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Abstract

Within eukaryotic cells, biochemical reactions need to be organized on the surface of membrane
compartments that use distinct lipid constituents to dynamically modulate the functions of integral
proteins or influence the selective recruitment of peripheral membrane effectors. As a result of
these complex interactions, a variety of human pathologies can be traced back to improper
communication between proteins and membrane surfaces; either due to mutations that directly
alter protein structure or as a result of changes in membrane lipid composition. Among the known
structural lipids found in cellular membranes, phosphatidylinositol (PtdIns) is unique in that it also
serves as the membrane-anchored precursor of low-abundance regulatory lipids, the
polyphosphoinositides (PPIn), which have restricted distributions within specific subcellular
compartments. The ability of PPIn lipids to function as signaling platforms relies on both non-
specific electrostatic interactions and the selective stereospecific recognition of PPIn headgroups
by specialized protein folds. In this chapter, we will attempt to summarize the structural diversity
of modular PPIn-interacting domains that facilitate the reversible recruitment and conformational
regulation of peripheral membrane proteins. Outside of protein folds capable of capturing PPIn
headgroups at the membrane interface, recent studies detailing the selective binding and bilayer
extraction of PPIn species by unique functional domains within specific families of lipid-transfer
proteins will also be highlighted. Overall, this overview will help to outline the fundamental
physiochemical mechanisms that facilitate localized interactions between PPIn lipids and the
wide-variety of PPIn-binding proteins that are essential for the coordinate regulation of cellular
metabolism and membrane dynamics.
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1. Introduction

The structural integrity and dynamic remodeling of biological membranes relies on
reciprocal interactions between membrane proteins and smaller amphipathic lipids. In
general, membrane components exist as part of an asymmetric bilayer consisting of
functionally distinct inner and outer leaflets; although, some subcellular compartments may
function as lipid monolayers (Holthuis and Menon, 2010; Drin, 2014). Even small
modifications to the relative abundance or identity of either the protein or lipid constituents
present can significantly alter the intrinsic physiochemical properties of cellular membranes
with important consequences for the activities of integral as well as peripheral membrane
proteins (van Meer et al., 2008; Drin, 2014). Consequently, to perform specialized functions,
eukaryotic cells have developed distinct membrane compartments with unique local
properties that are characterized by specific protein and lipid compositions (Holthius and
Menon, 2014). Despite the need for functional heterogeneity, throughout subcellular
membranes, phospholipids are the most abundant structural components and are defined by
the presence of a polar headgroup and two hydrophobic acyl tails, which can differ greatly in
both their chain length as well as degree of hydrocarbon saturation across different
membrane environments (Bigay and Antonny, 2012; Barelli and Antonny, 2016).
Modifications to this general phospholipid structure, especially alterations to the surface-
exposed headgroup, endow certain species with unique biophysical characteristics that have
been shown to directly influence general membrane features such as fluidity, thickness,
lipid-packing density, and surface charge (van Meer et al., 2008; Holthuis and Menon, 2010;
Jackson et al., 2016). Overall, cellular membrane dynamics relies on the functional diversity
of membrane lipids and the phospholipid composition, in particular, plays an important role
in the coordinate regulation of signaling and trafficking functions throughout subcellular
membrane compartments.

Of the known membrane lipid species, phosphatidylinositol (PtdIns) is unique in that is not
only functions as an essential structural phospholipid, but it also serves as the precursor for
important low-abundance regulatory lipids that are collectively referred to as
polyphosphoinositides (PPIn; Balla, 2013). An essential mechanism involved in the
regulation of diverse cellular functions depends on the reversible recruitment of peripheral
cytosolic proteins or macromolecular complexes to the surface of specific subcellular
membranes with high temporal resolution. Dynamic recruitment of peripheral protein
effectors is orchestrated, in large part, by the local production of PPIn lipids through the
addition of phosphate moieties to PtdIns at one or more of the hydroxyl-groups present at
the 3-, 4-, or 5-position of the inositol ring. PtdIns-specific phosphorylation events are
tightly controlled by highly conserved substrate-selective, as well as position-specific, lipid
kinases and phosphatases that function to generate seven distinct membrane-embedded PPIn
species; including mono-, bis-, or tris-phosphorylated derivatives (Balla, 2013). Although
variability exists, unique PPIn lipids appear to localize to overlapping, as well as distinct,
membrane surfaces and can recruit different intracellular effectors that not only contribute to
the initiation of signaling responses, but can also function to define membrane identity or
control local membrane dynamics (Hammond and Balla, 2015; Schink et al., 2016). In
addition, many of the regulatory functions attributed to PPIn species can occur indirectly as
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a result of actions on cytoskeletal remodeling (Saarikangas et al., 2010; Bezanilla et al.,
2015; Senju et al., 2017) or through the allosteric regulation of transmembrane-spanning
receptors, ion channels, or transporters (Hilgemann et al., 2001; Gamper and Shapiro, 2007;
Barrera et al., 2013; Hille et al., 2015; Hedger and Sansom, 2016).

Due to the expansive cellular roles performed by PPIn lipids, both as structural components
and sites for protein-membrane interactions, it is not surprising that many human
pathologies are the result of perturbations in PPIn production or clearance, including direct
contributions of altered PPIn dynamics to: cancer, diabetes, degenerative myopathies and
neuropathies (Pendaries et al., 2003; Wymann and Schneiter, 2008; McCrea and De Camilli,
2009; Bunney and Katan, 2010; Balla, 2013; Thapa et al., 2016), as well as being part of the
invasion or evasion strategies employed by infectious agents (Altan-Bonnet and Balla, 2012;
Payrastre et al., 2012; Pizzaro-Cerda et al., 2015; Altan-Bonnet, 2017). To better understand
how PPIn production regulates cellular functions, recent studies have tried to define the
biosynthetic and inter-conversion pathways that modulate PPIn turnover as well as
characterize the PPIn-binding domains responsible for recognizing distinct PPIn species
within membrane compartments. Overall, this chapter will attempt to summarize the general
mechanisms controlling PPIn recognition by peripheral membrane proteins and introduce
the structural diversity of PPIn-interacting protein domains found in both prokaryotic and
eukaryotic organisms. Collectively, by comparing the PPIn recognition systems used by
peripheral proteins from bacterial and animal models, we hope to provide a foundation for
understanding the general molecular processes that allow for inositol-containing lipids to
function as membrane recognition sites that contribute to the dynamic regulation of diverse
biological processes throughout evolution.

2. Synthesis and Subcellular Distribution of PPIn Lipids

The numerous PPIn kinases and phosphatases, as well as the reversible recruitment of
numerous PPIn-binding effectors, all contribute to the steady-state availability of membrane
PPIn species. The complex processes governing PPIn metabolism begins with the synthesis
of PtdIns by a single enzyme, PtdIns synthase (PIS); which is present as an integral
membrane protein within the endoplasmic reticulum (ER) and catalyzes the conjugation of
the myo- stereoisomer of inositol to a cytidine diphosphate (CDP)-activated diacylglycerol
(DAG) backbone (Agranoff et al., 1958; Agranoff et al., 1969; Agranoff, 2009). Despite
localizing to membranes of the ER, work from our group has shown that catalytically-active
PIS is concentrated within a mobile ER-derived sub-compartment that may function to
actively distribute PtdIns to subcellular membranes (Kim et al., 2011). Within cellular
membranes, Ptdins represents roughly 10-20 mol% of total phospholipids; whereas, despite
their important cellular roles, PPIn species only represent an estimated 2-5% of the available
PtdIns and therefore only contributes to 0.2—-1 mol% of membrane phospholipids (Lemmon,
2008; Balla, 2013; Vance, 2015). However, it is important to mention that the relative
amounts of PPIn lipids found within cells shows significant variations across species and
even between cell types. Downstream of PtdIns production, PPIn lipids are continuously
being turned over, but can also be concentrated within discrete subcellular compartments.
Consequently, the rapid and localized production of PPIn lipids from the abundant
membrane precursor Ptdins, can drastically increase the ratio of the target PPIn relative to
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the amount of a membrane-binding effector; making it possible to recruit a large amount of
peripheral proteins without saturating the available PPIn headgroups. Sequential inter-
conversion of PPIn species using substrate-selective enzymatic modifications may also
confer a degree of biochemical processivity to the control of dynamic membrane signaling
events (Cullen et al., 2001; Balla, 2005; Botelho, 2009). The coordinate production and
targeted recognition of PPIn species is thought to be enhanced by recruiting macromolecular
complexes containing PPIn kinases or phosphatases in close proximity to PPIn substrates or
downstream effectors. An excellent example of this regulatory paradigm comes from a
recent description of metabolic channeling of PPIn-mediated signaling by the multi-domain
scaffold protein IQGAP1 (1Q motif-containing GTPase-activating protein 1; Choi et al.,
2016). Specifically, IQGAPL1 regulates the assembly and substrate presentation for three
distinct PPIn kinases at the PM, which facilitates the sequential phosphorylation of Ptdins,
to produce the important second messenger PtdIns 3,4,5-trisphosphate (Ptdins(3,4,5)P3), and
controls the activation of additional PtdIns(3,4,5)P3-sensitive effectors that are also
associated with IQGAP1 (Choi et al., 2016). Though of central importance for
understanding PPIn biology, the regulation and cellular functions of the wide-variety of
PPIn-modifying enzymes responsible for the production and inter-conversion of subcellular
PPIn species will not be discussed at length in this chapter, but have been reviewed in depth
elsewhere (Sasaki et al., 2009; Dyson et al., 2012; Balla, 2013; Hsu and Mao, 2015).
However, it is clear that understanding the complexities associated with the control of PPIn
metabolism will require additional investigations into the roles played by molecular
scaffolds and regulatory protein-protein interactions on membrane surfaces.

Studies examining the subcellular localization of PPIn-modifying enzymes have provided
some details on the potential landscape of PPIn species within subcellular compartments;
however, to truly understand how dynamic changes in membrane PPIn composition occur,
membrane-embedded PPIn species need to be visualized with high spatial and temporal
resolution. In recent years, work from many laboratories, including our own, have
contributed greatly to imaging breakthroughs that have been pivotal for the study of specific
PPIn lipids in living cells. In particular, foundational studies using fluorescently-tagged
constructs consisting of isolated PPIn-binding domains were able to selectively follow
subcellular PtdIns 4,5-bisphosphate (Ptdins(4,5)P,; Varnai and Balla, 1998; Stauffer et al.,
1998) or PtdIns(3,4,5)P3 (Kontos et al., 1998; Varnai et al., 1999; Watton and Downward,
1999; Servant et al., 2000) dynamics in real-time following receptor-dependent hydrolysis or
class I PI3K activation, respectively. In addition to PtdIns(4,5)P, and PtdIns(3,4,5)Ps,
selective lipid-binding probes have been established that can reliably visualize the PPIn
species PtdIns 4-phosphate (PtdIns4P), Ptdins 3-phosphate (Ptdins3P), and PtdIns 3,4-
bisphosphate (PtdIns(3,4)P,); as well as for other important structural or signaling lipids
such as DAG, phosphatidic acid (PtdOH), and phosphatidylserine (PtdSer; Hammond and
Balla, 2015; Varnai et al., 2017). Taken together, these studies not only revealed important
details regarding cellular PPIn metabolism and turnover, but also provided proof of concept
for the use of membrane-binding domains as specific biosensors to map subcellular
phospholipid compartments. The utility of PPIn-binding domains as biosensors for
visualizing and quantifying membrane PPIn lipids has been discussed at length by our group
previously (Hammond and Balla, 2015; Varnai et al., 2017) and will not be the central focus
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of this chapter. Overall, work using selective lipid-binding probes, as well as more
traditional biochemical approaches, reveal that PPIn lipids show a restricted subcellular
distribution and that the enrichment of specific PPIn species occurs within distinct
membrane compartments. Defining the localization of distinct PPIn species is of obvious
importance for understanding the specialized functions of these lipids, and therefore we will
briefly outline the PPIn-specific territories that have been mapped to discrete membrane
compartments or larger organelles. Please be aware that although roles for nuclear PPIn
lipids are emerging (Irvine, 2003; Barlow et al., 2010; Martelli et al., 2011; Shah et al.,
2013; Crowder et al., 2017), and certainly represent an exciting new area of PPIn biology for
investigation, we will restrict our discussion to the distribution of PPIn lipids in cytosolic
membranes as these PPIn pools are more clearly defined and also appear to function
independently from the unique system of PPIn metabolism that functions within the nucleus
(Hammond and Balla, 2015).

Within mammalian cells, PtdIns4P and Ptdins(4,5)P, are the most abundant PPIn species,
constituting approximately 2-5% of the total cellular pool of PtdIns-containing lipids (Balla
et al., 1988; Xu et al., 2003). The majority of PtdIns(4,5)P, is found within the PM, although
evidence for PtdIns(4,5)P,-mediated regulation of effectors at the Golgi (Watt et al., 2002;
De Matteis et al., 2002) and within the endolysosomal system has also been presented (Choi
et al., 2015; Tan et al., 2015). PtdIns4P pools appear to be generated in various membrane
compartments using distinct PI14K enzymes (Balla and Balla, 2006; Boura and Nencka,
2015; Dornan et al., 2016). Specifically, the PM pool of PtdIns4P that serves as the
precursor for PtdIns(4,5)P, synthesis is generated primarily by the P14KlIlla isoform (Balla
et al., 2008; Nakatsu et al., 2012; Bojjireddy et al., 2014). Alternatively, Golgi pools of
Ptdins4P are produced by PI4KIIIB (Godi et al., 1999), with additional contributions from
both type 1l enzymes, P14Klla and PI14KIIB (Weixel et al., 2005; Wang et al., 2003), which
are also responsible for producing PtdIns4P in the late endosomes (Hammond et al., 2014).
Outside of Ptdins(4,5)P, and PtdIns4P, the remaining PPIn species only contribute a small
amount to the total cellular fraction of inositol-containing lipids. Minor amounts of
PtdIns(3,4,5)P3 are found within the inner leaflet of the PM and only increases upon
receptor-mediated activation of class | PI3Ks (Vanhaesebroeck et al., 2010; Burke and
Williams, 2015); but, even at maximal levels, PtdIns(3,4,5)P3 only represent 2-5% of the
PM PtdIns(4,5)P, (Hawkins et al., 1992; Toker and Cantley, 1997). Dephosphorylation of
PtdIns(3,4,5)P3 by 5-phosphatases is thought to generate PtdIns(3,4)P, within the PM
(Erneux et al., 2011; Ooms et al., 2015; Posor et al., 2013) and recent studies also suggest
that Ptdins(3,4)P, may persist within PM-derived vesicles internalized during endocytosis
(Posor et al., 2013; Ketel et al., 2016; Marat et al., 2017; Malek et al., 2017). Interestingly,
results /n vitro as well as in vivo indicate that class Il PI3Ks preferentially phosphorylate
PtdIns and, to a lesser extent, PtdIns4P to generate PtdIns3P and PtdIns(3,4)P,, respectively
(Arcaro, 1998; Misawa et al., 1998; Falasca et al., 2007; Franco et al., 2014; Braccini et al.,
2015). Despite much debate about the relative importance of the kinase- and phosphatase-
dependent metabolic pathways, cellular studies strongly suggest that local production of
PtdIns(3,4)P, in the endosomal system contributes to coordinate control of cellular signaling
and membrane dynamics (Li and Marshall, 2015; Hawkins and Stephens, 2016; Marat and
Haucke, 2016); including important roles during clathrin- and endophilin-mediated
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endocytosis (Posor et al., 2013; Boucrot et al., 2015; Renard et al., 2015). Mono-
phosphorylated PtdIns3P represents 20-30% of the cellular PtdIns4P and is found primarily
within the early endosomes (Gillooly et a., 2000) and in autophagosomes (Funderburk et al.,
2010); with an additional report describing the presence of PtdIns3P in membranes of the
Golgi and ER (Sarkes and Rameh, 2010). The more enigmatic monophosphorylated PPIn
species PtdIns 5-phosphate (PtdIns5P) is estimated at only 1% of the PtdIns4P levels in
mammalian cells and subcellular fractionation suggests that the highest amount is localized
to the PM (Sarkes and Rameh, 2010). Additional enrichments of PtdIins5P may also be
found in ER and Golgi membrane fractions (Sarkes and Rameh, 2010) as well as in the early
endosomes (Ramel et al., 2011). Lastly, Ptdins 3,5-bisphosphate (PtdIns(3,5)P5) has the
lowest abundance of the PPIn species found within mammalian cells, making up 1% of
cellular PtdIns(4,5)P, (Zolov et al., 2012; Shrissa et al., 2012). Attempts to localize
PtdIns(3,5)P, has been hampered by a lack of specificity in the available biosensors
(Hammond et al., 2015), but functional studies suggest that this minor PPIn species is
important for the proper sorting of cargoes within the late endosome (Gary et al., 1998;
Bonangelino et al., 2002). Taken together, the unique spatial distribution and selective
enrichment of subcellular PPIn species highlights the utility of these regulatory lipids as
sites for coordinating the dynamic recruitment of peripheral proteins to discrete membrane
compartments. The rapid inter-conversion of PPIn species by PPIn-modifying enzymes may
also enhance the spatiotemporal specificity of cellular responses that are controlled by
localized PPIn production.

