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Abstract

Phosphoinositides (Pls) are minor components of cell membranes, but play key roles in cell
function. Recent refinements in techniques for their detection, together with imaging methods to
study their distribution and changes, have greatly facilitated the study of these lipids. Such
methods have been complemented by the parallel development of techniques for the acute
manipulation of their levels, which in turn allow bypassing the long-term adaptive changes
implicit in genetic perturbations. Collectively, these advancements have helped elucidate the role
of Pls in physiology and the impact of the dysfunction of their metabolism in disease. Combining
methods for detection and manipulation enables the identification of specific roles played by each
of the Pls and may eventually lead to the complete deconstruction of the PI signaling network.
Here, we review current techniques used for the study and manipulation of cellular Pls and also
discuss advantages and disadvantages associated with the various methods. This article is part of a
Special Issue entitled Phosphoinositides.
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1. Introduction

Reversible phosphorylation of phosphatidylinositol at the 3, 4 and 5 positions of its inositol
head group by phosphatidylinositol kinases and phosphatases gives rise to the seven
different phosphoinositides (Pls) and the heterogeneous distribution of these lipids
contributes to cellular membrane identity (Fig. 1). Pls are versatile signaling molecules
important for diverse cellular functions such as signal transduction, transport across
membranes, membrane trafficking, regulation of the cytoskeleton, cell migration and
proliferation [1,2]. Consistent with the fundamental roles of these lipids, the network of
enzymes responsible for their synthesis and degradation are largely conserved from yeast to
mammals, although the genes encoding several of these enzymes have undergone
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duplications during evolution. Mutations in PlI-metabolizing enzymes are associated with the
development of diseases, including psychiatric and neurological disorders, cancer, diabetes
and allergy [3] (De Matteis, this volume). This has spurred the development of techniques
both for the detection and for the manipulation of these lipids. Biochemical detection
techniques now allow quantification of all seven Pls, and the use of fluorescently tagged PI-
binding domains enables real-time visualization of most of them in intact cells [4,5] (see
Balla, this volume). Together, these and other methods now allow us to examine the
dynamics of the seven Pls at different levels, from global changes in cells and tissues down
to changes in a specific Pl in a cellular subcompartment. Parallel to the development of
detection techniques, new techniques for the chronic or acute, cell-wide or spatially
localized manipulation of Pls have been developed. In this Review we summarize and
discuss available methodology for the analysis and manipulation of Pls, compare the
strengths and weaknesses of different methods and also suggest future directions for this
field of PI biology.

2. Measuring Pl levels

Several excellent reviews on techniques for P1 detection have been previously published [5-
8] (see also Balla in this volume). Briefly, these techniques can be divided into
biochemistry- and microscopy-based methods.

2.1. Biochemical detection of Pls

Pls present in tissue and cell lipid extracts are typically identified and quantified by thin
layer chromatography (TLC) or by ion-exchange HPLC separation of their
glycerophosphoinositol moieties following deacylation [6,7]. As Pls represent minor species
in cellular lipid extracts, their detection requires previous metabolic labeling (optimally
equilibrium labeling) with [3H]inositol or [32P]inorganic phosphate. Nonradioactive
detection of HPLC separated Pls is also possible using HPLC followed by suppressed
conductivity measurements [9,10]. This method efficiently detects only PIP and PIP,
without discriminating between the phosphorylated positions on the inositol ring. However,
since P14P and PI(4,5)P, are the predominant Pls in cells of high eukaryotes, levels of PIP
and PIP, roughly reflect the levels of these two Pls. Mass spectrometry methods can also be
used. Mass spectrometry has great sensitivity and also allows identification of the fatty acid
chains and not just of the head group. Combining chromatographic separation with mass
spectrometry improves both sensitivity and specificity of detection without need for
radiolabeling [4,11,12].

A limitation inherent to biochemical detection is the poor temporal resolution, as it provides
a snapshot of the Pl composition of cells but does not give information about dynamic
changes in PI levels. Moreover, the metabolic labeling required to detect minor P1 species
precludes experiments in whole organisms due to the problems associated with the use of
radioactive tracers. Another limitation of biochemical detection is the lack of information
about the distribution of Pls within cells, as subcellular fractionation prior to lipid extraction
results, at least to a large extent, in their dephosphorylation. An important part of the
signaling power embedded in the phosphoinositide code comes from spatial segregation of
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different Pl species inside cells [2] (see Fig. 1A). Recent developments in imaging mass
spectrometry are pushing the resolution of this technique into the micrometer range, which
may allow biochemical detection of individual Pl species with subcellular resolution in the
near future [13]. A major advantage with biochemical detection techniques is that they allow
the simultaneous detection of all Pls, which in turn enables the identification of
compensatory changes in lipid levels associated with the manipulation of the intricate Pl
network.

