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Abstract

Acidic phospholipids are minor membrane lipids but critically important for signaling events. The main
acidic phospholipids are phosphatidylinositol phosphates (PIPs also known as phosphoinositides), phos-
phatidylserine (PS), and phosphatidic acid (PA). Acidic phospholipids are precursors of second messengers
of key signaling cascades or are second messengers themselves. They regulate the localization and activa-
tion of many proteins, and are involved in virtually all membrane trafficking events. As such, it is crucial to
understand the subcellular localization and dynamics of each of these lipids within the cell. Over the years,
several techniques have emerged in either fixed or live cells to analyze the subcellular localization and
dynamics of acidic phospholipids. In this chapter, we review one of them: the use of genetically encoded
biosensors that are based on the expression of specific lipid binding domains (LBDs) fused to fluorescent
proteins. We discuss how to design such sensors, including the criteria for selecting the lipid binding
domains of interest and to validate them. We also emphasize the care that must be taken during data analy-
sis as well as the main limitations and advantages of this approach.
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1 Introduction

Anionic phospholipids have a negatively charged head group,
which gives them specific properties, notably in terms of protein—
lipid interactions. The main acidic phospholipids are phosphatidyl-
serine (PS), phosphatidic acid (PA), and phosphatidylinositol (PI
and PIPs). In erythrocytes, the PS/PA /PI proportions (by weight)
are approximately 8.5 %, 1.5 %, and 1.0 %, respectively, but these
may vary according to species or cell types [1].
Phosphatidylinositolphosphates (PIPs) are minor phospholip-
ids, accounting less than 1 % of total membrane lipids, yet they are
of disproportionate importance for many membrane-associated
signaling events: (1) PIPs can be precursors of various second
messengers (e.g., Inositol-3-Phosphate, Diacylglycerol), (2) they
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can activate many ion channels and enzymes, (3) they are involved
in membrane trafficking and, (4) they can recruit proteins to the
plasma membrane or intracellular compartments through several
structured interaction domains (e.g., Pleckstrin Homology domain
(PH), Phox homology domain (PX), Fabl /YOTB/Vacl /EEA1
domain (FYVE)) [1-4]. PIPs can be phosphorylated at different
positions of the inositol head group, which can generate up to
seven different PIP species that include three phosphatidylinositol
monophosphates [PI3P, PI4P, and PI5SP], three phosphatidylino-
sitol biphosphate [PI(3,4)P,, P1(3,5)P,, and PI(4,5)P,] and one
phosphatidylinositol triphosphate [PI(3,4,5)P;]. PIP kinases and
phosphatases modify the phosphorylation state of the inositol head
group, and phospholipases hydrolyze PIPs to release the soluble
head group into the cytosol [1, 4]. The combined action of these
enzymes produces the PIP signature of a cell, where certain mem-
brane compartments are enriched or depleted of specific PIPs, con-
tributing to their functional identity [1, 3, 4].

Phosphatidylserine (PS) is an important constituent of eukary-
otic membranes and the most abundant acidic phospholipid (up to
10 % of biological membrane) [1, 5-7]. PS is involved in many
signaling pathways, as it can recruit and /or activate proteins, nota-
bly through their stereospecific PS-binding domain and by regulat-
ing membrane surface charges [1, 5, 6, 8]. One particularity of PS
is its role as a lipid landmark in both extracellular and intracellular
membranes leaflets. For instance, extracellular PS (exposed on the
outer leaflet of the plasma membrane) serves as an “eat me” signal
for the clearance of apoptotic cells [7, 9]. Intracellular PS regulates
a number of signaling pathways involving kinases, small GTPases,
and fusogenic proteins 5, 8].

Phosphatidic acid (PA) is a precursor for the biosynthesis of
many lipids [ 10, 11]. Indeed, various enzymes add different chem-
ical group on PA, such as Choline, Ethanolamine, Serine or Inositol
to produce phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylserine (PS) and phosphatidylinositol (PI). PA is
also the substrate of Phospholipase D, which produces diacylglyc-
erol, a second messenger involved in many signaling pathways
[12]. Furthermore, the biophysical characteristics of PA influence
membrane properties such as membrane curvature or membrane
fusion [1, 13, 14]. In addition, PA itself recruits various proteins to
membranes and PA-protein interaction activates many enzymes. As
such, PA can be considered a bona fide lipid second messenger.

2 Subcellular Localization of Anionic Phospholipids at a Glance

The localization of the various acidic phospholipid species has
been an intense area of research [4, 15, 16]. Functional studies,
together with biochemical and live-cell imaging, have built a
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relatively clear picture of the precise location of most acidic
phospholipids in yeast (Fig. la), cultured mammalian cell lines
(Fig. 1b), and plants (Fig. 1c).