3. General Features of Membrane Binding by Peripheral Proteins

Biological membranes contain a variety of lipids, including the seven distinct PPIn species,
which function to coordinate reciprocal interactions with diverse families of intracellular
proteins and any associated small molecules or ions. The interfacial regions surrounding
membrane bilayers consist of a complex mixture of water, lipid headgroups, backbone
phosphates, and any polar portions of the fatty acyl chains (Lee, 2003; Cho and Stahelin,
2005; Pasenkiewicz-Gierula et al., 2016). The kinetics and energetics of membrane
interactions are locally governed by the physiochemical properties of both the membrane
and protein surfaces (Marsh, 2008). In general, initial membrane association of proteins are
driven by diffusional as well as electrostatic forces to establish transient collisional
intermediates that can be reinforced to form tightly-bound intermolecular complexes by
additional hydrogen-bonding or electrostatic interactions (Cho and Stahelin, 2005; Whited
and Johs, 2015). While non-specific interactions with membrane surfaces based on charge
complementarity are unlikely to be sufficient to anchor proteins with high affinity, the initial
membrane adsorption during these relatively weak associations facilitate specific membrane-
binding events by orienting the geometry of peripheral proteins relative to the interface and
reducing the dimensionality of the interaction space to the simple two-dimensional
membrane surface; effectively increasing the local protein concentration (Cho and Stahelin,
2005; Mulgrew-Nesbitt et al., 2006; Fernandes et al., 2015). In some instances, initial
membrane attachment can also facilitate interfacial penetration of hydrophobic or aromatic
residues that surround the lipid-binding pocket into the hydrocarbon core of the bilayer (Yau
et al., 1998; Killian and von Heijne, 2000; Lomize et al., 2007). Without the added affinity
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provided by interactions with lipid headgroups, peripheral protein domains are unable to
penetrate the interfacial or hydrocarbon regions of membrane leaflets due to the high
energetic penalty of desolvation (Pogozheva et al., 2013; Stahelin et al., 2014). Although a
combination of these membrane-targeting mechanisms are required, specific lipid
coordination and any associated electrostatic or hydrophobic interactions are essential
components that drive the membrane recruitment and activation of peripheral membrane
proteins; especially those that are coordinated by the anionic and structurally-distinct PPIn
lipids. However, it should also be mentioned that, in addition to selective interactions with
membrane-embedded lipids, bulk compositions or structural features, such as the charge or
degree of membrane curvature, also contribute to the recognition of specific membrane
surfaces by peripheral proteins (Lee, 2003; McMahon and Gallop, 2005; Zimmerberg and
Kozlov, 2006; Marsh, 2008; Baumgart et al., 2011). As we will discuss below, PPIn lipids
have emerged as an essential platform for the specific interaction between a wide array of
lipid-binding protein domains in almost all membrane compartments.

4. Principles of PPIn-Protein Interactions

Given the variety of regulatory mechanisms that contribute to the local control of PPIn
metabolism and turnover, it is not difficult to imagine that the PPIn-binding surfaces utilized
by protein effectors for the reversible recruitment to specific PPIn isomers are similarly
diverse. The unique structures that have been described for peripheral membrane protein
domains have revealed many diverse modes for membrane binding that result in different
PPIn specificities and membrane-binding orientations. Despite these complexities, it is
possible to uncover specific themes that control the dynamic regulation of cytosolic effectors
by membrane-embedded PPIn lipids. As the title of this chapter would suggest, the
predominant structural features of PPIn-regulated proteins are specialized membrane-
binding modules that allow for the selective recognition of individual PPIn species.
However, before discussing the molecular diversity of PPIn-interacting protein domains in
more detail, we will first highlight some of the general principles that guide protein
interactions with membrane PPIn lipids. Fundamental features contributing to
communication between PPIn lipids and peripheral proteins were recently detailed by our
group (Hammond and Balla, 2015), as well as others (Kutateladze, 2010; Moravcevic et al.,
2012; Stahelin et al., 2014; Choy et al., 2017), and will be summarized below.

To reliably regulate protein functions in time and space, the interactions between membrane
PPIn species and proteins should be governed by high-affinity and stoichiometric PPIn-
binding; most characteristically through a dedicated PPIn-recognition domain. However, this
principle is not universal and not all PPIn-binding domains have the requisite affinity to
sufficiently dictate protein localization in isolation. Consequently, although some PPIn
interactions that have been identified are not solely responsible for dictating membrane
localization, PPIn-binding may add the necessary avidity to a secondary or co-incident
interaction(s) that can act together to facilitate peripheral membrane protein recruitment.
The idea that PPIn- or other lipid-binding modules can function to complement other
protein-protein or protein-lipid interactions at membrane surfaces has been characterized in
a variety of signaling contexts (Balla, 2005; Carlton and Cullen, 2005; Moravcevic et al.,
2012). In particular, PPInassisted membrane binding, which capitalizes on combinatorial
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interactions or scaffolding functions, is best exemplified by the regulation of the Arf (ADP-
ribosylation factor) and Arl (Arf-like) superfamily of small guanine nucleotide-binding
proteins (Godi et al., 2004; DiNitto et al., 2007; Liu et al., 2014; Jian et al., 2015). In diverse
membrane compartments, the integration of coincident signals from PPIn- and protein-
interactions can be used to effectively tune the regulatory functions of peripheral proteins or
macromolecular complexes bound at the membrane interface. However, in addition to
simple roles as membrane scaffolds, PPIn-coordination can also contribute to the complex
control of protein conformational dynamics. Allosteric regulation of protein effectors by
PPIn lipids has been characterized in detailed mechanistic studies of protein kinase B (Akt;
Calleja et al., 2007; Calleja et al., 2009a, b; Calleja et al., 2012; Ebner et al., 2017), PTEN
(phosphatase and tensin homolog deleted on chromosome ten; Campbell et al., 2003; lijima
et al., 2004; Walker et al., 2004; Redfern et al., 2008; Wei et al., 2015), BTK (Bruton’s
tyrosine kinase; Joseph et al., 2017), Arf GTPase-activating proteins (GAPs; Kam et al.,
2000; Campa et al., 2009), and Arf guanine nucleotide exchange factors (GEFs; Malaby et
al., 2013); as well as several examples describing regulatory interactions between PPIn
lipids and transmembrane-spanning ion channels or receptors (Hilgemann and Ball, 1996;
Huang et al., 1998; Rohacs et al., 2003; Whorton and Mackinnon, 2011; Barrera et al., 2013;
Laganowsky et al., 2014). Conformational gating by membrane PPIn species is an emerging
field that might be most important for controlling the functions of lipid transfer proteins that
use PPIn lipids for membrane recognition and as transport cargoes. However, the regulatory
role for PPIn recognition in non-vesicular lipid transport is not yet fully understood, but the
communication between membrane PPIn species and the binding domains found within the
cellular lipid transfer machinery will be addressed further in Section 7 of this chapter.

Independent of stereospecific lipid coordination, anionic membrane lipids, including PPIn
species and PtdSer, can contribute to the membrane targeting of proteins possessing
functionalized regions enriched with basic amino acid residues through non-specific
electrostatic interactions (Heo et al., 2006; Hammond et al., 2012). Classical examples of
proteins that interact with PPIn lipids using unstructured polybasic stretches, which are not
organized within a characteristic motif, include the MARCKS (myristoylated alanine-rich C-
kinase substrate) proteins (Wang et al., 2002; Wang et al., 2004; Gambhir et al., 2004), c-Src
(cellular-sarcoma non-receptor protein tyrosine kinase; Yeung et al., 2006), K-Ras (Kirsten-
rat sarcoma; Heo et al., 2006; Gulyas et al., 2017), and GAP43 (growth-associated protein
43; McLaughlin and Murray, 2005). Interestingly, more recently, a unique structured
membrane-binding module found at the C-terminus of the eukaryotic MARK (MAP/
microtubule affinity-regulating kinases) family of kinases, called the KA1 (kinase-associated
1) domain, has also been shown to effectively sense membrane charge through cooperation
between distinct basic regions on the membrane-binding surface (Moravcevic et al., 2010;
Emptage et al., 2017a,b). Similar to unstructured polybasic segments, KA1 domains do not
appear to distinguish between different anionic phospholipids /n vitro or in vivo
(Moravcevic et al., 2010; Hammond et al., 2012). Consequently, although important for
controlling protein localization during diverse cellular processes, particularly within the
unique electrostatic environment of the PM, these simple charge-based interactions
capitalize on the general character of PPIn headgroups and will not be discussed at length in
this chapter. Overall, using a combination of electrostatic interactions and PPIn-specific
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recognition, membrane-embedded PPIn species, though rare among phospholipids, function
as central regulators of cellular physiology by orchestrating the dynamic recruitment and
activation of diverse families of protein effectors at the membrane interface.

5. The Diversity of Eukaryotic PPIn-Binding Domains

There are a wide variety of well-folded modular domains that have evolved to selectively
interact with PPIn-containing membranes through a combination of non-specific
electrostatic interactions and the stereoselective coordination of PPIn headgroups. In this
section, we will introduce the diversity of PPIn-recognizing protein folds, including
descriptions of the PH (Pleckstrin Homology), PTB (phosphotyrosine-binding), PDZ
(PSD-95, Discs Large, and ZO-1), GRAM (glucosyltransferases, Rablike GTPase activators,
and myotubularins), GLUE (GRAM-like ubiquitin-binding in EAP45), FERM (4.1, ezrin,
radixin, and moesin), PX (phox homology), FYVE (Fablp, YOTB, Vaclp, and EEAL), C2
(protein kinase C (PKC) conserved 2), Tubby, PROPPINs (B—propellers that bind
phosphoinositides), ENTH (Epsin N-terminal homology), ANTH (AP180 N-terminal
homology), and BAR (Bin, Amphiphysin, and Rvs) domain families. Importantly, detailed
discussions of the structural and biophysical characteristics of the PH, PX, ENTH, ANTH,
and BAR domains will be provided within other chapters of this volume; therefore, our goal
with this brief overview is to demonstrate the diversity of PPIn-interacting modules found in
peripheral membrane proteins and highlight some of the molecular properties that contribute
to the specificity exhibited by these domains during interactions with PPIn lipids.

5.1 PH Domains

PH domains typically consist of 100-120 amino acids and were the first protein fold shown
to selectively recognize and coordinate membrane-embedded PPIn lipids (Harlan et al.,
1994; Lemmon et al., 1995). Since their initial discovery based on sequence homology with
two regions found within the major PKC substrate pleckstrin (Haslam et al., 1993; Mayer et
al., 1993; Musacchio et al., 1993), PH domains have been identified in approximately 280
different human proteins; making them among the most commonly-occurring defined
sequence motif within the eukaryotic proteome (Lemmon, 2008). Subsequent studies have
shown PH domains to be versatile structures that are not only involved in PPIn recognition,
but are also used for mediating protein-protein interactions (Maffucci and Falasca, 2001;
Lemmon, 2004; DiNitto and Lambright, 2006; Lemmon, 2007). In fact, most PH domains
weakly bind to PPIn lipids with limited specificity, and only a small fraction, estimated at
between 10-15%, exhibit high affinity and selective binding to PPIn headgroups (Rameh et
al., 1997; Takeuchi et al., 1997; Isakoff et al., 1998; Kavran et al., 1998; Yu et al., 2004). Of
the seven PPIn species found within cells, to date, PH domains that specifically recognize
PtdIns4P, PtdIns(4,5)P,, PtdIns(3,4)P5, and PtdIns(3,4,5)P3 have been described; including
detailed characterizations of the structural features that determine the PPIn-binding
specificities (Cozier et al., 2004; Balla, 2005; DiNitto and Lambright, 2006; Kutateladze,
2010). In addition to the recognition of anionic PPIn species, many PH domains have been
shown to cooperatively target membranes through additional interactions with other lipid
species (Knight and Falke, 2009; Vonkova et al., 2015); as well as a growing number of
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examples defining independent binding sites for non-PPIn lipids, including PtdSer (Uchida
etal., 2011; Jian et al., 2015).

In general, although PH domains show relatively low sequence homology (~30%; Lemmon
et al., 2002), they adopt a characteristic fold consisting of two nearly orthogonal p-sheets
formed by seven B-strands, splayed into a group of three (5-p7) and four (B1-p4), that are
capped by a C-terminal a-helix (Figure 1a; Ferguson et al., 1994; Ferguson et al., 1995).
Within the PH domain fold, there are six loops connecting the B-strands and, overall, the B-
sheets are tightly packed, especially at the closed corners of the B-sandwich. Three extended
loops connecting the p1-B2, B3-B4, and B6-P7 strands project into the membrane-binding
interface, at the open end of the B-sandwich, and show considerable sequence variation
across PH domains; which likely contributes to the differences observed in PPIn-binding
specificities (Lemmon and Ferguson, 2001; DiNitto and Lambright, 2006). The canonical
binding pocket for the PPIn headgroup is formed by the B1-p2 and p3-p4 strands, as well as
the variable loops that connect them. In particular, a basic sequence motif in the 1-p2 loop,
defined as Kx,(K/R)XR, has been proposed to serve as a general interaction platform for
PPIn headgroups by recognizing vicinal phosphate pairs present in stereospecific positions
on the inositol ring (Lemmon, 2007; Moravcevic et al., 2012). PH domains that contain the
KXn(K/R)XR motif all bind to PPIn lipids and this motif is retained in more complex
sequence features that have previously been shown to determine the selective coordination of
bis- and tris-phosphorylated PPIn species; specifically those with paired phosphate groups at
adjacent 4- and 5- or 3- and 4-positions (Lietzke et al., 2000; Yu et al., 2004; Park et al.,
2008). Interestingly, non-canonical binding modes of PPIn lipids have been demonstrated
for PH domains lacking the Kx,(K/R)xR motif, including those from pB-spectrin (Figure 1b;
Macias et al., 1994; Hyvonen et al., 1995), the p62 subunit of TFIIH (general transcription
factor 11H; Di Lello et al., 2005), ArhGAP9 (Rho GTPase-activating protein 9; Ceccarelli et
al., 2007), Tiam1 (T-lymphoma and metastasis 1; Ceccarelli et al., 2007), and the yeast
protein SIm1 (synthetic lethal with MSS4 protein 1; Anand et al., 2012). Binding of PPIn
lipids to each of these non-canonical PH domains occurs on the opposite face of the p1-"2
loop, with the bound headgroup positioned on the side of the core B-barrel and between the
loops that connect the p1-p2 and B5-p6 strands (Balla, 2005; DiNitto and Lambright, 2006).
Outside of variations to the location of the PPIn-binding site, unique sequence features have
also been shown to influence the selectivity of certain PH domains for PPIn species. In
particular, a subclass of PH domains recognize one or both of PtdIns(3,4)P, and
PtdIns(3,4,5)P3 with a remarkable degree of specificity and affinity, including those found in
BTK, PKB, and the cytohesin family Arf GEF Grpl (general receptor for phosphoinositides
1; Lemmon, 2008). The structural features contributing to this binding selectivity primarily
involve sequence-specific elaborations of the variable loops. Specifically, the solved
structure of Grpl reveals a long twenty-residue insertion within the B6-p7 loop, which
adopts a twisted p-hairpin structure and essentially extends the p-barrel from 7 to 9 strands
(Figure 1c; Lietzke et al., 2000; Ferguson et al., 2000). The headgroup of PtdIns(3,4,5)P3 is
contacted by conserved residues within the canonical PH domain pocket that is formed at the
top of the B1-B2 and B3-B4 strands and lined by the B1-B2 loop (Lietzke et al., 2000;
Ferguson et al., 2000). However, residues from the B-hairpin insertion replace the p3-p4
loop to form the second wall of the PPIn-binding pocket and provide two additional
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hydrogen bonds with the 5-phosphate that account for the high specificity of the Grpl PH
domains towards PtdIns(3,4,5)P3 (Lietzke et al., 2000; Ferguson et al., 2000). A clear pocket
for the 5-phosphate group is also seen in the PH domain of BTK, but, unlike the unique
insertion found within the Grp1 PH domain, this pocket forms from an extension of the p1-
B2 loop that is able to envelop the 5-phosphate (Baraldi et al., 1999; Ferguson et al., 2000).
In addition to structural studies, recent efforts using molecular dynamics simulations of
diverse PH domains have revealed important new insights into the binding orientation
(Psachoulia and Sansom, 2008; Lumb and Sansom, 2012; Lenoir et al., 2015; Naughton et
al., 2016; Yamamoto et al., 2016) and the dynamics associated with the diffusivity of the
domain (Yamamoto et al., 2017) during PPIn-dependent membrane recognition events.
Taken together, it is apparent that sequence differences in the PPIn-binding interface are
responsible for the observed heterogeneity in the PPIn selectivity of distinct PH domains and
may also influence membrane residency or conformational dynamics during PPIn
interactions.

