInsPK 17 to the FERM domain of talin, an adaptor between integrin
and the actin cytoskeleton (Di Paolo et al. 2002), results in the disorganization of the
actin network in the periactive zone and produces both an increase in the number of
unconstricted CCPs and a depletion of SVs upon stimulation (Morgan et al. 2004).
Furthermore, in recent work at the drosophila neuromuscular junction, PtdIns(4,5)P,
was shown to restrict the size of nerve terminals by controlling the localization of
WASP, a stimulator of actin nucleation by the Arp2/3 complex (Khuong et al. 2010).
Finally, consistent with the ability of this lipid to also promote actin polymerization
(Di Paolo and De Camilli 2006; Yin and Janmey 2003), abnormally high levels of
actin-like cytomatrix were found in nerve terminals from Synjl~/~ mice (Cremona
et al. 1999) and in the giant synapse from the lamprey following a microinjection
of inhibitory antibodies against Synj (Gad et al. 2000), although these studies did
not directly address the consequences of such cytoskeletal anomalies on the traffic
of SVs.

5.4 Postsynaptic Roles of Phosphoinositides at Excitatory
Synapses

Although PtdIns(4,5)P; is enriched at the dendritic spines (Horne and Dell’ Acqua
2007), little is known about its metabolism and the role of this lipid at the postsynapse.
PtdIns(4,5)P, has been mostly characterized in light of its role in signal transduction
as a PLC substrate downstream of stimulated metabotropic receptors (Rebecchi and
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Pentyala 2000). However, as at the presynapse, PtdIns(4,5)P, metabolism controls
actin dynamics, which, at the postsynapse, mediates changes in dendritic spine
morphology, as well the traffic of alpha-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) receptors. Critical for some paradigms of synaptic plasticity
is the phosphorylation of PtdIns(4,5)P; to PtdIns(3,4,5)P3 by PI3Ks and the converse
reaction by PTEN. These aspects are discussed in this section.

5.4.1 Regulation of Spine Morphology and Actin Assembly

As mentioned above, PtdIns(4,5)P; is a critical regulator of actin dynamics as most
actin regulatory proteins interact with and are controlled by this lipid. Dendritic spines
are sites of intense actin dynamics, which, together with intracellular and synaptic
membrane remodeling, contribute to changes in spine morphology. A major regula-
tor of spine dynamics appears to be Myristoylated-Alanine-Rich C Kinase Substrate
(MARCKS), which is an F-actin and Ca®>*/Calmodulin (CaM)-binding protein that
interacts with the plasma membrane via the dual actions of a hydrophobic, myris-
toylated NH2 terminus and a polybasic stretch mediating electrostatic interactions
with anionic phospholipids (McLaughlin et al. 2002). Through these interactions,
MARCKS can laterally sequester PtdIns(4,5)P, molecules within the membrane.
Several serine residues of the effector domain of MARCKS can be phosphorylated
by the protein kinase C (PKC), which decreases the electrostatic interaction with
phosphoinositides and triggers the translocation of MARCKS into the cytosol (Ar-
buzova et al. 2002). Interfering with MARCKS expression and function through
RNAI or expression of dominant-negative mutants results in destabilization of the
spines and disruption of the actin cytoskeleton (Calabrese and Halpain 2005). A
model arising is that synaptic activity-induced activation of PKC leads to the phos-
phorylation and relocation of MARCKS into the cytosol. This in turns causes the
release of PtdIns(4,5)P, and the reorganization of the actin skeleton, possibly via a
pathway involving the N-WASP-Cdc42-Arp2/3 complex and forming new F-actin
branches on mother filaments. Decrease of Arp2/3 by silencing the p34 subunit of
this complex leads to a reduction in the number of spines and the elongation of the
remaining ones. A similar phenotype is observed by silencing N-WASP or Cdc42
(Wegner et al. 2008). Other postsynaptic PtdIns(4,5)P,-binding proteins, such as
AKAP79/150, may operate through mechanisms similar to those controlling MAR-
CKS function (Gomez et al. 2002; Dell’ Acqua et al. 1998; Horne and Dell’ Acqua
2007).