2.2. Microscopy-based detection of Pls

Microscopic detection of Pls utilizes the specific interaction of different Pls with protein
domains or antibodies that can be labeled with fluorescent probes. This method allows
determining the intracellular location of specific Pls and their relative levels in different
membranes. Importantly, light microscopy-based live imaging of cells expressing PI binding
modules fused to fluorescent protein permits us to monitor changes in P1 levels or
distribution in response to physiological or experimental perturbations. Most commonly, the
detection is done using a regular wide-field epifluorescence microscope or a confocal
microscope, which provides high-resolution images of optical sections of the specimen. In
some cases, the changes in PI(s) of interest take place in the plasma membrane, allowing the
use of total internal reflection fluorescence (TIRF) microscopy. This technique provides
selective imaging of fluorescence in the thin volume of the cell directly adjacent to the
coverslip which comprises the plasma membrane [14]. These microscopy techniques
typically have x-y resolution of 0.2 um under optimal conditions, which does not allow
discriminating between closely adjacent small membrane compartments or membrane
domains. To overcome this problem, super-resolution microscopy techniques that have
resolution in the range of 10’s of nm can be employed [15]. So far, these techniques have
been primarily limited to the detection of Pls in fixed cells or membrane sheets [16,17], but
progress in the field is now making possible super-resolution video microscopy. For
example, a super-resolution imaging technique was recently used to detect diffraction-
limited clusters of PI(3,4,5)P3 at sites of synaptic vesicle exocytosis in live Drosophila
neurons [18]. Even higher resolution has been achieved with electron microscopic detection
of Pls using PI binding modules, although fixation and post-fixation tissue manipulations
affect and complicate the interpretation of results obtained by this technique [19,20].

2.3. Protein domains for the detection of Pls

The use of fluorescent proteins fused to protein modules with specific PI-binding properties
has become a most valuable tool in the study of Pls in cells, including living cells. This
methodology is extensively reviewed by Balla in this issue and is only briefly summarized
here. Analysis of fluorescent reporter protein localization and stimulus-induced translocation
provides information about the intracellular distribution and changes in relative levels of a
particular lipid. A large number of protein domains have been identified that are useful to
monitor distribution and changes in most Pls (Fig. 1). 3- and 4-monophosphorylated Pls are
detected using FYVE (PI13P) [19,21-23] or PH/P4M (P14P) [24-26] domains whereas no
well-characterized lipid binding domain for PI5P exists, although the PHD domain from
ING2 has been used [27]. Among the bisphosphorylated Pls, P1(4,5)P, can be readily
detected by the PH domain from PLCg; or the PX domain from Tubby [28-30]. P1(3,4)P»
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can be detected using the PH-domains from Tappl and p47phox [31,32], whereas the
PROPPIN domain from Atg18p and the WD40 domain from Raptor has been used as a
biosensor for P1(3,5)P, [33,34]. Several PH-domains have been characterized as specific
binding partners for the tris-phosphorylated PI, P1(3,4,5)P3, including those of Aktl, GRP1,
Btk and ARNO [35-38].

These tools have greatly advanced our knowledge of Pls biology, but care must be taken
when interpreting the results. The overexpression of Pl-binding proteins may prevent
endogenous proteins from interacting with their cognate lipid, thereby interfering with
downstream signaling and cell functions. For example, overexpression of the PI(4,5)P,-
binding PH-domain from PLCg; has been used as a tool to buffer this lipid in living cells
[39]. Another limitation with some of the protein-based Pl-sensors is that their interaction
with a given PI must synergize with other interactions in order to yield sufficient affinity for
membrane binding (dual key mechanisms or coincidence detection) [2]. For example, large
pools of PI4P are present both in Golgi complex membranes and in the plasma membrane.
However, most of the commonly used P14P-binding protein domains (Fappl-PH, OSBP-PH,
OSH1-PH) only recognize the Golgi complex pool, whereas others (OSH2-PH) only
recognize the plasma membrane pool [40,41]. Moreover, some domains recognize more than
one PI species. For example, the PH-domain from Aktl is widely used as a biosensor for
both PI1(3,4)P, and PI(3,4,5)P3 [35,42]. This, together with differences in Pl-affinity that
may preclude detection of low concentrations of the lipid, warrants the use of multiple,
overlapping biosensors to confirm the presence of a specific PI.

In addition to their use as direct reporters of Pl localization and levels based on their
subcellular localizations and stimulus-dependent trans-location [43,44] (Fig. 2A),
fluorescent Pl binding modules can be used in settings where lipid binding can be detected
as altered fluorescence resonance energy transfer (FRET) between their fluorophore and that
of another fluorophore. In one approach, the other fluorophore can be bound to a fluorescent
protein localized in the same membrane as the target PI. In another FRET-based strategy,
versions of the same PI-binding domain tagged with two different fluorophores (for example
CFP and YFP) are co-expressed (Fig. 2B). Colocalization of both tagged domains at the
membrane containing the target PI allows FRET to occur between CFP and YFP, and
dissociation from the membrane upon reduction in PI levels results in reduced FRET [45].
FRET-based methodology, as opposed to directly monitoring translocation of a biosensor,
has the advantage of simplified image analysis, since whole cell signals can be detected and
used as a readout for changes in Pl levels. In addition, it also allows detection of biosensor
redistribution even in small cell compartments, where translocation cannot be easily
appreciated by traditional fluorescence microscopy.