Regardless of the sequence-specific variations that have been documented, overall, PH
domains that exhibit PPIn-binding generally show pronounced electrostatic polarization;
with strongly positive amino acid residues located at the membrane-binding surface (Macias
et al., 1994; Blomberg and Nilges, 1997; Moravcevic et al., 2012). Following initial
electrostatic interactions at the membrane interface, specific PPIn-binding is likely the
primary tool for membrane-selective targeting and increased membrane residence.
Interestingly, despite a general lack of hydrophobic or aromatic residues around the PPIn-
coordinating pocket (Cho and Stahelin, 2005), evidence for penetration of surface-oriented
hydrophobic residues into the interfacial region has been presented for the PLC61 PH
domain using solid state NMR (Tuzi et al., 2003) and surface plasmon resonance (Flesch et
al., 2005). Molecular dynamics simulations of other PH domains also suggest varying
degrees of insertion of the PH domain fold into PPIn-containing monolayers (Manna et al.,
2007; He et al., 2008; Lumb et al., 2011). However, overall, significant interfacial
penetration does not seem to be a general feature of PH domains and is not a major driving
force for membrane binding by PH domains; which are clearly more reliant on electrostatic
attraction. Additionally, as mentioned above, despite examples of monovalent membrane
recruitment, it is important to recognize that membrane binding of PH domains commonly
require coincident binding to protein effectors. Coincidence detection by PH domains is not
always a simple membrane localization signal, as growing evidence suggests that PH
domains can also function at membrane interfaces as highly specific modules for
communicating allosteric regulatory signals; including PPIn-mediated conformational
switches (DiNitto and Lambright, 2006; Nawrotek et al., 2016; Roy et al., 2016). Both of
these unique regulatory features exhibited by PH domains have been recently proposed to
participate in the dynamic regulation of the Dbl superfamily Rho-GEF PREX1
(PtdIns(3,4,5)P3-dependent Rac exchanger 1). Briefly, allosteric regulation of PREX1-
dependent GTP exchange activity by PtdIns(3,4,5)P3 binding is thought to occur in a
stepwise fashion. Initial recruitment of PREX1 to the membrane involves transient
electrostatic interactions with basic residues in the B3-p4 loop of the PH domain, which are
stabilized by the coincident association of the fold to PM-anchored Gp+y heterodimers that
are released from activated GPCRs (Cash et al., 2016). GB-y-binding unmasks the
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PtdIns(3,4,5)P3-binding site within the PH domain fold, while subsequent conformational
changes induced by PtdIns(3,4,5)P3 binding are transmitted through a hinge region at the
junction between the PH and catalytic Dbl homology (DH) domain that results in the full
activation of PREX1 (Cash et al., 2016). These mechanistic insights are consistent with
previous data demonstrating synergistic regulation of PREX1 by PtdIns(3,4,5)P3- and Gpy-
mediated signals (Welch et al., 2002; Hill et al., 2005). Understanding how protein dynamics
and inter-domain communication can be regulated at the membrane interface are extremely
important areas for ongoing research. Descriptions of the molecular interactions between
PPIn species and PH domains have provided some of the best demonstrations of
stereoselective PPIn recognition as well as reveal how membrane-binding domains can
function as integration centers that relay coincident protein- and lipid-derived signals.

5.2 PH Domain-Like Folds: PTB, PDZ, GRAM, GLUE, and FERM Domains

The slightly splayed p-sandwich superfold originally described for the PH domain has since
been found in a series of structural homologs that are collectively referred to here as PH-like
domains (Blomberg et al., 1999; Balla, 2005; Scheffzek and Welti, 2012). Despite limited
sequence similarities, the conserved structural core of PH-like domains is commonly found
in modular proteins implicated in the regulation of signal transduction and similarly possess
binding sites for PPIn lipids, as well as surfaces that are involved in mediating protein-
protein interactions (Lemmon, 2007; Scheffzek and Welti, 2012). A growing number of PH-
like domains appear within proteins with activities in diverse subcellular compartments
show variable lipid- as well as protein-binding partners. The identification of the structural
conservation of the PH domain superfold included the early descriptions of the EVH1
(Enabled/VASP homology 1; Prehoda et al., 1999) and Ran-binding domain families (\etter
et al., 1999); however, neither of these folds are reported to exhibit PPIn-dependent
regulation. Consequently, for the sake of this chapter, we will focus our discussion on
representative PH-like domains with established PPIn-binding sites.

Originally characterized as protein modules that interact with tyrosine-phosphorylated
peptides, specifically those containing the consensus sequence NPXY or other variants of
this motif, a subset of PTB domains can also independently or simultaneously recognize
PPIn headgroups with a broad range of affinities (DiNitto and Lambright, 2006; Kaneko et
al., 2012). Compared to canonical PH domains, the PTB domain fold possesses a variable
helical loop inserted between the 1 and B2 strands (Zhou et al., 1995; Zhou and Fesik,
1995). Solution structures of the Dabl (disabled-1) PTB domain show that stereospecific
PtdIns(4,5)P, binding occurs at the outer surface of the helical insertion, distinct from the
binding pockets described for both the canonical and atypical PH domains; whereas
phosphorylated peptides associate within an elongated hydrophobic cleft contoured by the
C-terminal a3 helix and the parallel p5 strand (Figure 1d; Yun et al., 2003; Stolt et al.,
2003). Rationale mutagenesis and biophysical investigations of the Dabl PTB domain
demonstrate that PPIn-binding is requisite for the membrane localization and catalytic
function of Dabl /n vitro as well as /n vivo (Stolt et al., 2005; Huang et al., 2005; Xu et al.,
2005). Furthermore, PPIn and peptide binding to the Dab1l PTB domain are energetically
independent, and therefore do not exhibit any apparent cooperativity (Stolt et al., 2004).
Outside of Dab1, the PTB domains of IRS-1 (insulin receptor substrate-1; Takeuchi et al.,
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1998; Dhe-Paganon et al., 1999) and Shc (Src homology 2 domain-containing transforming
protein; Rameh et al., 1997; Ravichandran et al., 1997) have also been shown to selectively
bind PPIn lipids, with some apparent selectivity for Ptdins(4,5)P,. In terms of the location
for PPIn headgroup coordination, interactions with the Shc PTB domain are thought to
involve a cluster of exposed basic residues that are located on the same side of the domain as
the inserted helical loop; however, the PPIn-binding sites mapped in the Dabl and Shc PTB
domains do not appear to overlap and the residues implicated in PPIn recognition are not
conserved across PTB domains (DiNitto and Lambright, 2006). Where investigated in depth,
the ability of some PTB domains to coordinate PPIn lipids clearly contributes to the spatial
organization and membrane adsorption of PTB domain-containing, particularly at the PM.

Similar to the PTB domain, the PDZ domain is another PH-like fold that typically functions
during protein-protein interactions involving adaptor proteins and short peptide sequences,
generally the last four to five residues, at the C-terminus of transmembrane proteins (Saras
and Heldin, 1996; Nourry et al., 2003). However, more recent studies have shown that many
PDZ domains can also bind internal peptide sequences as well as membrane phospholipids
(Chang et al., 2011; lvarsson, 2012; Mu et al., 2014); including an important role for
PtdIns(4,5)P, (Zimmermann, 2006; Wawrzyniak et al., 2013). Early studies of PPIn-PDZ
interactions demonstrated that PtdIns(4,5)P,-binding to conserved tandem PDZ domains
controlled the cellular localization of the molecular scaffolds syntenin-1 (Zimmermann et
al., 2002) and syntenin-2 (Mortier et al., 2005). More recently, a series of large-scale screens
of human PDZ domains, using a combination of /n silico analyses and high-throughput
binding assays, found that membrane association is a common property of PDZ domains,
found in roughly 20-40%, and that PPIn lipids likely contribute to the cellular localization
of a broad collection of PDZ domains; including roles for PPIn interactions with PDZ
domain-containing effectors within the nucleus (Mortier et al., 2005; Wu et al., 2007; Chen
etal., 2012; Ivarsson et al., 2013). Additionally, a small subset of PDZ domains were shown
to bind PPIn lipids with relatively high-affinity; although /n vitro binding studies, as well as
prior characterizations of PDZ function, suggest that the stereospecificity for PPIn
headgroups is limited (Zimmermann et al., 2002; Mortier et al., 2005; Ivarsson et al., 2011).
Despite the generally low affinity interactions that have been described, in the few cases
investigated in detail, PPIn-binding does appear to be important for controlling the cellular
functions of PDZ domain-containing protein adaptors (Wawrzyniak et al., 2013).
Additionally, where established, it is apparent that PDZ domains can interact with PPIn
lipids through different and complex membrane-binding modes (Gallardo et al., 2010);
including biophysical investigations identifying surface-exposed electrostatic or
hydrophobic residues that facilitate competitive as well as cooperative binding of PDZ
domains to PPIn and peptide ligands (lvarsson, 2012; Wawrzyniak et al., 2013; Ernst et al.,
2014). Although generally thought to lack a well-defined PPIn-binding pocket, a recent
crystal structure of the tandem PDZ domains of syntenin in complex with both PtdIns(4,5)P»
and a cognate C-terminal peptide fragment, shows that the backbone of the bound peptide
actually provides direct contacts that help to form the PtdIns(4,5)P,-binding interface and
function to stabilize the inositol headgroup (Figure 1le; Egea-Jimenez et al., 2016). These
new structural studies support evidence for synergistic binding of PPIn lipids and peptides to
the tandem PDZ domain and suggest that peptide binding likely reinforces the interaction
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with membrane-embedded lipids (Egea-Jimenez et al., 2016). Additional structures of intact
PDZ domain complexes will be extremely informative for understanding the extent to which
the seemingly variable PPIn-binding sites can communicate with the well-mapped peptide-
binding groove. Overall, as highlighted previously for the classical PH domains, coincident
recognition of lipid headgroups and membrane-localized binding partners represents an
important regulatory principle that is utilized by diverse families of adaptor proteins to
mediate a wide range of cellular processes. The presence of unique variations on the PH
superfold, and the PTB and PDZ scaffolds in particular, facilitate diverse PPIn- and peptide-
binding activities during membrane-initiated signaling events.

In addition to membrane-binding domains that simply incorporate the PH superfold, other
examples of PH-like domains include the reorganization or assembly of the canonical PH
module from unique sequence-specific variats. For instance, the GRAM domain was
originally identified as small motif predicted based on sequence homology to occur in
approximately 180 eukaryotic proteins, including several important membrane-associated
proteins such as the myotubularin (MTM) family of PPIn phosphatases (Doerks et al., 2000).
The solved structure of MTMR2 (myotubularin-related protein 2) subsequently revealed that
the GRAM domain motif consists of five p-strands, but is part of a larger protein fold that
incorporates adjacent sequence features to form a fold with a topology that was extremely
similar to the canonical PH domain from pleckstrin (Figure 1f; Begley et al., 2003).
Sequence alignments of other representative members of the GRAM domain family showed
high conservation of the residues involved in forming the hydrophobic core of the extended
GRAM-PH motif, which is also referred to by some as the PH/G domain (Begley et al.,
2003). Binding studies have shown that the PH/G domains of MTML1 (Tsujita et al., 2004)
and MTMR3 (Lorenzo et al., 2005) preferentially bind to PtdIns(3,5)P, and PtdIns5P,
respectively; whereas the PH/G domain of MTMR2 interacts with both PtdIns(3,5)P, and
PtdIns5P (Berger et al., 2003). Crystallographic and deuterium exchange studies of MTMR2
show that the PH/G domain is strongly electropositive along the surface-exposed p5-p6 and
B7-al loops (Begley et al., 2006). Although this electrostatically polarized surface
represents the most likely interface for the recognition of PPIn-containing membranes,
structural studies have yet to detect PPIn lipids associated with the PH/G domain.
Alternatively, independent of PPIn-binding, the PH/G domain clearly plays important roles
for mediating protein-protein interactions as well as during the allosteric control of MTM
catalytic activity (Begley and Dixon, 2005; Clague and Lorenzo, 2005; Hnia et al., 2012).
Interestingly, following the description of the PH/G domain, a novel GRAM-like motif
dubbed the GLUE domain, was identified as a conserved sequence feature within the N-
terminal region of the metazoan Vps36 (vacuolar protein-sorting-associated protein 36)
family of ubiquitin-binding proteins (Slagsvold et al., 2005). Notably, VVps36 and its
mammalian ortholog, Eap45 (ELL-associated protein of 45 kDa), are components of the
ESCRT-11 (endosomal sorting complex required for transport 11) complex, which plays an
essential role during diverse membrane trafficking events, including the biogenesis of multi-
vesicular bodies (MVBs; Saksena et al., 2007; Williams and Urbe, 2007; Hurley, 2008).
Functional studies revealed that the GLUE domain binds to both ubiquitin and various 3-
phosphorylated PPIn species; suggesting a possible role for PPIn lipids during the
coordination of membrane-targeting and cargo recognition within the endosomal system
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(Slagsvold et al., 2005). The solved structure of the GLUE domain of Vps36 shows that it
has a split PH domain architecture, with a yeast-specific insertion of two NZF (Npl4-like
zinc finger) domains that are oriented away from the membrane-binding surface (Teo et al.,
2006). The walls of the PPIn-binding pocket, which shows high selectivity for mono-
phosphorylated PtdIns3P, are built by the B1-p2, 5-p6, and p7-a.l loops and therefore
forms outside of the canonical PH domain binding pocket (Figure 1g; Teo et al., 2006), on
the opposite face of the B1-p2 loop, in a manner analogous to the atypical PPIn-binding site
originally characterized for the B-spectrin PH domain (Macias et al., 1994; Hyvonen et al.,
1995). The location of the PPIn-binding pocketed has since been confirmed by subsequent
structures of human Eap45; however, the missing insertion of the NZF domains in the
mammalian GLUE domain, reveals an alternative site for ubiquitin binding that lies along
one edge of the core B-sandwich and distinct from the PPIn-binding pocket (Alam et al.,
2006; Hirano et al., 2006). Overall, these collected structures of the GLUE domain help to
demonstrate how recognition of ubiquitinated cargoes and endosomal membranes can be
coupled during protein sorting in MVBs; once again pointing to the PH-like superfold as a
common substrate for coincidence detection throughout biological systems. In fact,
additional protein-protein contacts have been mapped between the GLUE domain and
adjacent components of the ESCRT-11 machinery, which highlight the critical role for
multivalent membrane binding initiated by the PPIn-binding GLUE domain during ESCRT-
Il actions on protein and lipid sorting (Im and Hurley, 2008).

Lastly, unlike the other PH-like domains discussed, the FERM domain incorporates the PH
superfold into a much larger multi-domain structure with clear deviations in site utilized for
PPIn-binding. Briefly, FERM domains are present is a variety of mammalian proteins
(Chishti et al., 1998) that function as important macromolecular scaffolds that link the PM
with the cytoskeleton through complex binding interactions with both proteins and lipids
(Frame et al., 2010; Moleirinho et al., 2013; Baines et al., 2014). FERM domains are
organized by intimate inter-domain contacts and consist of three globular lobes (F1, F2, and
F3), including a PH-like domain fold that forms the F3 subdomain and participates in the
selective recognition of PtdIns(4,5)P, (Hamada et al., 2000). Binding to PtdIns(4,5)P5 is
thought to release an auto-inhibitory intermolecular interaction between the FERM domain
and the C-terminal tail of ERM (ezrin, radixin, and moesin) proteins (Pearson et al., 2000;
Edwards and Keep, 2001; Jayasundar et al., 2012). Interestingly, the PtdIns(4,5)P»
headgroup is coordinated within a shallow basic cleft located between the F1 and F3
subdomains, distinct from any of the binding surfaces mapped on other PH-like domains, by
a relatively small number of hydrogen bonds that primarily target the 4-position phosphate
group (Figure 1h; Hamada et al., 2000; Smith et al., 2003). The relative lack of
stereospecificity observed within this binding cleft, coupled to reports of FERM domains
with an altered F1-F3 cleft (Ceccarelli et al., 2006) or possessing multiple non-specific
PtdIns(4,5)P,-binding motifs (Bompard et al., 2003; Zhao et al., 2010), raised the possibility
that FERM domains may actually sense the density of PPIn lipids within membranes.
Subsequent studies using fluorescence anisotropy measurements and molecular dynamics
simulations suggest that the FERM domain from moesin can associate simultaneously with
multiple PPIn headgroups and provide no evidence for the presence of discrete PPIn-binding
pockets or for interactions of the FERM domain with the acyl chains of the lipid bilayer

Adv Exp Med Biol. Author manuscript; available in PMC 2021 July 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pemberton and Balla

Page 16

(Senju et al., 2017). These data support the idea that membrane binding of FERM domains
is dependent on multivalent electrostatic interactions, potentiated by anionic PtdIns(4,5)P,,
and is also in agreement with the general absence of hydrophobic or aromatic residues at the
binding interface (Cho and Stahelin et al., 2005). Consequently, although interactions with
PtdIns(4,5)P, are requisite for PM anchoring, the membrane-targeting of the FERM domain
module does not appear to require a defined stereospecific PPIn-binding pocket.