In animal cells, PI3P mainly resides in early endosomes, where
it controls endosome maturation, cargo protein degradation /recy-
cling and cell signaling notably through its interplay with Rab5
GTPases [3] (Fig. 1b). During autophagy induction in animal
(e.g., triggered by amino acid starvation), PI3P is transiently pro-
duced at the Endoplasmic Reticulum (ER) membrane by the PI3-
kinase VPS34 [17] (Fig. 1b). PI3P production in the ER supports
the formation of the omegasome a specialized ER domain at the
origin of the formation of the autophagophore (also known as the
isolation membrane), that itself elongates to form the autophago-
some (i.e., double membrane vesicles) [17, 18].

In yeast and animals, PI4P is located in at least two different
pools in the cell, one at the Golgi apparatus and the other one at
the plasma membrane [19-21] (Fig. la, b). Each pool of PI4DP has
separate and diverse functions. The main function of PI4P at the
Golgi is to control membrane trafficking events, in particular, the
sorting of proteins toward the plasma membrane or endosomes [ 3,
22-24]. PI4P, together with other PIPs, recruits strong cationic
proteins to the plasma membrane [25]. In yeast, the plasma mem-
brane pool of PI4P controls ER-to-plasma membrane tethering
sites that regulate cell signaling and ER morphology [26-28] (Fig.
la). Furthermore, plasma membrane-localized PI4P is a source of
PI(4,5)P, in animal cells [23, 29]. A pool of PI4P has been recently
described in late endosomes/lysosomes in animal cells but the
function of PI4P in these compartments remains to be fully eluci-
dated [20] (Fig. 1b).

In mammals, the rare phosphoinositide, PISP, accumulates in
the nucleus and at the plasma membrane under certain stimuli, or
during infection by certain pathogens such as the bacterium
Shigella flexneri [30-34] (Fig. 1b). Furthermore, it has been
recently showed that PISP transiently accumulates at the ER dur-
ing autophagy induction and can substitute PI3P at the omegas-
ome [35] (Fig. 1b).

In both animal and yeast, PI(3,5)P, is thought to reside in late
endosomes, where it regulates lysosome/vacuole biogenesis [ 36—
38] (Fig. 1a, b). In every eukaryotes, PI(4,5)P, is localized at the
plasma membrane where it has a large spectra of action such as
anchoring signaling and membrane trafficking proteins [2, 4, 25,
39—41] (Fig. la—). In addition, PI(4,5)P, controls ion channel
activation and is a substrate of Phospholipase C, which triggers
synthesis of the second messengers inositol 1,4,5-trisphosphate
and diacylglycerol [2, 4, 42]. PI(4,5)P, is the source of PI1(3,4,5)
P;, which together with PI(3,4)P,, accumulate at the plasma mem-
brane but only when specific signaling pathways are activated (e.g.,
growth factor signaling) [2, 4] (Fig. 1b). PI(3,4)P, also controls
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Fig. 1 Summary of the subcellular localization of anionic phospholipids in yeast (a), animal (b), and plant (c)
cells. Note that the reported localization are not exhaustive and might vary depending on cell types or signaling
activities. The cartoon representing the cell in panel (b) is adapted from Jean and Kiger 2012
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late-stage clathrin-coated pit formation, independent of P1(3,4,5)
P; [41,43].

PS is synthesized in the ER lumen and reaches the cytosolic
leaflet through the action of P4-ATPases flippases [7, 9].
Depending on the species, this translocation occurs either at the
trans-Golgi Network (TGN) and/or at the plasma membrane.
This asymmetric PS distribution can be used as a signaling device
by the regulated activation of scramblases, which rapidly exposes
PS on the extracellular leaflet of the plasma membrane and plays
important roles in blood clotting and apoptosis [7, 16], as above-
mentioned. On the cytosolic leaflet, PS mainly accumulates at the
plasma membrane in yeast (Fig. 1a), while it is present both at the
plasma membrane and throughout the endosomal system in ani-
mal cells (Fig. 1b) [5, 8, 44].

Like PS, PA is synthetized in the ER in all eukaryotic cells [10,
11]. PA can also be synthesized de novo in other organelles such as
for example mitochondria or chloroplasts [ 10]. However, the main
pool of PA that is facing the cytosol is likely localized at the plasma
membrane. This pool is locally produced by Phospholipase D and
Diacylglycerol kinases [12].