Another type of FRET sensors relies on changes in intra-molecular FRET occurring upon
Pl-binding. These sensors are permanently anchored to a subcellular membrane, for example
by a lipidated motif, and specifically detect changes in PI levels at that membrane as a result
of a conformational change that couples PI binding to FRET changes (Fig. 2C). For
example, the PH-domain of GRP1 fused at each terminus to CFP and YFP, respectively, has
been used to report changes in P1(3,4,5)P3 levels on intracellular membranes [46] and at
synaptic vesicle release sites [18]. Similar to FRET sensors, Yang and colleagues recently

Biochim Biophys Acta. Author manuscript; available in PMC 2016 June 0O1.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Idevall-Hagren and Camilli Page 5

reported the use of split luciferase to detect changes in plasma membrane PI(3,4,5)P3 levels
through bioluminescence [47]. Although FRET-based or other split-protein sensors in
principle can be designed for measurements of most Pls, proper detection of FRET can be
technically challenging and is often associated with poor signal-to-noise ratio due to
inefficient energy transfer between the fluorophores. However, this methodology is rapidly
advancing with the development on improved FRET sensors and fluorescent FRET pairs
[48].

PI binding modules can also be produced as recombinant proteins and used to detect Pls in
fixed samples or permeabilized cells, similar to antibodies and with the same limitations (see
below).

2.4. Antibody-based detection of Pls

Commercial antibodies are available against all major Pls except PI5P and can be used to
detect Pls by immunocytochemistry, primarily immunofluorescence. Due to the need of
specimen fixation, antibody detection of Pls only provides a snapshot of the cell at a given
time point and cannot be used to detect transient changes [49]. This method can be useful for
detecting PI localization when the use of genetically encoded fluorescently tagged lipid
binding modules is precluded, such as in tissue samples. However, antibody-based methods
are at best semi-quantitative and influenced by sample preparation procedures, as samples
cannot be treated with standard fixatives or detergents since this may result in extraction of
the lipids [6,50]. Moreover, the masking of Pls by bound proteins may complicate the
interpretation of results obtained in fixed cells, when instead of detecting Pls in living cells
by expression of a fluorescently labeled PI-binding protein, equilibrium occurs between
endogenous ligands and the fluorescent probe that allows detection of the PI levels.
However, precisely because of this equilibrium, one should also consider that the expression
of the probe might affect physiological processes.

3. Manipulating phosphoinositide levels

Techniques that enable the manipulation of the cellular levels of specific Pls have been of
great importance in the exploration of the cellular function of these lipids. There are many
different approaches to affect Pl levels exist, including perturbations of Pl metabolizing
enzymes by genetic or pharmacological methods, use of Pl analogs and chemical-or light-
inducible manipulations.

3.1. Genetic perturbations

A powerful approach to studying Pls is the analysis of the effects produced by manipulation
of the genes responsible for the synthesis, metabolism and degradation of these lipids. This
can be achieved in organisms and in cultured cells by gene Knock-Out (KO), Knock-Down
(KD) or Knock-In (KI) techniques, as well as by gene overexpression (e.g. [51-57]).
Conversely, useful information can be obtained by the analysis of the phenotypic
manifestations of spontaneous mutations of genes encoding Pl metabolizing enzymes in
model organisms or human patients (e.g. [58]) (see also chapter by De Matteis in this
volume for a review of human diseases involving defects in Pl metabolism). The use of these
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strategies, however, is associated with several caveats. First, in studies at the organismal
level involving germline mutations, assessment of PI changes on specific physiological
processes can be complicated by effects on development, including, in some cases,
embryonic lethality. Second, even when these problems can be bypassed by conditional gene
disruption (or overexpression) or by studies in cultured cells, compensatory adaptive
changes (such as up- or down-regulation of other PI metabolizing enzymes) can affect the
results, as the effects of these manipulations occur in the range of hours to days. Third,
genetic redundancy, where more than one enzyme can catalyze the same step in the Pl
metabolic network (see Fig. 1), also complicates the use of these approaches. These
shortcomings can be overcome by techniques that allow acute manipulation of specific Pls
as discussed below.