5.3 PX Domains

PX domains were originally identified in the p40Ph°X and p47Pho* subunits of the phagocyte
NADPH oxidase complex (Ponting, 1996; Sato et al., 2001; Wishart et a., 2001) and have
subsequently been described in a variety of proteins involved in membrane trafficking and
cellular signaling; including numerous sorting nexins (SNXs) as well as the class Il PI3Ks
(Seet and Hong, 2006). Functional studies quickly characterized PX domains as short
membrane-binding modules, consisting of 100-140 residues, which show specificity for 3-
phosphorylated PPIn lipids (Cheever et al., 2001; Ellson et al., 2001; Hiroaki et al., 2001;
Kanai et al., 2001; Song et al., 2001; Yu and Lemmon, 2001) and a general preference for
PtdIns3P (Seet and Hong, 2006). Explicit examples of PX domain recognition of substrates
outside of PtdIns3P include: PtdIns(3,4)P, binding to p47P"°X (Karathanassis et al., 2002),
PtdlIns(3,4,5)P3 selectivity for CISK (cytokine-independent survival kinase; Xu et al., 2001;
Xing et al., 2004), as well as preferential recognition of PtdIns4P by the yeast protein Bem1
(bud emergence Protein 1; Ago et al., 2001; Stahelin et al., 2007) and Ptdins(4,5)P,-specific
coordination by Class Il PI3K-C2a (Song et al., 2001; Stahelin et al., 2006; Parkinson et al.,
2008). Despite some heterogeneity in the PPIn species that are recognized, crystal structures
of the p40PNYX (Bravo et al., 2001) and p47P"°% (Karathanassis et al., 2002) subunits both
revealed a characteristic PX domain fold, which consists of an N-terminal three-stranded p-
meander that is followed by a C-terminal a-helical subdomain consisting of three or four a
helices; two of which are linked by an elongated poly-proline loop (Figure 2a). The PPIn
isomer binds within a relatively narrow and positively charged groove that is formed by a -
bulge in the B1 strand that twists the B-sheet to form one wall of the binding pocket, as well
as through specific contacts with the elongated loop joining the a1l and a2 helices (Cheever
et al., 2006; Moravcevic et al., 2012). Specific recognition of the PPIn headgroup is
facilitated by acidic membrane environments and is accompanied by the insertion of
hydrophobic and aromatic residues within the flexible a1-a.2 loop, also referred to as the
membrane insertion loop (MIL), into the bilayer (Seet and Hong, 2006). Although the
alignment of PX domains shows considerable variability in the sequence of the MIL, the
presence of a clear hydrophobic motif and membrane penetration of this region appears to be
highly conserved across PX domains (Seet and Hong, 2006; Kutateladze, 2010). Conserved
basic residues surrounding the deep PPIn-binding groove and variable loop are involved in
electrostatic interactions that facilitate substrate recognition and also enhance affinity of the
PX domain for PPIn substrates by inducing insertion of the MIL (Stahelin et al., 20033;
Stahelin et al., 2004; Malkova et al., 2006; Stahelin et al., 2006). Three core motifs essential
for PPIn binding, including RRYXyFxoLx3L of the B3-a.1 loop, Px,PxK within the MIL, and
RR/Kx,L of a2 are present within most PX domain sequences (Kutateladze, 2010).
Interestingly, adjacent to the PPIn-binding pocket, an additional well-defined binding site for
PtdSer or PtdOH has been described in the p47P"°X X domain (Karathanassis et al., 2002;
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Stahelin et al., 2003a). Simultaneous occupation of both lipid-binding pockets is thought to
modulate the local electrostatic potential and induce a conformational change within the
MIL that promotes the insertion of hydrophobic residues into the membrane (Zhou et al.,
2003; Cho and Stahelin, 2005). This cooperative binding mechanism appears to be an
exaggeration of the common non-specific electrostatic interactions that normally initiates the
adsorption of PPIn-binding domains onto anionic membrane surfaces. Outside of
interactions with additional lipid substrates, PX domains are also involved in protein-protein
interactions; including structural descriptions of the intramolecular binding between a C-
terminal SH3 domain and the conserved Px,PxK motif within PX domain of p47Pho% that
functions to prevent PtdIns(3,4)P, binding (Hiroaki et al., 2001; Karathanassis et al., 2002).
Similar intramolecular interactions have been demonstrated between the PX and SH3
domains of the fission yeast protein Scd2 (Endo et al., 2003), as well as intermolecular
binding of p40PhoX or p47PoX \with the cytoskeletal scaffold moesin (Wientje et al., 2001).
An unbiased genome-wide two-hybrid screen using isolated PX domains from yeast was
also able to identified several putative PX domain-binding proteins that included known
membrane-interacting effectors with roles in vesicular trafficking (Mollert and Uetz, 2004).
However, overall, it remains unclear the extent to which protein-protein interactions
influence or reinforce the PPIn-binding roles of PX domains.

5.4 FYVE Domains

FYVE domains are highly homologous cysteine-rich domains of 70-80 amino acids that are
found in around 30 human proteins that have been shown to broadly participate in vacuolar
sorting or endocytosis through direct binding to PtdIns3P (Stenmark et al., 1996; Gaullier et
al., 1998; Simonsen et al., 1998; Burd and Emr, 1998); although the FYVE domain from
protrudin has been proposed to associate with Ptdins(4,5)P,, Ptdins(3,4)P,, and
PtdIns(3,4,5)P3 both in vitroas well as in cells (Gil et al., 2012). The overall architecture of
the FYVE domain is comprised of two anti-parallel g-hairpins and a small C-terminal a.-
helix, which is stabilized by two zinc-binding clusters containing four CxxC motifs in a
cross-braced topology (Figure 2b; Kutateladze, 1999; Misra and Hurley, 1999). A conserved
basic motif, defined as RR/KHHCR, in the first g-strand surrounding the third zinc-
coordinating cysteine forms a shallow positively-charged PtdIns3P-binding pocket (Dumas
et al., 2001; Kutateladze, 2006). Additional WxxD and RVC signature motifs not only help
to distinguish FYVE domains within the larger family of zinc-coordinating RING fingers,
but also, along with the RR/KHHCR motif, are centrally involved in the coordination of the
PtdIns3P headgroup (Kutateladze, 2010). Due to the relatively shallow PtdIns3P-binding
pocket and coordination of only a single phosphate, FYVE domains bind the monomeric
PtdIns3P headgroup rather weakly and FYVE domain-containing effectors tend to require
multivalent mechanisms for membrane localization (Dumas et al., 2001; Kutateladze, 2004).
Importantly, a variable-length turret loop next to the PtdIns3P-binding pocket contains
hydrophaobic residues that insert into the lipid bilayer and stabilize membrane-bound
complexes (Misra and Hurley, 1999; Kutateladze and Overduin, 2001; Stahelin et al., 2002;
Diraviyam et al., 2003; Kutateladze et al., 2004; Brunecky et al., 2005). Basic and polar
residues flank the turret loop and play an important role in non-specific electrostatic
interactions with acidic lipids, including PtdSer and PtdOH, at the membrane interface and,
similar to the PX domain, can be used to drive initial membrane docking (Kutateladze,
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2010). Based on homology with the C1B domain of PKCS8, FYVE domains were originally
proposed to bind with the long axis of the domain perpendicular to the membrane surface,
which would facilitate the simultaneous recognition of Ptdins3P within the binding pocket
and membrane insertion of the tip of the turret loop (Misra and Hurley, 1999). Biophysical
and computational studies provide support for this mechanism and show that electrostatic
association and PtdIns3P binding drive the membrane insertion of the hydrophobic and
aromatic residues within the turret loop (Stahelin et al., 2002; Diraviyam et al., 2003).
Interestingly, membrane association of the FYVE domain exhibits pH sensitivity, which is
regulated by the adjacent histidine residues found within the core RR/KHHCR motif
responsible for coordinating the 3-position phosphate group of PtdIns3P (Lee et al., 2005;
He et al., 2009). Protonation of the motif occurs at acidic pH and reinforces the interactions
between the PtdIns3P headgroup and the positively charged histidine pair, whereas
deprotonation promotes the release of the PtdIns3P ligand and causes rapid membrane
dissociation (Lee et al., 2005; He et al., 2009). Membrane avidity of FYVE domain
interactions can also be enhanced by dimerization (Callaghan et al., 1999; Lawe et al., 2000;
Dumas et al., 2001; Mao et al., 2000; Hayakawa et al., 2004); including a structural
characterization of concurrent binding to two PtdIns3P headgroups through a parallel coiled-
coil homodimer that juxtaposes the two FYVE domains of EEA1 (early endosomal antigen
1; Dumas et al., 2001). However, sequence analysis of FYVE domains show heterogeneity
in their relative hydrophobicity at the putative dimer interface, as well as in residues within
the membrane-penetrating turret loop, suggesting that individual FYVE domains are likely
to show substantial variance with regards to their propensity for dimerization and orientation
at the membrane interface (Stahelin et al., 2014). Regardless, the exquisite selectivity of the
FYVE domain helps to demonstrate the importance of coordinate electrostatic and
hydrophobic interactions with membrane surfaces during the specific recognition of PPIn
lipids. More generally, coincident or multivalent membrane recognition modes are likely
requisite for establishing high-affinity binding interactions with mono-phosphorylated
PPIns.

5.5 C2 Domains

Originally identified as one of two regulatory domains in PKC (Ono et al., 1989; Osada et
al., 1990), C2 domains have since been characterized as versatile membrane-interacting
modules that are found in close to 150 different human proteins (Cho and Stahelin, 2006;
Corbalan-Garcia and Gomez-Fernandez, 2014a,b). Canonical C2 domains show a common
fold that consists of an eight-stranded antiparallel B-sandwich that is connected by variable
surface loops (Shao et al., 1996). The majority of C2 domains show Ca2*-dependent binding
to common anionic or zwitterionic membrane lipids, including PtdSer (Verdaguer et al.,
1999; Stahelin et al., 2003c) or PtdCho (Perisic et al., 1998; Nalefski et al., 1998), through a
lipid-binding site that is acidic in character rather than basic; as in PH, PX, and FYVE
domains (Moravcevic et al., 2012). In general, Ca2* ions influence C2 domain binding by
enhancing the positive electrostatic potential around the Ca2*-binding loops to accelerate
association with anionic membranes (Rizo and Sudhof, 1998; Murray and Honig, 2002) and
Ca?* can also induce local structural rearrangements that facilitate membrane binding
(Sutton et al., 1995; Grobler et al., 1996; Davletov et al., 1998; Bittova et al., 1999; Kulkarni
et al., 2002; Lai et al., 2010; Alwarawrah and Wereszczynski, 2017). Additionally, in some
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C2 domains, Ca2* may slow membrane dissociation by directly coordinating lipid
headgroups through Ca?*-mediated bridging (Verdaguer et al., 1999) or induce partial
membrane penetration of aromatic residues surrounding the binding interface (Frazier et al.,
2002; Kulkarni et al., 2002; Kohout et al., 2003; Stahelin et al., 2003c; Morales et al., 2016).
Irrespective of the Ca2* involvement, membrane recognition by C2 domains appears to
occur without a great degree of specificity, which is not surprising since C2 domains lack a
well-defined lipid-binding pocket (Stahelin et al., 2014; Corbalan-Garcia and Gomez-
Fernandez, 2014a,b). However, outside of the canonical lipid- and Ca2*-coordinating
surface, a small patch of positively-charged residues on the concave side of the p-sandwich,
termed the polybasic cluster or cationic B-groove, has been shown to play an important role
in the specific recognition of membrane lipids, including PPIn species (Cho and Stahelin,
2006; Guerrero-Valero et al., 2009; Corbalan-Garcia and Gomez-Fernandez, 2014a,b). The
length and net electrostatics of the cationic p-groove, as well as the surface loops, are highly
variable across C2 domains and the relative contribution of the two lipid-coordinating sites
can be altered as a function of the intracellular Ca2* concentration (Cho and Stahelin, 2006;
Stahelin et al., 2014). The stereospecific recognition of PPIn species has been best
characterized by studies of the PKCa.-C2 domain, which binds predominantly to
PtdIns(4,5)P,, but also other PPIn lipids, with nanomolar affinity (Figure 2c; Sanchez-
Bautista et al., 2006; Manna et al., 2008). Binding of PtdIns(4,5)P, to the PKCa-C2 occurs
through interactions of the inositol headgroup with three lysine (K197, K209, and K211),
one asparagine (N253), and two aromatic (Y197 and W245) residues within the cationic -
groove (Guerrero-Valero et al., 2009). Structure-based alignments of C2 domains suggests
that these six residues likely form a consensus PtdIns(4,5)P»-interaction motif; although
variability in the polybasic cluster exists, especially with regards to the conservation of K211
(Corbalan-Garcia and Gomez-Fernandez, 2014a,b). Interestingly, despite some controversies
in the sequence of interactions, PPIn-association with the C2 domain appears to augment
PtdSer binding by increasing the duration of membrane residency (Manna et al., 2008;
Honigmann et al., 2013). Cooperative binding as a result of coincident Ca* and
PtdIns(4,5)P, signals has also been demonstrated for the C2B domain of synaptotagmin 1
(van den Bogaart et al., 2012; Guillen et al., 2013), C2C domain of ESyt1 (extended-
synaptotagmin 1; Giordano et al., 2013), as well as for the C2A and C2B domains of
rabphilin3A (Chung et al., 1998; Coudevylle et al., 2008; Montaville et al., 2008; Guillen et
al., 2013). In addition, Ca2*-independent binding PtdIns(4,5)P, has been described for the
C2C domains of ESyt2 and Esyt3 (Giordano et al., 2013). Other examples of C2 domain
recognition of PPIn species include promiscuous recognition of PPIn lipids by the Rasal
C2B domain (Sot et al., 2013) and Ca2*-dependent interactions between mono-
phosphorylated PPIn species and the KIBRA (Kldney/BRAin protein) C2 domain (Duning
et al., 2013). Selective binding of PtdIns(3,4,5)P3 has been demonstrated for the DHR-1
(dock homology region-1) domain of the Dock family of atypical Rho-GEFs; which uses an
elaborated C2 domain scaffold (Premkumar et al., 2010). Interestingly, structural and
functional studies suggest that coordination of the Ptdins(3,4,5)P3 headgroup occurs within
a basic pocket generated by extended surface loops, rather than through contacts with the
cationic p-groove (Premkumar et al., 2010). Taken together, these studies clearly
demonstrate the diversity of PPIn interactions with C2 domains and also highlight the how
the complexity of multivalent binding events can be integrated at the membrane interface.
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Future studies should look to establish functional correlates between the diverse membrane-
bound states of C2 domains, which appear to be highly sensitive to distinct combinations of
anionic membrane lipids and Ca2* ions, and their abilities to coordinate conformational
dynamics within or between diverse macromolecular protein complexes.

5.6 Tubby Domains

The tubby domain consists of a roughly 260 amino acid module that is found within the C-
terminus of members from the tubby-like protein (TULP) family of transcription factors
(Kleyn et al., 1996; Noben-Trauth et al., 1996; Carroll et al., 2004). The isolated tubby
domain displays Ptdins(4,5)P»-dependent membrane association /n vitro as well as
PtdIns(4,5)P,-mediated targeting to the PM within intact cells (Santagata et al., 2001,
Szentpetery et al., 2009). Structural descriptions of the tubby C-terminal domain reveal a
unique fold comprised of a closed B-barrel, consisting of 12 antiparallel g-strands that
surround a central hydrophobic a-helix (Figure 2d; Boggon et al., 1999; Santagata et al.,
2001). Coordination of the Ptdins(4,5)P, headgroup occurs within a relatively shallow and
positively charged cavity that results in a general lack of stereospecificity for Ptdins(3,5)P»
or monophosphorylated PPIn lipids relative to PtdIns(4,5)P,, PtdIns(3,4)P,, or
PtdIns(3,4,5)P5 (Santagata et al., 2001). Recognition of the bound PtdIns(4,5)P, requires
specific interactions between the 4-position phosphate with conserved basic residues K330
and R332, as well as coordination of the inositol ring at the 3-position hydroxyl group by
R363 (Santagata et al., 2001; Mukhopadhyay and Jackson, 2011). Of these PPIn-
coordinating residues, K330 is positioned to interact with adjacent phosphate groups, which
may help to explain the high selectivity of the tubby domain for bis- or tris-phosphorylated
PPIn lipids with adjacent phosphate groups; including clear selectivity for PPIn species
phosphorylated at both the 4- and 5-positions (Santagata et al., 2001). An adjacent loop that
flanks the binding cavity, as well as polybasic patches on the tubby protein surface, may
assist with high-affinity membrane interactions by associating with the interfacial region or
through inserting into the membrane (Moravcevic et al., 2012). It is also important to realize
that in addition to the selective recognition of Ptdins(4,5)P5, the tubby domain functions as
an important transcriptional regulator by directly binding to double-stranded DNA; a process
that once again capitalizes on the positively-charged binding surface described above
(Boggon et al., 1999). Consequently, targeting of TULP proteins to PtdIns(4,5)P, within the
PM has been suggested to prevent nuclear localization and sequester TULP away from
effectors within the nucleus (Santagata et al., 2001; Carroll et al., 2004). Although unlikely
to be subject to coincident-binding within the PM, given the growing roles for nuclear PPIn
lipids, understanding the relationship between selective PPIn coordination and the DNA-
binding activity of TULPs within the nucleus could be an interesting area to investigate.