Among many actin- and phosphoinositide-binding proteins, Cosediment with
Filamentous Actin (cofilin, also known as actin depolymerizing factor) has been
extensively studied in the postsynapse. Cofilin family members bind to ADP-actin
(in the G- or F forms) and promote the depolymerization at the pointed ends of
actin filament (Ono 2007). They also sever actin filament in a Ca?*-independent
manner, which increases the number of filament ends (dos Remedios et al. 2003).
The actin-binding domains of cofilin also interacts with PtdIns(4,5)P, (Yonezawa
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et al. 1991; Kusano et al. 1999) and thus the actin-binding ability of cofilin is
inhibited by this lipid (Yonezawa et al. 1991). LIM kinase and the phosphatase
Slingshot phosphorylate/dephosphorylate cofilin, which leads to its inactivation or
its activation, respectively (Niwa et al. 2002; Yuen et al. 2010). During long-term
potentiation (LTP), cofilin is inactivated by phosphorylation, which promotes actin
polymerization (Fukazawa et al. 2003). In contrast, during long-term depression
(LTD), dephosphorylation of cofilin is required for spine shrinkage (Zhou et al.
2004) and for the depression of N-Methyl-D-aspartate (NMDA) receptor-dependent
current (Morishita et al. 2005). During chemically-induced synaptic potentiation,
cofilin is first dephosphosylated, which coincides with insertion of AMPA receptors
to the synaptic membrane and an increase in the number of actin barbed ends. When
cofilin is re-phosphorylated, enlargement of the spines is observed (Gu et al. 2010).
Forebrain-specific ablation of cofilin in the mouse has recently been show to cause
an impairment of associative learning, demonstrating genetically the role of actin
dynamics during memory processes (Rust et al. 2010).

5.4.2 PtdIns(4,5)P; in Signaling Mechanisms Downstream
of Metabotropic Glutamate Receptors

Neurotransmitters regulate post-synaptic elements with different kinetics depending
on whether they activate ionotropic receptors or metabotropic receptors. Generally,
the latter types are receptors coupled to heteromeric G-proteins and characterized
by seven o-helical transmembrane domains. Those receptors mediate their effects
primarily by the activation of different small G-proteins and a large variety of down-
stream effectors. Class I metabotropic glutamate receptors (mGluR), which include
mGluR1 and mGIuRS, are key modulators of synaptic transmission and plasticity
(Ferraguti et al. 2008). They localize to the periphery of the post-synaptic den-
sity (PSD), in part through an interaction of their proline-rich COOH-terminus
with scaffolding proteins Homer, which in turn interacts with Shank and PSD-95
(Brakeman et al. 1997; Tu et al. 1999) (Fig. 5.1). At excitatory synapses, type |
mGlIuRs mainly exert their actions through stimulation of PLCP, which follows
the release and activation of Gq proteins (Ferraguti et al. 2008). PLCP, similar to
other phosphoinositide-specific PLC isoforms, hydrolyzes PtdIns(4,5)P, to generate
DAG and Ins(1,4,5)Ps. These two second messengers initiate distinct signal trans-
duction pathways through activation of PKC (as well as other C1 domain-containing
DAG effectors) and of intracellular Ca?>* release via activation of the Ins(1,4,5)P3
receptor, respectively. Other metabotropic receptors, such as the muscarinic acetyl-
choline receptors, also operate via the Gag/PLC pathway and are important for the
modulation of synaptic transmission (Seol et al. 2007; Giessel and Sabatini 2010).
At some synapses, LTD is not induced when PLC is blocked pharmacologically
or upon genetic ablation of PLCB1 (Choi et al. 2005; Reyes-Harde and Stanton
1998). Importantly, activation of type 1 mGluRs and the NMDA receptor can inde-
pendently stimulate PLCs (with strong stimulation of NMDA receptor activating the
Ca?*-sensitive isoform PLCS), thus leading to the stimulation of PKC in dendrites
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(Codazzi et al. 2006). PLC is also important for NMDA-induced spine shrinkage and
synaptic depression via the depletion of PtdIns(4,5)P, and the decrease of F-actin
(Horne and Dell’ Acqua 2007).