3.2. Pharmacological manipulation

3.2.1. Pl 3-kinase—Potent pan-PI 3-kinase inhibitors like wortmannin and LY 294002
have been around for 20 years [59,60]. Both of them are competitive inhibitors targeting the
ATP-binding pocket in the p110 catalytic subunit of class I Pl 3-kinase. These drugs have
been powerful tools to investigate the role of PI 3-kinase and its lipid products PI(3,4)P, and
P1(3,4,5)P3 in cell regulation. However, one should consider that these compounds also
inhibit class 111 P1 3-kinase [61], the PI 3-kinase regulator mTOR [62] and some PI 4-kinase
isoforms (see below) when used at high concentrations [63-65].

More specific drugs affecting PI(3,4,5)P3 signaling have been developed as attractive
candidates for cancer treatment, since dysregulation of this signaling pathway is a major
contributing factor to the development of many forms of cancer and immune-mediated
pathologies. Genetic studies suggest that the Pl 3-kinase pathway is the most frequently
altered pathway in human tumors, with the gene encoding the Pl 3-kinase catalytic p110a
subunit (PIK3CA) being the second most frequently mutated oncogene and PTEN being
among the most frequently mutated tumor suppressor genes [66]. Drugs targeting this
pathway are therefore attractive candidates for cancer treatment and several pan-P13-kinase
and isoform-selective inhibitors, such as BAY806946 (pan-PI 3-kinase), NVP-BYL719
(p110a) and GSK2636771 (p110p), are currently in clinical trials (reviewed elsewhere)
[67,68]. The most impressive results have been achieved with the p1108-selective inhibitor
GS-1101 (idelalisib) in the treatment of chronic lymphocytic leukemia and other B-cell
malignancies [69,70]. There are also a number of isoform selective Pl 3-kinase inhibitors
used in experimental settings. These include YMO024 (p110a), TGX221 (p110p) and
AS252424 (p1108) [71-73]. Inhibitors of the lipid 3-phosphatase PTEN, like VO-OHpic,
cause increases in P1(3,4,5)P3 levels and have been used to study the effects of this lipid
[74,75]. An inhibitor of PIP kinase type I1f3 (a PI5P 4-kinase) has been recently described
[76].

3.2.2. P1 5-phosphatases—Concerning 5-phosphatases, there are inhibitors (Pelorol,
AS1949490, 3AC) and activators (AQX-MN100, AQX-1125) of the 5-phosphatases
SHIP1/2. Some of these are currently in clinical trials for the treatment of cancer and
inflammatory diseases like asthma (reviewed in [77]). An inhibitor of the 5-phosphatase
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OCRL, YU142670, which when administered in cells caused elevation of cellular P1(4,5)P5,
was recently described [78].

3.2.3. Pl 4-kinase—The thiol-targeting agent phenylarseneoxide (PAO) has traditionally
been used as a Pl 4-kinase inhibitor. While this compound preferentially targets PI4Kllla
(PIK4CA) among the four PI 4-kinase isoforms, i.e. the enzyme that produces the bulk of
the plasma membrane PI4P pool [79,80], it also has many other cellular targets and is
therefore quite non-specific. High doses of the PI 3-kinase inhibitor wortmannin (see above)
also inhibit P14Kllla. Novel P14Kllla inhibitors based on the 4-anilino quinazoline and
benzimidazole scaffolds have recently been developed. These inhibitors show selectivity for
P14Kllla over both other P1 4-kinase isoforms and the class | PI 3-kinases and cause a
specific reduction in cellular PI14P levels at the plasma membrane in cell-based assays
[81,82]. Pl4KIlla (PIKACB), which acts at the Golgi complex and has been implicated in
infection by several classes of viruses that utilize this organelle as part of their life cycle
[83], can be specifically pharmacologically targeted by the inhibitor PIK93 [84].

3.2.4. 3.2.3 PI3P 5-kinase—A single PI3P 5-kinase is encoded by mammalian genomes,
called PIKfyve (PIP5K3). The PIKfyve inhibitor YM201636 blocks P1(3,5)P, production
and endomembrane trafficking as well as the formation of PI5P [85]. It is not clear if the
effect on PI5P levels is due to a direct role of PIKfyve in the synthesis of PI5P or indirectly
through inhibition of P1(3,5)P, production, which can serve as a substrate for MTMR3 to
produce PI5P. A recent paper suggests that YM201636 selectively blocks PI5P synthesis at
low (nM) concentrations and both PI5P and PI(3,5) P, synthesis at higher (UM)
concentrations [86]. PIKfyve is also potently inhibited by apilimod, an immunosuppressant
used experimentally to treat Crohn’s disease and other autoimmune diseases. In cell based
assays, apilimod at nanomolar concentrations resulted in increased levels of PI3P and
reduced level of P1(3,5)P, [87].

A general problem with pharmacological manipulations of Pls is that drugs are only specific
within a very narrow concentration range and can have prominent off-target effects. While
some drugs are highly effective on purified proteins, their action in cell based or in vivo
settings are affected by permeability problems that will influence the effective concentration
of the drug.