5.7 PROPPINs

The PROPPINs fold was originally described within a family of eukaryotic membrane-
binding proteins that includes the important yeast macroautophagy effector Atg18
(autophagy-related protein 18; Michell et al., 2006). In general, PROPPINSs consist of a
seven-bladed p-propeller (Krick et al., 2012; Baskaran et al., 2012) and contain a conserved
FRRG motif that is responsible for the specific recognition of Ptdins3P or PtdIns(3,5)P,
(Dove et al., 2004; Stromhaug et al., 2004; Krick et al., 2006; Obara et al., 2008). Recent
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solution structures show that PROPPINSs contain two PPIn-binding sites, which are both
localized at the rim of the B-propeller, and the side chains of each arginine within the
conserved FRRG motif participate in the coordination of PPIn lipids within both binding
pockets (Figure 2e; Krick et al., 2012; Baskaran et al., 2012). Interestingly, PROPPINSs are
thought to bind to membranes with an edge-on geometry that involves the insertion of
aromatic residues into the membrane from within a flexible and exposed loop that protrudes
from the p-propeller core and connects the two outer strands of blade six (6CD loop;
Baskaran et al., 2012). Due to penetration into the membrane bilayer, PROPPINSs such as
Atg18 have been shown to bind more strongly to membrane-embedded PPIn lipids
compared to short chain analogs or isolated headgroups (Lemmon, 2008). Membrane
recognition is also thought to be curvature dependent and the initial targeting of the
PROPPINSs fold likely requires non-specific electrostatic interactions that are reinforced by
the selective coordination of PPIn species and insertion of the flexible 6CD loop (Busse et
al., 2015). Overall, the presence of two PPIn-binding sites, as well as a defined loop for
membrane penetration, confer PROPPINs with the ability to interact with PtdIns3P- or
PtdIns(3,5)P,-containing membranes with high avidity and affinity. Following membrane
association, the exposure of the relatively large PROPPINSs fold beyond the membrane
interface could facilitate protein-protein interactions, including a recent report describing
oligomerization of Atg18 upon binding to the membrane surface (Scacioc et al., 2017),
which are likely to contribute to the membrane-targeting and function of PROPPINSs /n vivo
(Michell et al., 2006; Busse et al., 2015).

5.8 ENTH, ANTH, and BAR Domains

In addition to selective interactions with discrete lipid headgroups, a subset of PPIn-binding
domains are able to coordinately recognize or directly influence the local degree of
membrane curvature; an important general feature of biological membranes (Antonny et al.,
2011; Baumgart et al., 2011; Jarsch et al., 2016). Examples of these specialized curvature-
sensitive binding modules include the ENTH, ANTH, and BAR domain families; which all
play important roles during complex biological processes that involve substantial membrane
deformation events (Itoh and De Camilli, 2006; Lemmon, 2008). The structurally-related
ENTH, and later ANTH, domains were originally identified based on homology to an N-
terminal region of epsin (Chen et al., 1998; Kay et al., 1999) and have since been identified
within a small family of clathrin adaptor proteins that function as important regulators of
membrane endocytosis as well as participate in additional aspects of vesicular trafficking
(Itoh et al., 2001; De Camilli et al., 2002; Legendre-Guillemin et al., 2004). The ENTH and
ANTH domains both consist of a superhelical solenoid of a-helices that are connected by
loops of varying lengths; with the ANTH domain C-terminally extended by one or more a-
helices compared with the ENTH domain (Itoh and De Camilli, 2006). Despite structural
similarities and a shared preference for PtdIns(4,5)P,, the PPIn-binding modes observed for
the ENTH and ANTH domains are quite distinct. Briefly, the structure of the epsin ENTH
domain shows that binding of the PtdIns(4,5)P, occurs within a well-defined pocket that
makes extensive contacts with both the PPIn headgroup and glycerol backbone (Figure 3a,b;
Ford et al., 2002); whereas the coordination of PtdIns(4,5)P, by the ANTH domain relies on
interactions between the PPIn phosphate groups and a surface-exposed patch of basic
residues, formed by helices a1 and a2, that appears to be part of a consensus KxgKx(K/R)
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(H/Y) PPIn-binding motif (Ford et al., 2001; Mao et al., 2001; Itoh and De Camilli, 2006).
An amphipathic a-helix located at the N-terminus, referred to as helix a0, was unseen in
previous crystal structures of the ANTH domain (Ford et al., 2001; Miller et al., 2011) and
therefore, was thought to be a specific structural feature of the ENTH domain (Ford et al.,
2002). However, recent studies have identified helix a0, which turns out to be an extension
of helix a1, within a variety of ANTH domains (Silkov et al., 2011); including detailed
functional characterizations of helix a.0 in the ANTH domain of the ubiquitous mammalian
clathrin adaptor CALM (clathrin-assembly lymphoid myeloid leukaemia protein; Miller et
al., 2015). Interestingly, helix 0 is unstructured in both the ENTH and ANTH domains, but
becomes ordered upon binding to Ptdins(4,5)P, (Ford et al., 2002; Miller et al., 2015).
PtdlIns(4,5)P,-induced structural rearrangements allow the hydrophobic face of helix a.0 to
penetrate deeply into targeted membranes to promote positive curvature through localized
deformation of the membrane leaflet (Ford et al., 2002; Stahelin et al., 2003b; Kweon et al.,
2006; Yoon et al., 2010; Lai et al., 2012; Miller et al., 2015). Unlike the ANTH domain, the
ordered helix a.0 of the ENTH domain contacts the PPIn headgroup within the binding
pocket; seemingly to confer additional stereospecificity and possibly slow membrane
dissociation kinetics (Hyman et al., 2000; Ford et al., 2002; Stahelin et al., 2003b; Lemmon,
2008). Consequently, relative to ENTH domains, the ANTH domain possesses relatively low
affinity for PtdIns(4,5)P, and is also quite promiscuous in terms of PPIn selectivity
(Lemmon, 2003; Stahelin et al., 2003b). The apparent differences in the PPIn-binding
modalities, as well as subtle discrepancies in the depth of the helix a0 insertion, support the
idea that membrane-binding of proteins containing the ENTH and ANTH domains are likely
to serve distinct functional roles during endocytosis. However, a recent cryo-electron
microscopy study of clathrin adaptors from yeast suggests that ENTH and ANTH domains
may co-assemble in a PtdIns(4,5)P,-dependent manner and form an organized oligomeric
lattice that links polymerized clathrin to the membrane during remodeling events essential
for endocytosis (Skruzny et al., 2015). The regular patterning of the ENTH and ANTH
domains appears to require ENTH-mediated contact with the membrane leaflet through both
its amphipathic a0 helix and PtdIns(4,5)P,-binding pocket, while the ANTH domain
stabilizes the oligomer by contacting the ENTH domain but not the membrane (Skruzny et
al., 2015). The extent to which this assembly occurs within other model systems has yet to
be determined; although, in addition to a potential role in protein-protein interactions,
membrane insertion of the ANTH domain from CALM appears to play an important role in
promoting membrane curvature and defining the size of clathrin-coated vesicles in mammals
(Miller et al., 2015). Overall, these studies identify an essential role for localized PPIn-
binding by the ENTH and ANTH domains during the coordinate regulation of clathrin-
mediated endocytosis. Future studies investigating the temporal relationship and interactions
between ENTH and ANTH domain-containing effectors are still required to understand how
the handling of PPIn lipids, and PtdIns(4,5)P, in particular, is controlled during the
formation of a clathrin-coated vesicle.

In addition to the ENTH and ANTH domains, proteins possessing domains from the BAR
superfamily are also thought to promote as well as sense membrane curvature (Frost et al.,
2009; Qualmann et al., 2011; Mim and Unger, 2012; Simunovic et al., 2015; Salzer et al.,
2017). In general, several structurally-related groups exist within the BAR superfamily, with
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classifications based primarily on distinct elaborations of the classical BAR domain fold,
and include the well-characterized N-BAR (N-terminal helix BAR), F-BAR (extended Fes/
CIP4 homology BAR), and I-BAR (inverse-BAR) domain sub-types (Qualmann et al.,
2011). Although these groupings share relatively little sequence similarities and lack
signature motifs, all BAR superfamily domains possess a characteristic anti-parallel helical
bundle of coiled-coils that interact to form a variety of curved dimeric modules (Figure 3c;
Salzer, 2017). Depending on the oligomerization properties of the domain and the shape of
the binding surface, BAR superfamily domains can generate positive (N-BAR, and F-BAR,;
Peter et al., 2004; Shimada et al., 2007) or negative (I-BAR; Millard et al., 2005) membrane
curvature, as well as, in relatively few cases, function to stabilize planar membrane sheets (I-
BAR; Pykalainen et al., 2011). The membrane-binding interface of each BAR domain
contains a series of positively-charged patches, each representing a relatively weak
membrane-binding site, which only cooperate with one another if the geometry of the
membrane conformers to the degree of curvature defined by the assembled BAR module
(Moravcevic et al., 2012). This method of binding relies on delocalized electrostatic
attraction, rather than specific coordination of lipid headgroups, and most BAR domains
show a general preference for anionic lipids; including targeting to membranes enriched
with PtdIns(4,5)P, and PtdSer (Moravcevic et al., 2012; Salzer, 2017). However,
functionally-distinct binding modes and different lipid sensitivities are apparent across the
BAR superfamily; including the description of a selective PPIn-binding site within the F-
BAR domain from a conserved yeast RnoGAP (Moravcevic et al., 2015). Additionally,
analogous to the ENTH and ANTH domains, the elaborated canonical BAR domain fold of
N-BAR, as well as certain I-BAR domains (Saarikangas et al., 2009), possess amphipathic
a-helices that can be inserted into membranes to potently induce curvature (Masuda et al.,
2006; Gallop et al., 2006; Mim et al., 2012). Penetration of the amphipathic a-helix, and
therefore the membrane deformation activity, is thought to be controlled by the local
concentration of PtdIns(4,5)P, (Mattila et al., 2007; Yoon et al., 2012). Interestingly, the
ability of BAR domains to function as diffusion barriers that can restrict membrane PPIn
dynamics has also been proposed to be a general feature of the BAR superfamily (Zhao et
al., 2013) and may serve to coordinate the scaffolding of additional effectors at sites of
membrane deformation. Independent of the recruitment of additional effectors, the presence
of flanking PPIn-binding PX (PX-BAR domains; Pylypenko et al., 2007) or PH (BAR-PH
domains; Li et al., 2007; Zhu et al., 2007) domains can also direct a subset of BAR domains
towards membranes enriched with anionic PPIn lipids (Frost et al., 2009). In fact, recent
evidence for coincidence detection and intermolecular communication between BAR
domains and the classical PPIn-coordinating modules in PX-BAR (Pyplypenko et al., 2007;
Daste et al., 2017; Lo et al., 2017; Schéneberg et al., 2017) and BAR-PH domains (Pang et
al., 2014; Chan et al., 2017), suggests that PPIn lipids are likely to function as complex
regulators of BAR domain activities. Consequently, despite the relatively non-specific
interactions of BAR superfamily domains with PPIn lipids, the ability of BAR domains to
couple curvature-sensing and scaffolding roles with the recruitment of additional PPIn-
binding elements allows for these domains to shape the complex inter-relationship between
membrane PPIn levels and the local architecture of the membrane. Importantly, in addition
to this short overview, the structural and regulatory features of the ENTH, ANTH, and BAR
domains, as well as the relationship between these domain families and the regulation and
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sensing of membrane curvature, will be explored in further detail within other chapters of
this volume.

6. PPIn-Interacting Domains from Prokaryotic Effector Proteins

The reversible recruitment of peripheral proteins using membrane-embedded PPIn lipids is
not a unique feature of eukaryotes and many pathogens target host cell membranes using
PPIn-mediated interactions (Ham et al., 2011; Altan-Bonnet and Balla, 2012). The
demonstrated ability of secreted bacterial effectors to target specific PPIn lipids within
defined subcellular compartments highlights the need to better understand the structural
features that control such selective and high affinity membrane interactions. Although new
evidence for PPIn-dependent membrane targeting by prokaryotic peripheral proteins
continues to emerge, the binding motifs identified in secreted bacterial proteins to date lack
significant sequence or structural homology with the eukaryotic PPIn-binding domains
described above. That said, it is interesting to note that a prokaryotic origin for the PH
domain superfold has been suggested from sequence analysis and structural studies (Xu et
al., 2010); however, the role of bacterial PH-like domains remains unclear and appears to
primarily involve mediating protein-protein interactions rather than functioning as PPIn-
targeting modules. Consequently, rather than exploring distant homology with known
eukaryotic PPIn-coordinating domains, within this section we will describe the unique
protein folds used by known PPIn-binding effectors from prokaryotes and focus specifically
on those with descriptions of stereospecific PPIn coordination. In particular, virulence
factors SidC and SidM of the intracellular parasite Legionella pneumophila have been shown
to anchor to the replication-permissive Legionella-containing vacuole (LCV) through direct
interactions with PtdIns4P (Ragaz et al., 2008; Brombacher et al., 2009; Schoebel et al.,
2010). The exquisite specificity of the Ptdins4P-binding domains from SidC and SidM have
both been exploited to generate unbiased probes that can be used to detect the major steady-
state pools of PtdIns4P in living cells (Hammond et al., 2014; Luo et al., 2015). The recent
descriptions of highly specific bacterial PPIn-binding domains, as well as their obvious
therapeutic relevance, has reinforced the need to understand the unique features that define
the selective recognition of host membranes by secreted bacterial effectors.

Structural analyses of SidC revealed a novel PtdIns4P-binding fold, called the P4C
(PtdIns4P binding of SidC) domain, which was comprised of a four a-helical bundle with
the PtdIns4-Pcoordinating pocket forming from a collection of cationic residues at one end
of the bundled domain (Figure 4a; Luo et al., 2015). Two conserved arginine residues, R652
and R638, significantly contribute to the overall charge of the P4C pocket and likely
coordinate the Ptdins4P headgroup directly (Luo et al., 2015). In addition to the electrostatic
potential, two hydrophobic patches present on the L1 (W642, W643, and F644) and L2
(W704 and F705) loops that surround the PtdIns4P-binding pocket may also facilitate
membrane insertion of the PAC (Luo et al., 2015). Importantly, mutation of the electrostatic
or hydrophobic features of the P4C significantly reduced membrane binding /n vitroand
could abolish localization to the LCV within cells (Luo et al., 2015). PtdIns4P-binding by
the PAC domain was not only requisite for the localization of SidC to the LCV, but,
interactions between P4C and PtdIns4P also stimulated the E3 ligase activity of SidC;
presumably through a conformational switch that functions to extend the P4C domain and
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uncover the ubiquitin ligase catalytic site of the SNL (SidC N-terminal E3 ligase) domain
(Luo et al., 2015). As discussed previously, this type of allosteric regulation by interactions
with membrane-embedded PPIn lipids is well characterized in eukaryotes; although, the
need for secreted bacterial proteins to communicate directly with the host cell machinery
appears to prioritize dynamic domain reorganizations and coincident-binding regulation
during the membrane recruitment of many bacterial effectors.

Another secreted Legionella effector SidM, which functions as a GEF and
adenylytransferase that is specific for the host Rabl GTPase (Machner and Isberg, 2006;
Ingmundson et al., 2007), also contains a novel PtdIns4P-binding module (P4M) that has
high affinity and specificity for PtdIns4P (Schoebel et al., 2010; Zhu et al., 2010; Del Campo
et al., 2014). Unlike the PAC domain, the structural basis for stereospecific recognition of
PtdIns4P by the P4AM has been determined explicitly (Figure 4b; Del Campo et al., 2014).
The structure of the P4M fold consists of six a-helices (a10- a15) and an ordered loop (L¢)
that connects the lipid-binding module to the catalytic GEF domain (Del Campo et al.,
2014). The base of the electropositive PtdIns4P-binding pocket is supported by three parallel
helices (a1l, a12, and a15), while, at the top of the domain, residues from helices a 10,
al3, al5, and the L¢ contact the DAG backbone to envelope the PtdIns4P headgroup (Del
Campo et al., 2014). Coordination of the 4-position phosphate includes contributions from
basic and polar residues that define a deep and narrow cavity that shows significant
complementarity for the PtdIns4P headgroup while also excluding optimal binding
modalities for other PPIn species (Del Campo et al., 2014). PH and PX domains have also
been identified with deep PPIn-binding pockets, while the stereospecific coordination of the
1- and 4-position phosphate groups by the P4M certainly resembles the basic and polar
networks characterized for many PH domains (Moravcevic et al., 2012; Del Campo et al.,
2014). Alongside the constricted PtdIns4P-binding pocket, the a.14 helix also extends well
above the binding pocket and contains several leucine residues (L610, L614, L615, and
L617) that appear to function as an elaborated version of the putative membrane insertion
elements found in the PAC domain or those present in other eukaryotic PPIn-coordinating
domains (Del Campo et al., 2014); including similarity to the examples discussed above for
the PX and FYVE domain families. Importantly, penetration of SidM into Ptdins4P-
containing monolayers was dependent on the density of Ptdins4P present within the
membrane and not the general electrostatic character of the membrane interface (Del Campo
et al., 2014). This suggests that stereospecific recognition of the PtdIns4P headgroup by
P4AM likely determines the extent of interfacial insertion and subsequent hydrophobic
anchoring of SidM within cellular membranes (Del Campo et al., 2014). Overall, the unique
structure and exquisite selectivity of the helical P4M fold suggests that the added depth of
the binding pocket, resulting from an exaggerated membrane insertion, may help to convey
enhanced specificity during PPIn-binding interactions. Understanding the complex inter-
relationships between electrostatic and hydrophobic features that support selective PPIn-
binding, especially across diverse model systems, represents an important step for defining
conserved sequence features that contribute to PPIn-selective membrane interactions during
the dynamic regulation of peripheral protein functions.