A fundamental aspect of G-protein coupled receptor (GPCR) regulation involves
their desensitization following their stimulation by ligands (DeWire et al. 2007).
The mechanism of ligand-dependent silencing or desensitization of the GPCR sig-
naling is highly conserved and occurs via the phosphorylation of COOH-terminal
serine/threonine residues via G-protein receptor kinases, followed by the recruit-
ment of phosphoinositide binding protein B-arrestin. Binding of B-arrestin occludes
the sites of the activated receptor that interact with G proteins and therefore limits
the responsiveness of the GPCRs to repeated stimulations. Importantly, the bind-
ing of B-arrestin to the GPCRs exposes the B-arrestin C-terminus, which can then
bind to both clathrin and the B-subunit of AP-2 and trigger the internalization of
the phospho-GPCRs via CME. Similar to other endocytic adaptors for clathrin, 3-
arrestin interacts with phosphoinositides and PtdIns(4,5)P, and PtdIns(3,4,5)P5 in
particular. Mutation of the phosphoinositide-binding pocket of B-arrestin does not
affect its interaction with clathrin or GPCRs, but it prevents the internalization of
the activated B-adrenergic receptors (Gaidarov et al. 1999). Moreover, B-arrestins do
not only interact with phosphoinositides but they also directly recruit PtdInsPK1a to
sites of GPCR endocytosis (Nelson et al. 2008). While much less studied compared
to the B-adrenergic receptor, the agonist-induced internalization of mGluR]1 likely
occurs via the B-arrestin and dynamin pathway in neurons, as shown in heterologous
systems (Dale et al. 2001; Mundell et al. 2001). In addition, B-arrestin might be
responsible for the termination of DAG signal by recruiting a diacylglycerol kinase
in a mechanism similar to that observed after activation of the Gq protein-coupled
M1 receptor (Nelson et al. 2007).

5.4.3 Role of PtdIns(4,5)P, in the Trafficking of AMPA Receptors

At excitatory synapses, fast response to glutamate is mainly mediated by the AMPA
receptor. The second ionotropic glutamate receptor, NMDA receptor, is activated
secondarily to AMPA-dependent depolarization and permits Ca?~ influx that has
an important role in modulating synaptic function. There are four AMPA receptor
genes (GluA1-4), whose products form a heterotetrameric cationic channel consist-
ing generally of two different subunits (e.g., GluA1/GluA2 and GluA2/GluA3) are
the most abundant in mature synapses (Wenthold et al. 1992; Lu et al. 2009). The
COOH-terminal domains of the four subunits are divergent in length and sequence
and are the main regions by which the AMPA receptor binds to a variety of auxiliary
and regulatory proteins (Fukata et al. 2005). These proteins control key aspects of
the AMPA receptor function, including its trafficking and signaling properties.
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Role of Phosphoinositides in the Control of Cell Surface Levels of the AMPA
Receptor

Because the AMPA receptor exclusively operates at the postsynaptic plasma mem-
brane, a key aspect of its regulation involves the control of its cell surface levels
via exo-endocytosis (Newpher and Ehlers 2008). The internalization of the AMPA
receptor largely occurs through clathrin- and dynamin-mediated endocytosis (Lee
et al. 2004a; Morishita et al. 2005; Kastning et al. 2007) and thus the molecular
machinery mediating this process shares many features in common with that con-
trolling SV endocytosis. Just like endocytic zones are segregated from the exocytic
(or active) zones at the presynapse, the postsynaptic sites of endocytosis appear to
be extra-synaptic as CCPs are mostly observed outside of the PSD (Blanpied et al.
2002). Constitutive endocytosis of the AMPA receptor in proximity to the PSD is
required to recapture the receptors that have “escaped” from the PSD through lateral
diffusion (Lu et al. 2007). The COOH-terminal domain of the short-tailed subunit,
GluA2, directly binds to the U2 subunit of the AP-2 complex and this interaction is
required for AMPA receptor internalization (Kastning et al. 2007; Lee et al. 2004a).
Consistent with the principles governing the clathrin-mediated retrieval of SVs, a
role for PtdIns(4,5)P, was demonstrated by studies on Synjl. While the first study
showed a role for Synjl downstream of ephrinB-EphB signaling in the internaliza-
tion of AMPA receptor (Irie et al. 2005), the second, more recent study utilized Syn;/
KO neurons to show enhanced amplitudes of AMPA responses as well as a decrease
in NMDA-induced internalization of AMPA receptor in mutant synapses (Gong and
De Camilli 2008).