3.3. Pl analogs

Another approach to manipulate intracellular levels of Pls is direct addition of membrane
permeable Pl analogs. One note of caution when using these lipids is that they could in
principle insert into all lipid bilayers and may thus not faithfully reproduce effects caused by
the heterogeneous subcellular distribution typically observed for endogenous Pls. The major
challenge in the synthesis of these lipids is that all negative charges on the inositol head-
group must be neutralized in order to allow diffusion over cellular membranes [88].
However, membrane permeable analogs of several Pls have been synthesized and
successfully used. Using these compounds it was proven that PI(3,4)P, and P1(3,4,5)P3
directly stimulate the formation of cell protrusions, tyrosine kinase receptor recycling and
clathrin-mediated endocytosis [89-91]. More recently, these lipid analogs have been
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employed to show a role of Pls in actomyosin contraction in the developing Drosophila
larvae, proving their applicability in in vivo settings [92]. The somewhat long time required
to observe effects (20 min) is due to the enzymatic ester hydrolysis required to make the
lipids biologically active. To circumvent this step, photolysable analogs [PI1(3,4)P2, PI(3,4,5)
P35 and PI13P] were recently synthesized [89,93,94]. These lipid precursors are loaded into
cells in an inactive form and made active by brief UV-light illumination, giving rise to
observable effects within 30 s. This method also could allow control of lipid levels in a
subcellular microenvironment by the use of a focused UV-light source.

3.4. Inducible acute manipulations

A common feature of this approach is that they allow rapid (milliseconds to minutes) and
controlled manipulation of specific Pl pools within cells. They are based on the exogenous
expression of PI-metabolizing enzymes whose activity can be triggered by changes in
membrane potential (electrical genetic), or engineered in such a way that the addition of a
small compound (chemical genetic) or illumination (optogenetic) can trigger their activity
(see Fig. 3).

3.4.1. Electrogenetic manipulations—\oltage-dependent control of Pls has been
achieved by the heterologous expression of the plasma membrane localized and voltage
sensitive 5-phosphatase from the sea squirt Ciona intestinalis (Ci-VSP). This is a protein
comprising a transmembrane portion (the voltage sensor), coupled to the phosphatase
module. Changes in the membrane potential from the negative resting voltage to slightly
positive voltages causes a conformational change that allows the 5-phosphatase domain to
access its lipid substrates, PI(4,5)P, and P1(3,4,5)P3 [95,96] (Fig. 3). Intriguingly, a recent
paper proposes that increasing the voltage even further induces a shift in substrate specificity
with a preference for the 3-phosphate of P1(3,4)P, [97]. This method has powerful
applications for the study of ion channels. For example, depolarization of Ci-VSP expressing
cells results in rapid loss of plasma membrane PI(4,5)P5, with resulting closure of neuronal
KCNQ2/3 channels [98]. Recently, a genetically engineered Ci-VSP where the native
phosphatase domain was replaced by that of PTEN was generated and used to selectively de-
phosphorylate plasma membrane PI(3,4,5)P3 [99]. A limitation of this approach, besides the
substrate selectivity of Ci-VSP, is that it can only be used to manipulate PIs in the plasma
membrane, where Ci-VSP is localized and where its activity can be acutely manipulated by
a change in voltage.

3.4.2. Chemical-genetic manipulations—These methods are based on the inducible
acute translocation of PI metabolizing enzymes, or their catalytic modules, from the cytosol
to specific membranes, thus drastically increasing their action at these membranes. The first
developed and best-characterized system for inducible translocation is based on the
chemically induced hetero-dimerization of FKBP12 and the FRB domain of mTOR [100].
Heterologous expression of fusion proteins consisting of the enzyme of interest fused to
FRB and a membrane-targeting sequence fused to FKBP12 (or vice versa) allows
translocation of the enzyme to the target membrane upon addition of rapamycin or analogs
of this drug (rapalogs) (Fig. 3). Complex formation occurs within a minute and is
irreversible. This approach has been successfully applied to the study of different Pls in
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different membranes. The first example was the recruitment of 5-phosphatase modules (from
INPP5E and from Inp54p) to deplete P1(4,5)P, at the plasma membrane with resulting block
of receptor internalization, clathrin-mediated endocytosis and K+ channel (KCNQ)
permeability [101-103]. In similar experiments, recruitment of PI4P 5-kinase to the plasma
membrane to elevate P1(4,5)P, levels showed roles of this lipid in actin nucleation [39].
Recruitment of the endogenous p110a subunits of P13-kinase using its p85 regulatory
subunit fused to FKBP12 as bait has been used to elucidate the mechanisms by which
P1(3,4,5)P3 controls membrane identity [104] whereas the recruitment of MTML1 to deplete
P13P on early endosomes demonstrated the importance of this lipid for the normal
progression of cargo through the endo-lysosomal system [105,106]. Using this inducible
strategy to recruit the 4-phosphatase domain from Sacl, it was also recently demonstrated
that Golgi P14P is required for exit of cargo from this organelle [107] and that plasma
membrane PI4P act as a regulator of ion channels [49,108].