Outside of the detailed investigations into SidC and SidM interactions with PtdIns4P,
relatively few studies have characterized stereospecific coordination of PPIn species by
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bacterial protein domains. Though lacking structural descriptions, other Legionella effectors
have also been shown to require PPIn-binding, including PtdIns3P-specific binding during
the recruitment of SetA (subversion of eukaryotic traffic A) to early endosomes (Jank et al.,
2012) as well as for dynamic associations of LpnE (Legionella pneumophila entry) with the
LCV (Weber et al., 2009). The cytoskeletal effector ActA (actin assembly-inducing protein)
from Listeria monocytogenes, which binds to monomeric actin (Skoble et al., 2000;
Zalevsky et al., 2001) and the Arp2/3 actin nucleation complex (Welch et al., 1998) to drive
actin-dependent motility of the bacteria inside of host cells, is also able to interact with
PtdIns(4,5)P, or PtdIns(3,4,5)P3 using a small sub-region within the N-terminal domain
(Cicchetti et al., 1999; Steffen et al., 2000; Sidhu et al., 2005). More generally, a broad series
of bioinformatic and functional analyses identified a putative family of bacterial PPIn-
binding domains (BPDs) within functionally diverse effectors from the type I1I secretion
systems of both animal and plant pathogens (Salomon et al., 2013). Secondary structure
predictions and NMR analysis identified a common BPD fold consisting of two B-strands
followed by two a-helices; which is somewhat similar to the topology of the eukaryotic PX
domain structure of three short -strands followed by three or four a-helices (Salomon et al.,
2013). Predicted BPD domains from phylogenetically-distinct effectors were shown to bind
diverse PPIn species, although the most thorough evidence for BPD-mediated interactions
with PPIn lipids emerge from studies showing the selective recognition of PtdIns(4,5)P, by
the Vibrio parahaemolyticus effectors VopR (Vibrio outer protein R) and VopS (Vibrio outer
protein S). Interestingly, biophysical studies of VopR showed that the BPD domain is
unfolded in solution and significantly increases in secondary structure in the presence of
PtdIns(4,5)P,, but not other PPIn species; outlining a possible role for PPIn lipids during the
refolding of bacterial effectors after entering into host cells (Salomon et al., 2013). Another
conserved bacterial domain capable of associating with PtdIns(4,5)P, was also described in
the Pseudomonas cytotoxin ExoU (exoenzyme U; Tyson et al., 2015). Briefly, solution
structures obtained in the absence of the PPIn headgroup show that the C-terminal
membrane localization domain (MLD) of ExoU is organized as a four-helical bundle and
possesses a conserved arginine residue (R616) protruding from the cap of the bundle that is
required for PtdIns(4,5)P, binding /n vitro as well as for PM targeting of ExoU within cells
(Tyson et al., 2015). Additional polar and charged residues that line surface-exposed pockets
formed by the intervening loops of the helical bundle may also assist in Ptdins(4,5)P»
coordination; however, it is interesting to note that any conserved hydrophobic residues are
buried within the MLD and are not likely to assist with membrane binding (Tyson et al.,
2015).

Taken together, the novel bacterial domain structures that have been described help to
reinforce the importance of electrostatic and polar residues for coordination of the anionic
PPIn headgroup, as well as highlight the potential for hydrophobic contacts and membrane
insertion for enhanced PPIn-binding specificity. Future structural and biophysical studies of
the putative membrane-binding regions described in other prokaryotic effectors should help
to identify a wider array of PPIn-interacting folds and may also lead to the identification of
conserved prokaryotic PPIn-binding domains. These efforts will require high-throughput
screening to more efficiently identify PPIn-interacting bacterial effectors. Along these lines,
a recent study has carried out a systematic characterization of the membrane-binding
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properties and subcellular localization of close to 200 different type 111 and 1V secreted
effectors from six bacterial pathogens using yeast as a cellular model (Weigele et al., 2017).
This screen identified 57 membrane-associating effectors, including 23 proteins that
exhibited changes in localization following isogenic knockout or conditional repression of
endogenous yeast PPIn kinases (Weigele et al., 2017). Additional /n vitro binding studies
identified 10 effectors with high affinity for PPIn lipids, but most effectors associated with
multiple PPIn species; suggesting non-specific electrostatic interactions rather than PPIn-
selective recognition (Weigele et al., 2017). Indeed, of the identified PPIn-bindings proteins,
detailed studies of the Shigella flexnerifactor IpgB1, a known membrane effector and
functional mimetic of Rho-family GTPases (Alto et al., 2006; Handa et al., 2007), showed
that PPIn recognition occurred through an N-terminal amphipathic helix enriched with basic
residues (Weigele et al., 2017). Consequently, although this screen failed to identify
effectors with clearly defined PPIn-coordinating pockets, these studies continue to highlight
the breadth and diversity of the PPIn-binding strategies employed by prokaryotic effectors,
including a conserved strategy that capitalizes on polybasic targeting of anionic PPIn
headgroups. More expansive screens that incorporate PPIn-specific immobilization
strategies and mass spectrometry, as described for the unbiased characterization of the
mammalian PPIn-interacting proteome (Jungmichel et al., 2014), may help to reveal
additional bacterial PPIn-binding effectors with more selective membrane recognition
strategies. Nonetheless, these collected examples help to demonstrate the convergence of
membrane-targeting strategies employed by eukaryotic and prokaryotic peripheral proteins,
which also reflects the absolute conservation of PPIn lipids as integral regulatory
components within biological membranes.

7. Non-vesicular Lipid Transport and PPIn-Coordinating Lipid-Transfer

Domains

The appearance and redistribution of unique PPIn species within distinct subcellular
membranes strongly suggests that local production or dynamic trafficking of inositol-
containing lipids must occur to maintain PPIn availability. How newly synthesized lipids,
and PtdIns in particular, are transported between membrane compartments has become a
central question with significant implications for understanding fundamental questions
throughout cell biology. Communication between the ER, the primary site of phospholipid
biosynthesis, and many distant membrane compartments, including the distal PM, was long
thought to be regulated by bulk membrane transfer through the vesicular trafficking system;
but, it has recently been demonstrated that specialized lipid-transfer proteins (LTPs) can act
to transport lipid monomers across aqueous spaces and between membranes independent of
budding vesicles (Lev, 2010; Prinz, 2010; Drin, 2014). Non-vesicular lipid transport occurs
primarily at specialized membrane interfaces, enriched with high-specificity molecular
tethers, which are referred to as membrane contact sites (MCSs; Eisenberg-Bord et al., 2016;
Jain and Holthuis, 2017; Muallem et al., 2017). The formation and dynamics of MCSs has
become an increasingly important component of the regulatory mechanisms contributing to
cellular membrane remodeling as they allow for the exchange of lipid isomers between
organelles possessing different bulk properties. Directional movement of lipids at MCSs
occurs by using intrinsic concentration gradients that are maintained through a combination
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of bulk vesicular trafficking and lipid transfer cycles, which ultimately function as part of
the machinery used to define subcellular membrane identity. The lipid transport actions of
LTPs are mediated by complex interactions with membrane surfaces and the associated
transitions between distinct conformational states appear to confer the selectivity as well as
directionality of the lipid transfer process (Chiapparino et al., 2016; Tong et al., 2016). In
this section, we will describe the molecular features controlling the specific recognition of
PPIn species by lipid transfer domains from eukaryotic families of LTPs. Despite the
apparent structural diversity of LTPs, the functional lipid-binding cavities involved in lipid
transfer exhibit similarities in their overall architecture and general mode of cargo
recognition (Chiapparino et al., 2016). By examining the PPIn-binding modalities used
across different families of LTPs, we will attempt to identify conserved strategies for PPIn
recognition that emerge from comparing PPIn-selective lipid-transfer domains (LTDs) with
the diversity of PPIn-binding folds already described.

7.1 PtdIns4P Transport by ORPs

PtdIns4P has emerged as an important cargo that can be used to drive the counter-exchange
of other lipid species at MCSs, including foundational studies demonstrating lipid fluxes at
ER-Golgi (Mesmin et al., 2013) and ER-PM contacts (Chung et al., 2015; Moser von Filseck
et al., 2015a). Movement of PtdIns4P into the ER can be coupled with Ptdins recycling
through the activity of the ER-resident PPIn phosphatase Sacl (suppressor of actin
mutations 1-like), which dephosphorylates PtdIns4P to produce Ptdins (Stefan et al., 2011).
The extent to which Sacl contributes to steady state PtdIns levels or metabolic-tunneling of
PtdIns towards PPIn re-synthesis remains an active area of research. However, most
importantly, the ability of LTPs to solubilize and transport PtdIns4P across membrane
compartments that are defined by different PPIn-modifying enzymes provided a molecular
mechanism for cells to generate PPIn lipid gradients (Kim et al., 2013b; Jackson et al., 2016;
Wong et al., 2017). Throughout these studies, the molecular driving force responsible for the
non-vesicular movement of Ptdins4P was shown to involve members of the oxysterol-
binding protein (OSBP)-related protein (ORP) family of eukaryotic LTPs. As implied from
their name, the ORP family of LTPs were originally thought to regulate the transport of
sterols, but can also transfer other lipid cargoes; including a conserved role in the
recognition and extraction of PtdIns4P (Kentala et al., 2016; Tong et al., 2016). Among the
best-studies ORPs include the seven yeast ORP homologs (Osh1-Osh7), but more recent
work has been focused on the repertoire of 12 ORP-encoding genes in humans; which give
rise to 16 human ORP variants through alternative translation or splicing (Jaworski et al.,
2001; Lehto et al., 2001). In general, ORPs are cytosolic proteins that possess a combination
of sequence features that are collectively used to control protein-protein interactions or
membrane targeting; including representative ORPs with N-terminal PH domains (Levine
and Munro, 1998) or centralized FFAT (two phenylalanines (FF) in an acidic tract) motifs
(Loewen and Levine, 2005), as well as some homologs possessing ankyrin repeats
(Johansson et al., 2003; Tong et al., 2016). Not surprisingly, as discussed above in Section
5.1, the PH domains of ORPs are used for membrane targeting, including specific binding to
PPIn species (Tong et al., 2016); whereas the FFAT motif present in some ORPs directly
binds to ER-resident proteins called VVAPs (vesicle associated membrane protein (VAMP)-
associated proteins; Loewen and Levine, 2005; Weber-Boyvat et al., 2015; Murphy and
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Levine, 2016) that function to attach ORPs to the surface of ER membranes. Interestingly,
two closely-related human ORPs, ORP5 and ORPS8, are unique in that they contain a C-
terminal transmembrane domain that anchors them within the ER (Yan and Olkkonen, 2008;
Du et al., 2011); although the lipid-interacting PH and lipid-transfer domains are still
capable of accessing lipids in adjacent membrane compartments when localized to MCSs
(Chung et al., 2015).

Despite diversity in their domain organizations and recruitment to subcellular membranes,
ORPs can all be identified at the sequence level by a C-terminal OSBP-related domain
(ORD) containing a conserved N-terminal oriented signature motif, defined as EQVSHHPP,
which is important for controlling cellular functions (Tong et al., 2016). The fold of the
ORD from ORPs is unigue among the known eukaryotic LTPs and although the structures
determined to date are limited to Osh homologs from yeast, sequence conservation and
functional studies of mammalian ORPs strongly support the ability of these proteins to
facilitate lipid extraction and transport. The first solved structure reported from the yeast
ORP homolog Osh4 shows the characteristic topology of the ORD, consisting of a
hydrophobic tunnel that runs through a near complete central B-barrel that is built around an
anti-parallel B-sheet of 15 B-strands (Figure 5a; Im et al., 2005). The extreme N-terminus
contains a small amphipathic a-helix (al) that is connected to a flexible loop, which
attaches to an elongated antiparallel bundle consisting of a two stranded p-sheet (81-p2) and
three a-helices (a2-a4), and functions to close the incomplete B-barrel by forming one wall
of the central lipid-binding tunnel (Im et al., 2005). An elongated C-terminal subdomain
follows the base of the central B-barrel and projects to exterior surface where the a.5, a6,
and a7 helices line one-side of the tunnel opening (Im et al., 2005). Interestingly, the region
comprising the N-terminal lid is thought to remain highly flexible in the unbound state, but
is stabilized in a closed conformation through direct interactions with lipid cargoes (Im et
al., 2005). Compared with the sterol-bound structure, the loss of interactions between the
lipid cargo and residues lining the lid causes a conformational change that not only opens
the tunnel but also reorganizes the a7 helix and B1 strand, which significantly shifts a
conserved cluster of basic residues that is present at the tunnel entrance (Im et al., 2005).
The conformational dynamics linking ligand-binding and the movements of the N-terminal
lid help to define early models for membrane-binding cycles that would facilitate the
acquisition and deposition of lipid cargoes by ORPs. However, these initial studies defining
the ORD fold from Osh4 also showed that the sterol binding site was poorly conserved
throughout the ORPs, but that the N-terminal lid and basic cluster were present in all ORP
homologs and might function during the transport of non-sterol ligands (Im et al., 2005).

Subsequent experiments using /n vitro liposome transfer assays demonstrated an interesting
relationship between the rate of Osh4-mediated sterol transport and the presence of PPIn
lipids (Raychaudhuri et al., 2006; Schulz et al., 2009). PtdIns4P-dependent inhibition of
sterol transfer activity led to the eventual discovery of competitive binding between PtdIns4P
and sterols for the Osh4 internal binding site (Saint-Jean et al., 2011). As predicted from the
in vitro lipid transfer data, the solved structure of Osh4 bound to Ptdins4P showed that the
PtdIns4P-coordinating pocket overlaps with the defined sterol-binding site (Figure 5a; Saint-
Jean et al., 2011). PtdIns4P-recognition occurs with the backbone acyl chains occupying the
central hydrophobic tunnel and the phosphorylated inositol headgroup being recognized by a
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shallow pocket at the tunnel entrance that is covered by the N-terminal lid, which also wraps
the glycerol moiety (Saint-Jean et al., 2011). The 4-position phosphate group makes direct
hydrogen bonds with the side chains from a conserved arginine (R344) in the a7 helix as
well as with H143 and H144 within the B4-B5 sheets; which are now known to define the
conserved OSBP-specific EQVSHHPP signature motif (Saint-Jean et al., 2011).
Alternatively, the 1-position phosphate group that bridges the inositol ring and glycerol
backbone forms hydrogen bonds to conserved lysine residues in the p4 sheet (K109) and a.7
helix (K336; Saint-Jean et al., 2011). This general model for the specific recognition of
PtdIns4P is also observed in the subsequent PtdIns4P-bound ORD structures obtained from
Osh3 (Tong et al., 2013) and Osh6 (Moser von Filseck et al., 2015a). The strict sequence
conservation of the residues that contact the Ptdins4P headgroup in the ORP homologs
strongly suggests that Ptdins4P is a common ligand for the ORP family of LTPs (Saint-Jean
etal., 2011; Tong et al., 2016). However, despite the demonstrated structural and functional
conservation for PtdIns4P recognition, variations in the topology of the central hydrophobic
binding pockets of Osh3, Osh4, and Osh6 together indicate that the identity of secondary
ligands, such as sterols or other phospholipids, may be unique to individual ORPs (Tong et
al., 2016). As outlined above, Osh4 shows clear structural features that facilitate the
coordination of sterols along with PtdIns4P (Im et al., 2005). Alternatively, the Osh3 ORD
shows a constricted pocket that excludes sterols (Tong et al., 2013), while Osh6 possesses a
deeper hydrophobic tunnel that can accommaodate the elongated acyl chains from an
alternative secondary ligand, PtdSer (Moser von Filseck et al., 2015a). Regardless of the
cargoes involved, the structural dynamics associated with the loading of lipids into the ORD
remains unknown. Recent studies of Osh4 suggest that the directionality of lipid transfer is
influenced by intermolecular interactions with the bound cargo, as well as the anionic
character of the local membrane environment; which both regulate the movements of the N-
terminal lid (Moser von Filseck et al., 2015b). Unfortunately, results from molecular
dynamics simulations of Osh4 have been unable to investigate the role of dynamic gating of
the ORD gating during membrane interactions, but these approaches do identify complex
contacts with the membrane surface that involve multiple binding regions, including some
that run along the length of the molecule and anti-parallel to the entrance of the ORD, which
appear to result from a rotation of the fold once it is anchored at the membrane (Rogaski and
Klauda, 2012; Monje-Galvan and Klauda et al., 2016). Clearly, additional biophysical
descriptions of ORPs at the membrane interface will be required to elucidate the orientation
of the binding pocket as well as for defining the role of the N-terminal lid during cargo
loading. The relative lack of information regarding the initial events contributing cargo
recognition, in particular, make it difficult to understand how PtdIns4P binding can occur
with the anionic headgroup oriented at the top of the binding pocket and fatty acyl chains
buried within the hydrophobic core of the ORD.