The COOH-terminal tail of GluA2 and GluA3 also interacts with PDZ domain-
containing proteins, such as PICK1 (Protein Interacting with CKinase 1) and
GRIP1/2 (Glutamate Receptor Interacting Protein 1 and 2). The former was shown
to interact with phosphoinositides (Jin et al. 2006). PICK1 and GRIP1/2 antagonis-
tically control the association of AMPA receptors with the PSD and the cell surface
with fundamental implications for synaptic plasticity. While GRIP1/2 stabilizes the
AMPA receptor at the synaptic membrane (Osten et al. 2000) or facilitates the rein-
sertion at the surface of internalized AMPA receptor via the exocyst complex (Mao
et al. 2010), PICK1 facilitates the removal of the receptor from the cell surface and
maintains it in an intracellular compartment (Lin and Huganir 2007). A switch from
GRIP1/2 to PICK1 and a resulting untethering of GluA2 from the PSD occurs when
the serine 880 of the receptor is phosphorylated by protein kinases, such as PKCa.
(Chung et al. 2000; Seidenman et al. 2003). Conversely, PICK1 blocks the reinser-
tion of internalized AMPA receptor at the PSD (Citri et al. 2010), a process that is
important for NMDA-dependent LTD (Terashima et al. 2008). The interaction of
GluA2 with GRIP or PICK is also important for the replacement of GluA2-lacking
receptor newly inserted in the perisynaptic region with GluA2-containing receptor
(Yang et al. 2010) and with the maintenance of Ca’*-permeable AMPA receptor
at sensory synapses (Clem et al. 2010). PICK1 contains an NH,-terminal PDZ do-
main and a central BAR domain, both of which bind to phosphoinositides. The BAR
domain preferentially interacts with monophosphorylated phosphoinositides, such
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as PtdIns3P, via a series of acidic residues on the concave side of the crescent-like
domain (Jin et al. 2006). The BAR domain is crucial for the localization of PICK1
(Jin et al. 2006) and for the induction of LTD (Jin et al. 2006; Steinberg et al. 2006).
Similarly, the PDZ domain of PICK1 binds to PtdIns(4,5)P, and PtdIns(3,4,5)P5 via
three basic residues and a neighboring hydrophobic Cys-Pro-Cys motif. Mutation of
the two cysteine residues into glycines impairs the formation of PICK1 clusters in
non-neuronal cells and at excitatory synapses (Pan et al. 2007).

Phosphoinositide-dependent Extrasynaptic Clustering of TARP-AMPA Receptor
Complexes

TARPs (Transmembrane AMPA Receptor Regulatory Proteins) are auxiliary subunits
that regulate the trafficking and the kinetic properties of AMPA receptors (Milstein
and Nicoll 2008). Genetic deletion of TARPs, such as y2 (stargazin) and V8, results
in the reduction of glutamatergic neurotransmission (Hashimoto et al. 1999; Rouach
et al. 2005). Phospholipids, such as phosphoinositides, play a central role in this
regulation. TARPs bind to the transmembrane region and the extracellular portions
of all the AMPA receptor subunits and these interactions are required for the proper
trafficking of the AMPA receptor from the endoplasmic reticulum to the synapse.
The last four amino-acids of the cytosolic COOH-terminus (TTPV) of TARPs bind
to the PDZ domain of PSD-95, a master regulator of the PSD, and this interaction is
necessary (but not sufficient) for efficient targeting of the AMPA receptors to the PSD
(Cuadra et al. 2004). The COOH-terminus of stargazin binds to phosphoinositides
and PA via conserved arginine residues and this interaction is competed by PSD-
95 (Sumioka et al. 2010) or disrupted by Calcium/Calmodulin-dependent Kinase II
(CamKII)- or PKC-mediated phosphorylation of adjacent serine residues. Phospho-
rylation of this tail reduces the electrostatic interaction of stargazin with the anionic
phospholipids within the membranes, thus permitting the diffusion and the binding
of TARP with the postsynaptic scaffolding proteins, such as PSD-95. As a result,
AMPA receptors are both immobilized and activated at the PSD (Opazo and Choquet
2010). In summary, the regulation of the interaction between AMPA receptor and
TARPs by phosphoinositides and phosphorylation-based mechanisms appears to be
a key method to control the mobility of AMPA receptors in or out of the synapses
during synaptic plasticity.

5.4.4 Role of PtdIns(3,4,5)P;3 in Synaptic Plasticity

Class 1 PI3Ks and their downstream effectors are present at the postsynapses
(Raymond et al. 2002) and are part of the complex organized around the AMPA
receptor (Man et al. 2003; Peineau et al. 2007). In fact, recent work has shown
that a constant production of PtdIns(3,4,5)P; is essential for the maintenance of
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AMPA receptor at the synapse. Both in hippocampal slices and in cultured hip-
pocampal neurons, manipulations of the metabolism of PtdIns(3,4,5)P; alter AMPA
rec