As is obvious from the large number of studies that have already utilized the FKBP12-FRB
heterodimerization system, this technique has many appealing features. It has the advantage
of modularity, where the use of different enzyme domains and membrane targeting
sequences will allow control of different Pls on different membranes. The recent
development of photolysable rapamycin also allows spatial control of dimerization with
subcellular precision [109]. As with all techniques, it also has some drawbacks. For
example, dimerization requires the addition of a compound (rapamycin or rapalog) in the
medium, which complicates in vivo experiments, although this technique was successfully
used almost 20 years ago to control gene transcription from genetically engineered cells
transplanted to mice [110] and more recently used to control PI(3,4,5)P3 levels in live
Drosophila larvae [18]. Moreover, the use of rapamycin may interfere with the PI 3-kinase
pathway through inhibition of mMTOR, which may affect interpretations of the effect of
changes in P levels [66]. This obstacle can be overcome by the use of rapalogs that can
induce dimerization without activating endogenous enzymes. Another problem is that the
ternary complex formed upon rapamycin addition is irreversible, thus precluding multiple
rounds of Pl perturbation in the same biological sample. This obstacle was addressed in a
recent study, where the authors were able to reverse dimerization by the addition of a
competing ligand [111].

3.4.3. Optogenetic manipulations—Recently, tools for light-induced dimerization were
developed and also adapted to the manipulation of PIs [112,113]. The principle is the same
as for the chemical-genetic dimerization system, but the interaction is instead reversibly
controlled by light of specific wavelengths. Two main systems have been used: CRY2-CIBN
and PhyB-PIF6 [114,115]. The CRY2-CIBN interaction is induced by brief (ms to s) blue-
light illumination and is spontaneously reversible (within minutes) upon interruption of
illumination [114] (Fig. 4A, B). Fusion of a 5-phosphatase domain or a PI3-kinase module
to CRY2 and a membrane targeting sequence to CIBN, followed by expression of these tools
in cells, allowed optic control of P1(4,5)P, and PI(3,4,5)P3 [112] (Fig. 4). Changes in lipid
levels were observed seconds after illumination and focal illumination allowed control of Pl
levels within specific subcellular compartments. Such local changes in lipid levels were
found to control cell polarity, where local loss of P1(4,5)P, led to cell retraction, whereas
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local PI(3,4,5)P3 synthesis drove actin polymerization and formation of cellular protrusions
with an impact on directed migration (see Fig. 4D,E). Optogenetic depletion of PI1(4,5)P,
was also used to identify this lipid as the plasma membrane receptor for the ER-anchored
Extended-Synaptotagmins (E-Syts). The E-Syts bind the plasma membrane in trans and thus
expand ER-plasma membrane appositions. Loss of P1(4,5)P, resulted in dissociation of the
E-Syts from the plasma membrane with accompanying reduction of plasma membrane-ER
contacts [116].

The PhyB-PIF6 modules have also been used to locally control the synthesis of P1(3,4,5)P3
[113]. The interaction of these two modules is stimulated by red light and their dissociation
is accelerated by far-red light but requires a cofactor in mammalian cells [115]. This system
could prove to be particularly useful since it allows clamping of a given Pl at a specific
concentration using feedback control of the two light inputs, thus potentially avoiding
compensatory or non-specific reactions from occurring [113,117].

A third light-regulated system, based on the light-oxygen-voltage (LOV) domain from A.
sativa, also exist and has been used to spatially control e.g. MAP-kinase signaling [118].
Although not yet used to manipulate Pls, these domains are attractive modules due to their
relatively small size (approximately 13 kDa), blue-light activation and reversibility.

As in the case of methods that rely on chemically induced dimerization (see above), all three
optogenetic systems have the advantage of modularity, where a PI-metabolizing enzyme of
choice can be targeted to any cellular membrane of interest. An alternative way to achieve
optogenetic control of PI levels is via the use of engineered light-sensitive receptors.
Chimeras of GPCRs and opsins have been generated which activate endogenous enzymes in
response to light of specific wavelengths. This approach has been used to show that local
P1(3,4,5)P3 synthesis can induce neurite initiation and extension and also to steer migrating
macrophages [119,120]. In another receptor-based approach, control of P13-kinase was
obtained using blue-light induced homo-dimerization of CRY2 coupled to the fibroblast
growth factor receptor [121]. An advantage with these receptor-based techniques, relative to
the optically-induced membrane recruitment of an enzyme, is that they do not involve the
overexpression of PI metabolizing enzymes, which may exhibit some catalytic activity
towards Pls even in the absence of activating illumination. On the other hand, they involve
triggering of endogenous signaling pathways that may affect cellular processes other than
those directly regulated by Pls. Additionally, they are restricted to actions at the plasma
membrane, thus precluding manipulation of Pls in other cellular compartments.