As outlined above, while the majority of the early studies characterizing ORPs have emerged
from yeast, PtdIns4P-specific binding and transport activity has been established for many
mammalian ORP homologs, including: OSBP (Mesmin et al., 2013), ORP4 (Charman et al.,
2014), ORP5 (Chung et al., 2015), ORP8 (Chung et al., 2015), and ORP9 (Liu and Ridgway,
2014). However, the identity of the secondary ligands used by most ORPs remains unclear;
especially considering the demonstrated roles for ligand-induced conformational dynamics
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in ORP functions as well as the importance of localized lipid gradients during the control of
transfer activity. One of the best examples for the heterotypic exchange of lipid cargoes by
mammalian ORPs comes from elegant studies demonstrating the bi-directional movement of
PtdIns4P and PtdSer by ORP5 and ORP8 at MCSs between the ER and PM (Chung et al.,
2015). This counter-transport mechanism was shown to be important for the homeostatic
regulation of PM composition and revealed an intricate relationship between PtdIns4P
gradients and PtdSer metabolism that was dependent on ORP5- and ORP8-mediated lipid
exchange (Chung et al., 2015; Sohn et al., 2016). A more recent study of ORP5 and ORP8
functions has suggested that their ORD domains interact with multiple PPIn species and
identify PtdIns(4,5)P,, in particular, as the primary lipid-transfer substrate for ORP8 (Ghai
etal., 2017). At this time, it is unclear how the structural descriptions of the ORD fold,
including those from the closest yeast homolog Osh6, can be reconciled with the proposed
PtdIns(4,5)P,-transfer function of ORP8. It also remains unclear whether the transfer of
PtdIns(4,5)P, is as universal as the ability of ORPs to bind and transport PtdIns4P, as well as
whether inter-domain communication within ORPs during the lipid-recognition process
contributes to the regulation of the lipid exchange cycle.

7.2 Ptdins Interactions with LTPs

Studies examining PPIn metabolism and redistribution have been hampered by the fact that
there is still a general lack of understanding with regards to how the synthesis as well as
transport of PtdIns occurs. Interestingly, putative Ptdins-transfer proteins (PITPs) have been
identified that are thought to rapidly exchange PtdIns, as well as other lipid cargoes, from
donor to acceptor membranes and may also contribute to the allosteric control of other
membrane-associated proteins or as modules for presenting bound cargo to PtdIns-
modifying enzymes (lle et al., 2006; Grabon et al., 2015; Wong et al., 2017). Outside of the
molecular mechanisms involved, the proposed cellular roles for PITPs include the regulation
of membrane trafficking and organelle biogenesis, as well as important roles within
intracellular signal transduction networks (Kim et al., 2013b). In particular, two major
families of eukaryotic PITPs have been identified based on either homology to the yeast
protein Sec14 (Sec14-like; Grabon et al., 2015) or as part of a larger superfamily of related
proteins that have a conserved StARKin (related (kin) to steroidogenic acute regulatory
protein-related and Bet v 1) lipid-transfer domain (StARKin-related or Class I and 1l PITPs;
Wong and Levine, 2016; Wong et al., 2017). Within this section, we will review the unique
structural characteristics of each of these families of PITPs and attempt to highlight the
features responsible for the selective recognition of lipid cargoes.

7.2.1 Secl4-Like PITP Domains—Studies examining the structure and functions of
PITPs have been centered around the Sec14-like homologs (Grabon et al., 2015). The yeast
Secl4 protein was originally described as a major regulator of phospholipid composition in
membranes of the frans-Golgi network, making them permissive for vesicular transport
(Bankaitis et al., 1989; Bankaitis et al., 1990; Salama et al., 1990; Ile et al., 2006). In
addition to Sec14, five Sec14-like homologs are found in yeast (Sfh1-Sfh5) that all perform
cellular functions related to lipid metabolism (Grabon et al., 2015). Many proteins
containing Sec14-like domains are also present in higher eukaryotes and several
phylogenetically-distinct proteins with sequence similarities to the conserved Sec14-like

Adv Exp Med Biol. Author manuscript; available in PMC 2021 July 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pemberton and Balla

Page 32

domain also show lipid transfer activities (Bankaitis et al., 2010; Kim et al., 2013b). Despite
some controversy regarding their activities, the Sec14-like domain fold is thought to
function as a dual lipid recognition module, similar in function to the ORPs, with selectivity
and /n vitro lipid transfer activity towards PtdIns and the amino-phospholipid
phosphatidylcholine (PtdCho; Cleves et al., 1991; Bankaitis et al., 2010). Structural
descriptions of the Sec14-like domain come predominantly from the yeast, including an
open structure of the founding Sec14 protein, which lacks a lipid cargo, and lipid-bound
structures from the Sec14 homolog Sfh1l. The unbound Sec14 structure shows that the
functional core of the fold is composed of two distinct subdomains consisting of a C-
terminal hydrophobic pocket and helical N-terminal domain that are held together by
hydrophobic stacking interactions (Figure 5b; Sha et al., 1998). The large hydrophaobic
pocket at the C-terminus is formed by six p-strands (B1-p6) that constitute the floor of the
binding pocket with the sides of the binding cavity being lined by helices a8 and a9 on one
side, as well as helices a 10, 31y (T)4, and a.11 on the other (Sha et al., 1998). The
hydrophobic pocket is supported by an extended string motif that stretches around the floor
of the central p-sheet (Sha et al., 1998). Within the N-terminal domain, a tripod-like motif
comprised of helices a2, a3, and a4 is essential for membrane targeting, while the
adjoining a5 helix may also help to support the hydrophobic core by surrounding central
helices a8 and a9 (Sha et al., 1998). In this open conformation, core helices a9 and a10/T4
that line the lipid-binding pocket are bent away from one another to increase the volume of
the cavity (Sha et al., 1998). Furthermore, a string of hydrophobic residues are found along
the solvent-exposed surface of helices a10/T4, with their side chains oriented away towards
the membrane interface (Sha et al., 1998). Movement of the a10/T4 helices away from the
surface of Sec14 was proposed to facilitate insertion of the hydrophobic side chains into the
inner leaflet of the membrane bilayer, which would open the hydrophobic pocket and allow
for the deposition of phospholipid cargoes (Sha et al., 1998). Retraction of the a10/T4
helices from the membrane and toward the protein core would subsequently facilitate
phospholipid extraction as a result of direct contacts between the inner face of the helices
with the fatty acyl chains of the new lipid cargo (Sha et al., 1998).

Phospholipid-bound structures of the Sec14 homolog Sfhl confirmed the dramatic
repositioning of the a10/T4 helices (a9/T3 helices in Sfhl) to gate the hydrophobic cavity
and explicitly define the closed conformation of the Sec14-like lipid-binding pocket (Figure
5b; Schaaf et al., 2008). However, it is important to note that despite sequence similarities,
Sfhl lacks true Sec14-like biological functions in yeast (Schaaf et al., 2011) and possesses
reduced lipid-transfer activities /n vitro (Li et al., 2000). That said, sequence analyses
suggest that Sfh1 and Sec14 likely share the structural motifs required for phospholipid
recognition (Schaaf et al., 2008; Schaaf et al., 2011). Interestingly, relatively few changes
are observed in the core backbone of the Sec14-like PITP domain with different lipid
occupancies (Schaaf et al., 2008). Binding of two structurally similar amino-phospholipids,
PtdCho and phosphatidylethanolamine (PtdEtn), show a conserved orientation within the
binding pocket; supported by extensive contacts between the lipid cargo and residues along
the entire face of the p-sheet as well as in the helical pillars on either side of the cavity
(Schaaf et al., 2008). However, as expected, incorporation of Ptdins within the Sfh1 lipid-
binding pocket occurred with an orientation that was distinct from the amino-phospholipids
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(Schaaf et al., 2008). Although the distal regions of the fatty acyl chains are configured
similarly, rather than the headgroup of PtdIns binding deep within the pocket, the inositol
headgroup is positioned near the protein surface; but is still shielded from the solvent by the
closed helical gate (Schaaf et al., 2008). Extensive hydrogen bonding is distributed across
the PtdIns backbone and coordination of the headgroup phosphate occurs through an
electrostatic interaction with K241 (K239 in Sec14; Schaaf et al., 2008). The hydroxyl
groups on the inositol ring also forms direct hydrogen bonds or H,O-mediated contacts with
side chains from the N-terminal tripod motif (R61 and K62, helix a2) and the helical walls
of the cavity (D209, helix a.8; D235, a.9/T3 helical gate; Schaaf et al., 2008). Overall, the
extensive hydrogen bonding network and Van der Waals contacts observed in the
phospholipid-bound Sfh1 structures are in agreement with the experimental data
demonstrating a much higher affinity of Sec14-like PITPs for PtdIns relative to PtdCho
(Schaaf et al., 2008; Bankaitis et al., 2010).

Outside of the clear differences in the coordination of the lipid headgroups, a more general
feature of the closed conformation of Sfhl, as well as the lipid-interacting surfaces mapped
within Sec14 (Smirnova et al., 2006; Smirnova et al., 2007), is the apparent immobilization
of the fatty acyl chains within the binding cavity. Interestingly, the intricate bonding network
within hydrophobic pocket is much different than that observed for the ORD domain of
ORPs, which show relatively loose nonspecific interactions between the acyl chains of lipid
cargoes and the central hydrophobic tunnel (Tong et al., 2016). The top-down binding of the
ORD, wherein the headgroup coordinating residues that line the top of the lipid-binding
tunnel and lid confer selectivity towards PtdIns4P, but do not place as many restrictions on
the identities of potential secondary ligands; including sequence-selective coordination of
sterols and PtdSer that have already been described for different ORP homologs. Conversely,
the much more restrictive hydrophobic pocket observed in Sec14 and Sfh1l clearly defines
binding modalities for both the high-affinity primary ligand, PtdIns, and the secondary
cargo; which is almost always PtdCho. These differences in binding are also reflected in the
relatively small changes in backbone structure observed during the internal occupancy of
different lipid cargoes in the Sec14-like PITP domains, compared to rather large changes in
the conformation of the mobile lid observed in the PtdIns4P- and sterol-bound structures of
the Osh4 ORD and other ORPs. That said, in terms of the functional communication
between lipid cargoes, although the binding pocket of the Sec14-like PITP domain only
accommodates a single bound phospholipid (Schaaf et al., 2008), studies using structure-
guided design of headgroup-specific binding mutants showed that selective binding of
PtdIns and PtdCho within the same molecule is required to maintain the cellular functions
performed by intact Sec14 (Schaaf et al., 2008). These data suggest that the functions of
Sec14 are defined by sequential lipid exchange cycles of Ptdins and PtdCho, rather than by
the strict lipid-selectivity or conformational transitions associated with the lipid-transfer
domain. However, the importance of conformational dynamics during Secl4-related lipid
transfer activities have been highlighted by unique experiments that used rationale
mutagenesis and directed evolution to alter the gating properties of the lipid-binding cavity
to enhance phospholipid cycling and resurrect the Sec14-like biological functions of Sfhil;
which, despite its utility for structural studies, is relatively inactive as a putative PITP
(Schaaf et al., 2011). Molecular dynamics simulations have also been used to track
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conformational rearrangements during lipid binding (Ryan et al., 2007), but were unable to
relate how the motions observed correlate with phospholipid exchange. Consequently,
despite immense effort, further experiments are still required to uncover the relationship
between the selective recognition of lipid cargoes and the explicit transport or presentation
activities of Sec14-like PITPs bound to PtdIns.

7.2.2 StARKkin-Related PITP Domains—Outside of the Sec14-like PITPs, the
prototypical and first-described mammalian PITPs were the soluble Class | PITP isoforms
PITPa and PITPB from the StARKin-related superfamily (Cockcroft and Carvou, 2007; Kim
et al., 2013b; Wong et al., 2017). Details regarding the structure and potential PtdIns-transfer
characteristics of the Class | PITPs have been uncovered, however the cellular function of
these proteins remains obscure. In general, Class | PITPs are relatively small proteins that
have high sequence identity, but show different cellular localizations; PITPa is mostly
present within the cytosol and nucleus, whereas PITPB is found associated with membranes
of the Golgi (de Vries et al., 1995; de Vries et al., 1996; Larijani et al., 2003). The StARKin-
like PITP domain of both PITPa and PITPp are capable of transferring PtdIns, and to a
lesser extent PtdCho, between natural membranes and artificial liposomes (van Paridon et
al., 1987; Wirtz, 1991; Wirtz, 1997; Segui et al., 2002); making them functionally similar to
the Sec14-like PITP domains, despite almost no sequence homology (Hsuan and Cockcroft,
2001; Kim et al., 2013b). Also analogous to the Sec14-like PITPs, independent of any lipid-
transfer functions, PITPa and PITPP have been proposed to present Ptdins to modifying
enzymes such as PPIn kinases (Cockcroft, 1999; Kular et al., 2002) and PPIn-specific
phospholipases (Snoek et al., 1999). However, as their sequences would suggest, there are
major differences in the overall structure of the Sec14-like and StARKin-related PITP
domains; including clear deviations in the orientation of bound phospholipid cargoes.

Comprehensive descriptions of the StARkin-related PITP fold come from the solved
structures of PITPa in the unbound conformation as well as in complex with PtdIns or
PtdCho lipid cargoes; although, it should be mentioned, prior structures of other StAR-
related lipid-transfer domains were also instructive (Tsujishita and Hurley, 2000; Roderick et
al., 2002; Romanowski et al., 2002). The overall architecture of the open PITP fold shows a
single phospholipid-binding pocket that is formed by the surface of a concave p-sheet made
by eight p-strands (B1-p8) and two long a-helices (oA and aF) that are tethered by a
regulatory loop and flank the core of the fold (Figure 5c; Schouten et al., 2002). Additional
functional regions include a small lipid exchange loop, containing the short aB helix, that
acts as a lid to gate access to the lipid-binding pocket as well as a C-terminal region
containing the elongated a.G helix (Schouten et al., 2002). The transport-competent
conformations of PITPa, as well as PtdCho-bound PITPB (Mordtriede et al., 2005), show the
same overall orientation and accommodate a single phospholipid within the enclosed central
cavity. Binding of PtdIns (Tilley et al., 2004) or PtdCho (Yoder et al., 2001; Vordtriede et al.,
2005) to PITPa is characterized by similar structural rearrangements of the PITP fold;
however, it is interesting to note that, opposite to the PPIn-binding LTDs of either the ORPs
or Secl4-like PITPs, the phospholipid headgroups are buried within the hydrophobic core of
the PITP fold, while the fatty acyl chains oriented outwards within two central channels
(Figure 5c; Yoder et al., 2001; Tilley et al., 2004). The similarities between the lipid-bound
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structures of PITPa have made it difficult to define the dynamics and intermediate structural
steps that contribute to the lipid exchange mechanism. In general, based on the open and
closed structures, lipid-binding results in a downward movement of the a.B helix that is
associated with flattening of the peripheral regions within the p2-p4 strands to close off the
hydrophobic cavity at the membrane interface (Yoder et al., 2001). The movement of the
lipid exchange loop is also accompanied by an inward swing of the aG helix towards the
core B-sheet and stabilization of the C-terminal tail (Yoder et al., 2001; Tilley et al., 2004).
Interestingly, within the unbound state, the widening of the core hydrophobic pocket
between the central p-sheet and helices aA and aF, as well as the formation of a smaller
entrance between the N-terminus of helix aG and the B2-B3 strands, results in the opening
of both ends of the lipid-binding cavity; effectively creating a central channel that is
supported by the relatively immobile half of the core PITP B-sheet (Yoder et al., 2001). The
presence of this hydrophaobic tunnel could be relevant during the exchange of lipid cargoes at
the membrane interface, or perhaps for the presentation of bound PtdIns to PPIn-modifying
enzymes.