Advantages of optogenetic methods include speed, reversibility, potential for subcellular
precision and non-invasiveness. A problem with these techniques is that they limit the
number of fluorescent proteins that can be used to report Pl levels, or the cellular effects of a
change in their levels, since a portion of the visual spectrum must be dedicated to the
activation of the light-regulated modules. All these optogenetic techniques, due to their non-
invasiveness, are well suited for in vivo experiments. The impressive success of techniques
for the optogenetic manipulation of neuronal excitability speaks to the feasibility of optical
manipulation in vivo [122]. A recent study expressed the CRY2-CIBN-based system in live
C. elegansto show an involvement of PI3-kinase in behavioral learning [123].
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4. Future developments

The last decade has seen an explosion in techniques for both the detection and the
manipulation of Pls (see Fig. 5 for a summary). Studies that have capitalized on these
developments have greatly enhanced our understanding of the signaling role of these lipids
in cell physiology and the impact of their dysfunction in disease. Still, there is a need for
tool refinement, new tool designs and other methodological advancements.

On the detection side, an important issue to be addressed for a precise interpretation of the
subcellular localization of Pl binding modules, is the identification of mechanisms
explaining their preferential labeling of specific pools of a given PI. While the occurrence of
membrane co-receptors besides the Pl itself has been hypothesized, only in a few cases (e.g.
[124]) has such co-receptor been identified. Additionally, protein modules that recognize
reliably PI(5)P and PI(3,5)P, are still missing. Model predictions, like those used to identify
novel P1(3,4,5)P3 interacting proteins, could help design such modules [125]. The expansion
of the fluorescent protein palette available will improve the possibility to monitor
simultaneously different Pls and to combine detection and optical manipulation of different
Pls. Advances in super-resolution video microscopy will increase the spatial and temporal
resolution of these analyses. Finally, further developments of mass spectrometry methods
will make possible detailed profiling of the full PI spectrum even when the amount of
material is very limited and will allow this approach to be applied beyond highly specialized
labs.

Concerning Pl manipulation, genetic techniques are rapidly advancing and the recent
introduction of CRISPR/Cas9 methodology [126] for gene editing promises to have a
revolutionary impact. Beyond facilitating gene KO studies (including simultaneous multiple
gene KOs), this methodology facilitates the generation of tagged proteins expressed by their
endogenous loci and thus expressed at physiological levels. Improved and new drugs for the
control specific enzymes need to be developed, in particular compounds that affect enzymes
of medical relevance. Despite decades of research, only a few drugs are available for
experimental use and fewer still are in clinical trials despite their therapeutic potential
[66,71]. Given the rapid advances of structural studies, the design of pharmacological
modulators based on crystal structures and molecular dynamics simulations are helping in
overcoming this obstacle [66]. In spite of the caveats discussed in Section 3.3, new PI
analogs that can be added to the medium and penetrate cells will be powerful tools for
specific applications. Finally, a particularly promising technique, open to major further
developments, is optogenetics [112,113], a technique which is also suitable for in vivo
studies [123]. New light sensitive heterodimerization pairs will expand the range of the
visible light spectrum compatible with these methods, while advances in super-resolution
video-microscopy will improve detection of physiological effects. Optogenetic tools could
also be combined with chemically inducible systems to enable simultaneous control of two
signaling pathways by combined illumination and addition of rapamycin. Such multiplex
manipulations, in combination with simultaneous detection of multiple Pls, would open new
doors for studying cross talk between signaling pathways.
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Fig. 1.

Tr?e P1 network. A. Heterogeneous distribution of Pls in subcellular membranes. The
cartoon depicts the predominant localizations of different PI species. It should be noted that
small, but physiologically important, P1 pools that do not fit this simplified view (for
example 3-phosphorylated Pls at sites of clathrin-mediated endocytosis [91]) also occur in
cells. Arrows indicate membrane traffic directions thus illustrating the coupling of
membrane transport reactions to Pl conversion. B. The illustration shows the seven Pls and
the enzymatic steps involved in their synthesis (red) or dephosphorylation (blue). Below
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each Pl are indicated protein modules typically used for the detection of that PI, as well as
the proteins from which they are derived. Metabolic reactions that have not been well
characterized are indicated with dashed arrows.
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Fig. 2.
Detection of Pls by protein modules. Schematic illustration of the three major types of

protein-based biosensors used for the microscopic detection of Pls. A. A translocation
biosensor comprising a PI-binding module (PBD) fused to a fluorescent protein (GFP) binds
to a specific PI in cellular membranes. The subcellular distribution of the biosensor reflects
an equilibrium between the free pool in the cytosolic and the lipid-bound pool at the
membrane. Changes in lipid levels at the membrane can be monitored by e.g. confocal
microscopy as a redistribution of fluorescence. The global fluorescence signal in the cell (a)
is constant even if lipid levels change, but analysis of either cytosolic (b) or membrane (c)
fluorescence can be used to estimate relative changes in lipid levels. B. Biosensors based on
inter-molecular FRET are identical to the translocation biosensors, but require coexpression
of an additional fluorescence-tagged module that allows for FRET to occur between the two
fluorophores. The other component of the FRET pair can either be permanently anchored to
a membrane of interest (right)or consist of the same lipid binding domain fused to a
compatible fluorophore (left). When not bound to a membrane, the biosensor molecules are
far apart from their FRET partners and FRET between the donor and acceptor fluorophore is
low. Upon recruitment to the membrane by an increase in the appropriate PI, FRET
increases and can be detected with e.g. a confocal microscope as reduced donor fluorescence
and increased acceptor fluorescence. Off-line analysis is simplified compared to the
translocation biosensors since whole cell fluorescence (a) can be used to estimate protein
sensor redistribution and thus relative changes in lipid levels. C. The principle for biosensors
based on intra-molecular FRET is similar to that of inter-molecular FRET (see B). A major
advantage is that these biosensors can be anchored to a specific cellular membrane to
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monitor changes in PI levels specifically at that membrane. Analysis of these changes is
simplified compared to the translocation biosensors since it can be done by collecting
fluorescence from the whole cell (a). In all bottom fields, the light blue horizontal rectangles
indicate the cell volume illuminated by a confocal microscope. Biosensors contained within
this volume are shown in darker color to reflect the fluorescence produced by their excitation
and/or altered FRET.
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Fig. 3.
Genetic tools used to acutely manipulate Pl levels in live cells. A. Electrogenetic

manipulation is based on the ectopic expression of a voltage-sensing domain (VSP) fused to
a Pl-metabolizing enzyme (PIM). This fusion protein is inserted into the plasma membrane
(PM) and enzymatic activity is stimulated by plasma membrane depolarization. B. Chemical
genetic manipulation requires the expression of FRB anchored to a target membrane (TM)
and FKBP12 fused to a Pl-metabolizing enzyme (PIM) or vice versa. Addition of rapamycin
(or a rapalog) promotes FRB-FKBP dimerization and brings the enzyme to the target
membrane where it will act on its PI(s) targets. C. Optogenetic manipulation is based on
blue light-induced dimerization between a membrane-anchored protein (CIBN) and its
binding partner (CRY?2) fused to a PI-metabolizing enzyme (PIM). PhyB and PIF6 can be
used as alternative light-sensitive dimerization pairs.
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Fig. 4.

Mgnipulation of Pls by the blue-light-induced CRY2-CIBN heterodimerization system. A.
Schematic drawing showing the principle underlying blue-light-induced P1(4,5)P»
dephosphorylation. CIBN is targeted to the plasma membrane while CRY2 is fused to a 5-
phosphatase (5-ptase) domain and carries an mCherry-tag (mCh) for microscopic detection.
mCh-CRY 2-5-ptase is cytosolic under dark conditions but binds CIBN, and thus is recruited
at the target membrane, upon blue-light illumination. This translocation results in
dephosphorylation of P1(4,5)P, and this reaction can be detected as loss of iRFP-PH-PLCg;
[a P1(4,5)P, binding module] from the plasma membrane. B. Confocal microscopy images
of a HeLa cell showing loss of iRFP-PH-PLCg; from the plasma membrane upon blue-light-
induced recruitment of mCh-CRY2-5-ptase to this cellular compartment. Pictures were taken
10 s before, 10 s after and 15 min after a 200 ms pulse of blue-light illumination [112]. C.
Schematic drawing showing the principle underlying blue-light-induced P1(3,4,5)P3
synthesis via the recruitment of the endogenous p110a subunit of type | Pl 3-kinase to a
CRY2 fusion of the iSH2-region of its regulatory subunit p85 [101,112]. PI(3,4,5)P3 is
detected by the RFP-tagged PH-domain from Akt. D. Confocal microscopy images of a
migrating RAW264.7 macrophage expressing the fusion proteins shown in C. Continuous
focal illumination (blue circle) results in local P1(3,4,5)P3 synthesis and reverses the
direction of cell movement occurring before illumination by inducing local ruffling (arrows).
E. lllustrations showing the changes in cell shape and position induced by local P1(3,4,5)P3
synthesis.
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Strategies for the acute manipulation of the PI network. Summary of the tools that have
already been used for the acute manipulation of Pls. These tools include pharmacological
inhibitors, lipid analogs as well as genetically encoded proteins and protein modules that
allow PI perturbation in specific membranes by voltage, chemical compounds or light. The
modular nature of the chemical genetic and optogenetic methods make them broadly
applicable to all Pl metabolizing reactions. Strategies aimed at long-term manipulation of
Pls, such as transient knockdown or knockout of PI-metabolizing, are not shown.
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