Despite the similarities of the transport-competent conformations of PITPs bound to PtdIns
and PtdCho, there are clear differences in the coordination of the phospholipid headgroups
that appear to explain the differences observed in the binding affinities and transfer rates
described for the class | PITPs. Coordination of the inositol ring occurs through specific
hydrogen bonds, including selective recognition of the PtdIns headgroup by K61, N90, and
Q22 (Tilley et al., 2004). Selective binding to PtdCho and Ptdins involves recognition of the
shared phosphate moiety in both lipids by K195, which binds to one phosphate oxygen, and
residues T114 and T97 that interact with the other (Tilley et al., 2004). Residues T59 and
E86 also contact both PtdCho and PtdIns, but do so in distinctive ways; making only van der
Waals contacts with PtdCho, but facilitating hydrogen-bonding to the PtdIns headgroup
(Tilley et al., 2004). Overall, studies using site-directed mutagenesis are in agreement with
the structural data and demonstrate inhibition of Ptdins and PtdCho binding within cells as
well as in lipid transfer assays performed /n vitro. Selective reductions of Ptdins binding or
transfer, without detrimental effects on PtdCho, could be achieved by mutations to the
important inositol-coordinating residues T59, K61, E86, and N90 (Tilley et al., 2004).
However, mutations significantly inhibiting PtdCho coordination were always followed by
similar reductions in PtdIns-related binding (Tilley et al., 2004). These data suggest that the
higher affinity of the PITPs towards PtdIns likely results from the additional hydrogen
bonding network that forms between the polar inositol headgroup and the residues that line
the internal binding cavity. The mechanisms contributing to the specificity of PITPs towards
PtdCho need to be investigated in more detail and it is possible that additional secondary
lipid cargoes may be relevant /n vivo. Nevertheless, the residues that line the PITP lipid-
binding cavity are highly conserved, including a number aromatic residues that have the
potential to contribute membrane interactions during the lipid-exchange process. In fact, two
conserved aromatic residues (W203 and W204) located at the end of the a.F helix and
adjacent to helix a.G, have been shown to modulate the membrane association of Class |
PITPs and are also thought to play a role during lipid exchange (Tilley et al., 2004; Phillips
et al., 2006; Shadan et al., 2008; Yadav et al., 2015). Specifically, membrane insertion of this
hydrophobic motif has also been postulated to initiate the opening of the binding cavity by
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disrupting the C-terminal tail and dislodging the a.G helix; but no biophysical evidence for
this mechanism has been provided (Shadan et al., 2008). A more recent study using
molecular dynamics has attempted to further resolve features of the lipid exchange cycle
utilized by the StARKin-related PITPs (Grabon et al., 2017). All-atom simulations using the
open or membrane-docked conformation of PITPa identified overlapping as well as unique
regions of the PITP domain interaction surface during binding to PtdCho or PtdIns (Grabon
etal., 2017). Interestingly, after membrane association, bilayer insertion of the lipid
exchange loop was shown to facilitate the partial loading of a single PtdCho into the
hydrophobic pocket and coincident shielding of the fatty acyl chains from the bulk
membrane (Grabon et al., 2017). These studies were unable to simulate the complete
extraction of the phospholipid cargo into the PITP binding pocket, but do highlight the
inherent complexities associated with the membrane recruitment and headgoup-specific
coordination that are required for the selective transfer of lipids by PITPs.

Outside of the Class | PITPs, studies from Drosophila (Vihtelic et al., 1991; Vihtelic et al.,
1993) and, more recently, mammals have characterized three homologs of class Il PITPs:
PITPNC1 (Class 1IB), Nir2 (PITPNM1, Class 11A), and Nir3 (PITPNM2, Class 1lA; Ocaka
et al., 2005; Wyckoff et al., 2010). The only member of the Class 1B PITPs, PITPNC1, isa
soluble protein that possesses a Class I1-like PITP domain, but more closely resemble the
Class | PITPs in overall architecture (Cockcroft, 2012; Kim et al., 2013b). Alternatively, the
Class I1A PITPs are multi-domain proteins that possess an N-terminal PITP domain that is
flanked by an acidic stretch containing an FFAT motif, which, similar to some ORPs, tethers
the proteins to the ER membrane through interactions with ER-resident VAPs (Amarilio et
al., 2005). The Class I1A PITPs also contain a DDHD domain that possesses some
homology to sequence features found within a small group of intracellular phospholipase Al
(PLAZ1) proteins (PA-PLA1/DDHD1, p125/Sec23-Interacting Protein, and KIAA0725p/
DDHD?2; Inoue et al., 2012; Tani et al., 2012), as well as a C-terminal LNS2 (Lipin, Ned1,
and Smp2) domain that was originally described in the well-characterized family of PtdOH
phosphatases called lipins (Reue, 2009). Unfortunately, unlike the Class | PITPs, there are
currently no structural descriptions of the PITP domains from the Class Il PITPs; however
extensive functional analyses have identified important roles for these proteins in the control
of cellular signal transduction. In particular, the Class 1lA PITPs, Nir2 and Nir3, have been
shown to maintain PPIn signaling competence in response to PM PtdIns(4,5)P, hydrolysis
through the counter-exchange of Ptdins and PtdOH at ER-PM contact sites (Chang et al.,
2013; Kim et al., 2013a; Chang and Liou, 2015; Kim et al., 2015; Yadav et al., 2015). The
soluble Class 11B PITP, PITPNCL, has also been suggested to bind and transfer PtdOH /n
vitro (Garner et al., 2012); although our own studies using intact cells were unable to detect
an enhanced clearance of PtdOH from the PM following over-expression of PITPNC1 (Kim
et al., 2015; 2016). The identification of PtdOH transfer activity by the Class 1A PITPs, in
particular, provides important evidence that phospholipids other than Ptdins or PtdCho can
be used as cargoes by StARKin-related PITP domains. There are also reports of Class |
PITPs binding to and transporting sphingomyelin /n vitro (Li et al., 2002; Vordtriede et al.,
2005), however, cellular studies do not support a role for PITPP in the regulation of
sphingomyelin biosynthesis or trafficking (Segui et al., 2002). Despite the possibility of
binding to alternate cargoes, it is important to note that the overall topology of the distinct
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sequence motifs present within the StARKin-related PITP domains (Wyckoff et al., 2010), as
well as the important residues directly involved in coordinating the inositol headgroup (T59,
K61, E86, and N90; PITPa numbering), are conserved across the eukaryotic Class | and 11
PITPs (Tilley et al., 2004; Grabon et al., 2017). Taken together, these sequence features and
the accompanying functional analyses suggest that the primary cargo of the Class I and 11
PITPs is likely to be PtdIns; whereas, similar to the ORPs, heterogeneity in the identity of
the secondary cargo during the lipid exchange cycle could result from the limited specific
contacts formed between phospholipids lacking the inositol headgroup. Consequently,
although Ptdins transfer activity by Class Il PITPs has been demonstrated /n vitro and
inferred /n vivo, the complexities of the lipid exchange cycle, including the molecular
determinants for cargo selectivity during lipid loading and unloading, still need to be
determined.

8. Summary and Perspectives

PPIn lipids function as universal regulators of metabolism and membrane biology in part by
orchestrating the spatial organization or activity of proteins within defined subcellular
compartments. The goal of this chapter is to provide an overview of the structurally-diverse
PPIn-binding protein folds and highlight the unique binding modalities that can be used for
the specific recognition of PPIn lipids by peripheral binding proteins. Specific domain
families exhibit clear preferences in their general methods for membrane association,
although all of the examples presented here require that stereospecific headgroup
recognition is coupled to a combination of electrostatic attraction and interfacial penetration
of membrane-anchoring structural elements. Additionally, binding specificity is influenced
not only by interactions with PPIn headgroups, but is also sensitive to the physical properties
of the targeted membrane; including clear roles for membrane charge and curvature. It is still
not clear to what extent heterogeneity in acyl chain composition contributes to the regulation
of binding interactions between peripheral membrane proteins and PPIn species. The
requirement for membrane insertion of specific residues or subdomains in many PPIn-
binding folds suggests that features of the lipid backbone might be sampled during binding
events. In particular, differences in acyl chain length could influence the presentation of the
PPIn headgroup relative to other lipids within the bilayer (Choy et al., 2017), while the
degree saturation within the local lipid environment may alter the relative ability of specific
domain features to penetrate into the membrane leaflet. As outlined in the introduction, lipid
saturation also has the potential to function as a general feature of organelle membrane
identity (Bigay and Antonny, 2012; Barelli and Antonny, 2016) that likely functions in
concert with PPIn-selective recognition modules for the selective targeting of proteins to
specific subcellular compartments. Independent of general alterations to membrane
composition, most of the PPIn-binding folds that have been identified show a high degree of
conservation in their strategies for PPIn headgroup coordination. However, despite clear
examples of high-affinity and univalent recognition of specific PPIn isomers, many of the
domains discussed here interact with membrane-embedded PPIn species too weakly to drive
membrane association of proteins in isolation. This reality highlights the need to understand
how PPIn-binding domains communicate with other structural features to integrate
multivalent interactions that not only increase membrane avidity of multi-domain proteins,
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but may also function to regulate the catalytic activity or coincident binding of additional
protein effectors or lipids. New biophysical approaches, including advances in mass
spectrometry (Konermann et al., 2014; Vadas and Burke, 2015) and spectroscopy (Chergui,
2016; Liang and Tamm, 2016), as well as the adoption of more sophisticated computational
approaches (Lindahl and Sansom, 2008; Dror et al., 2012; Hospital et al., 2015; Hertig et al.,
2016), will be required to map the conformational dynamics that relay PPIn-induced
movements within individual proteins or membrane-binding macromolecular complexes.
Investigations targeted at identifying molecular transitions will be vital for describing the
structural intermediates associated with the coordinate regulation of membrane recognition
and lipid exchange by the variety of PPIn-binding LTPs and should also provide novel
functional insights into the metabolic coupling of PtdIns trafficking and PPIn production.
Considering that many LTPs also possess additional membrane-targeting motifs or other
structured folds, including some with PPIn-binding PH domains, LTPs offer the unique
opportunity to study the potential role of PPIn-sensing during the conformation gating of the
LTD for targeted lipid exchange. More generally, the presence of distinct PPIn-binding
motifs within proteins with PPIn-modifying activity provides an interesting platform for
investigating how patterns of PPIn recognition and metabolism function to regulate the
spatiotemporal organization of PPIn species within subcellular compartments. Given the
central importance of PPIn lipids for controlling membrane trafficking and signal
transduction, and the clear links already identified between the dysregulation of PPIn
metabolism and numerous human diseases, additional mechanistic insights into the
interactions between PPIn species and peripheral protein effectors will be essential for
defining the molecular pathways controlling cellular PtdIns metabolism. Just as importantly,
these types of investigations, which uncover detailed molecular information regarding
protein and membrane association, have the potential to inform novel therapeutic approaches
that might be able to selectively target PPIn-dependent binding interactions or influence
defined PPIn-mediated allosteric switches within specific membrane contexts.
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Radixin FERM
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Figurel.
Structural variations on the PH superfold. Crystal structures of representative PH domains

are shown, including examples of canonical (a; PLC&1 PH domain in complex with
Ins(1,4,5)P3; PDB entry IMAL), elaborated (b; Grpl PH domain in complex with
Ins(1,3,4,5)P4; PDB entry 1FHX), and atypical (c; p-Spectrin PH domain in complex with
Ins(1,4,5)P3; PDB entry 1BTN) PPIn-recognition modes. Coincident peptide (highlighted in
red) and PPIn coordination is depicted for the PH-like PTB (d; Dab1l PTB domain ternary
complex with ApoER2 peptide and PtdIns(4,5)P,; PDB entry 1INU2) and PDZ domains (e;
Syntenin PDZ1 and PDZ2 tandem domains in a ternary complex with the Frizzled 7 C-
terminal fragment and PtdIns(4,5)P,; PDB entry 4733). The structurally-related GRAM (f;
isolated from within the structure of MTMR2; PDB entry 1L W3) and GLUE domains (g;
Vps36 N-terminal domain; PDB entry 2CAY) are shown with their putative membrane-
binding pose and PPIn-coordinating pockets highlighted by the green arrowhead. Notice that
both may adopt an atypical PPIn-binding mode that is similar to that shown above in (c).
Lastly, the unique inter-domain PPIn-binding surface of the Radixin FERM domain is
depicted in association with either the PPIn lipid (left side; complex with Ins(1,4,5)P3; PDB
entry 1GC®6) or cognate peptide (shown in red) ligand (right side; complexed with ICAM-2
cytoplasmic peptide; PDB entry 1J19). For further details, please refer to Sections 5.1 (PH
domains) and 5.2 (PH-like superfolds) of the text. Prepared using the PyMOL Molecular
Graphics System, Version 2.0 Schrddinger, LLC.
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Figure 2.
Diverse domains within peripheral membrane protein exhibiting stereospecific PPIn-

binding. Selected examples of unique PPIn-binding domains from the PX (a; p40P1oX pX
domain in complex with PtdIns3P; PDB entry 1H6H), FYVE (b; EEA1-FYVE domain
homodimer bound to Ins(1,3)P,; PDB entry 1JOC), C2 (c; PKCa-C2 domain in complex
with Ca2* and PtdIns(4,5)P,; PDB entry 3GPE), Tubby (d; C-terminal domain of Tubby
bound to PtdIns(4,5)P,; PDB entry 117E), and PROPPINSs (e; yeast PROPPIN Hsv2; PDB
entry 4EXV) domain families that exhibit stereospecific coordination of the target PPIn
lipid. In each of these structures, sequences features identified as defined membrane

Adv Exp Med Biol. Author manuscript; available in PMC 2021 July 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pemberton and Balla

Page 72

insertion elements are highlighted in red. For further details about each of these domains,
please refer to Sections 5.3 (PX), 5.4 (FYVE), 5.5 (C2), 5.6 (Tubby), and 5.7 (PROPPINS)
of the text. Prepared using the PyMOL Molecular Graphics System, Version 2.0
Schrédinger, LLC.
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Figure 3.
PPIn-binding domains associated with the generation or recognition of membrane curvature.

A comparison of the different PPIn-binding modes used by the membrane deforming ENTH
(a; epsin ENTH bound to Ins(1,4,5)P3; PDB entry 1HOA) and ANTH (b; N-terminal domain
of CALM bound to PtdIns(4,5)P,; PDB entry 1HFA) domains. The unstructured a0 helix
that becomes structured upon interactions with targeted PPIn lipids, typically Ptdins(4,5)P5,
is highlighted by blue. The canonical N-BAR domain of amphyphysin (c; PDB entry 1URU)
is shown as the activate homodimer. For further details about each of these domains, please
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refer to Section 5.8 of the text. Prepared using the PyMOL Molecular Graphics System,
Version 2.0 Schrédinger, LLC.

Adv Exp Med Biol. Author manuscript; available in PMC 2021 July 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Pemberton and Balla Page 75
— SidC P4C SidM P4M
Core () \ (b)
Interfacial = L2 \BVJ’

£>S_ N Membrane Insertion Motif

5

Figure 4.
Prokaryotic PPIn-binding domains. The prokaryotic PPIn-binding P4C (a; unbound structure

isolated from within the full-length SidC structure; PDB entry 4ZUZ) and P4M (b; in
complex with di-butyl-PtdIns4P; PDB entry 4MXP) modules are shown with their predicted
membrane-bound orientations. The PPIn-binding site (green arrowhead) of the PAC has been
mapped by functional and mutagenesis studies, whereas the structure of the PAM module
has been solved in complex with the PtdIns4P headgroup. An elaborated membrane
insertion motif that significantly penetrates the membrane, as well as contributes to the
coordination of the PPIn headgroup within the binding pocket, is shown in red. For further
details, please refer to Section 6 of the text. Prepared using the PyMOL Molecular Graphics
System, Version 2.0 Schrédinger, LLC.
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Figure5.
Lipid-transfer domains with selectivity for PPIn species. For each of the known families of

PPIn-coordinating LTPs, the structure of the open LTD fold is shown in relationship to
structures with either the primary or secondary lipid cargo bound. Of note, each of the LTPs
are shown with the opening of the LTD pocket located at the top of the molecule. Unlike the
ORP or Sec14-like LTDs, the PPIn headgroup is buried within the domain, with the fatty
acyl chains projecting upwards to the top of the binding pocket. (a) The well-studied family
of ORPs are important regulators of non-vesicular lipid transport across eukaryotes;
including a conserved function for transporting PtdIns4P (PDB entry 3SPW) and a variety of
secondary lipid cargoes, including sterols (PDB entry 1ZHZ). Please note that the open fold
(PDB entry 1Z17) could only be crystallized following truncation of the N-terminal lid
(shown in blue) that gates the hydrophobic lipid-binding pocket. (b) The large family of
Sec14-like PITPs might play more diverse roles outside of lipid transport to control
intracellular signaling responses. The recognition of the conserved PtdIns (PDB entry
3B7N) and PtdCho (PDB entry 3B7Q) cargoes clearly involves unique binding surfaces
within the PITP, as well as the dynamic reorganization of the a10/T4 lid (highlighted in
blue) relative to the unbound structure (PDB entry 1AUA). (c) The prototypical StARKin-
related PITP domain is also shown bound to Ptdins (PDB entry 1UWS5) and PtdCho (PDB
entry 1T27). Compared to the open fold (PDB entry 1KCM), closure of the lipid exchange
loop (shown in blue) also stabilizes the elongated C-terminus to pin the a.G helix (cyan) in
the closed conformation. For further details, please refer to Sections 7.1 (ORPs) and 7.2
(7.2.1, Secl4-like; 7.2.2, StARKin-related) of the text. Prepared using the PyMOL Molecular
Graphics System, Version 2.0 Schrddinger, LLC.
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