3 Detection of Acidic Phospholipidsby Lipid Binding Domains

Anionic lipids such as phosphoinositides are markers of organelle
identity. Moreover, because they act as second messengers, their
quantity varies rapidly (i.e., within minutes) upon stimulation of
various signaling pathways. It is therefore key to be able to track
the amount of these lipids in real time and at subcellular resolu-
tion. However, the investigation of lipid subcellular localization
has proven to be difficult for various reasons. First, it is obviously
not possible to label lipids by direct tagging with fluorescent pro-
teins (FPs). Second, common methods of cell or tissue fixation do
not fix lipids and are therefore not compatible with the study of
lipid subcellular localization. Yet many techniques have been used
over the years to uncover the subcellular localization of acidic
phospholipids and their respective dynamics upon various stimula-
tions. These techniques were used either in fixed cells, such as for
example immuno-labeling with anti-PIP antibodies [19] or live
cells, such as for example direct labeling of lipid molecules or the
use of genetically encoded biosensors [45]. The later method has
been extensively used to indirectly reveal the localization and
dynamics of PIPs in intact living cells and, currently, is probably
the most widespread technique used to localize acidic phospho-
lipid species [4, 40, 45]. Importantly, this method is directly ame-
nable to live imaging techniques. Genetically encoded biosensors
consist of lipid-binding domains (LBDs) that interact specifically
with known lipid species in vitro (Fig. 2a, b). These domains
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localize in the cell compartments that accumulate the targeted
PIPs and can be easily traced when fused with a fluorescent protein
(Fig. 2a, b). LBDs are globular domains that mostly bind to acidic
phospholipids such as PIPs and PS [1, 46]. Broadly, they fall into
two categories: nonspecific LBDs and stereospecific LBDs.
Nonspecific LBDs recognize general membrane properties, such as
curvature, lipid packing defects, or charges [1, 14]. Examples of
nonspecific LBDs include the BAR domain that recognizes mem-
branes with a specific curvature or the KAl domain that binds
highly electronegative membrane [1, 47]. Stereospecific LBDs
bind particular acidic lipids with sometime exquisite specificity.
PH, PX, FYVE, and some C2 domains belong to this category [1,
46]. To date most LBDs that have been used to report on lipid
localization are stereospecific LBDs, yet in recent years nonspecific
LBDs have also been exploited to probe some basic properties of
the cytosolic leaflet of membrane compartments. For example, the
KA1l domain has been used as a reporter of membrane surface
charges in human cells [25].

4 Design of Genetically Encoded Acidic Phospholipid Probes

4.1 Construct
Strategy

To visualize a certain lipid species, the strategy is to fuse the
LBD of interest with a fluorescent protein (FP) (Fig. 2a). Most
LBDs can be fused either to their N-terminal or C-terminal end
without affecting their binding properties since they are derived
from multidomain proteins. To maximize the chances to obtain
a stable and functional fusion protein, we usually place the LBD
where it would be in its original protein context and separates it
from the fluorescent protein by a short flexible linker (e.g.,
SAGGSAGG or GAGARS linkers). For example the PX domain
of the p40rh* protein is localized at its N-terminus. We therefore
replaced the C-terminal part of this protein with fluorescent pro-
teins, giving PXP*°-FP constructs (Fig. 2a). A fluorescent protein
is usually sufficient to report each lipid, however methods based
on Forster Resonance Energy Transfert (FRET) have also been
used [48-51] (Fig. 2¢).

Most genetically encoded lipid sensors are soluble proteins and
therefore are designed to report only the lipid species that are
facing the cytosol. However, addition of a signal peptide to the
probe has been generated to secrete the LBD and to follow the
accumulation of its cognate lipid along the secretory pathway, such
as for example its presence in the ER lumen [9]. However, because
of the resolution limits of conventional light microscope, this
approach requires Transmission Electron Microscopy (TEM) to
distinguish between membrane-bound LBDs and soluble LBDs in
the organelle’s lumen.
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Fig. 2 General principle of genetically encoded lipid biosensors. (a) A lipid-binding
domain (LBD) from a multidomain protein (p40°" in this example) is fused with a
fluorescent protein (FP). This protein fusion acts as a biosensor for PI3P. (b) Some
LBDs require binding to both a lipid and another molecules (i.e., Ca**, proteins).
This coincidence binding specifies the localization of the corresponding biosensor
1o a subset of the lipid-enriched membrane, which also contains the target protein.
In this example, the PH domain of FAPP1 binds PI4P and ARF1, thereby restricting
its localization to the Golgi/TGN. (c) Ratiometric FRET sensors are targeted to mem-
branes independently of lipid binding (e.g., via a lipid anchor or a transmembrane
segment) and report on the presence of the lipid based on the conformational
changes induced in the sensor when the LBD binds its lipid (which increases or
decreases the proximity between the two FPs and therefore their FRET ratio)
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4.2 Ghoosing

the Appropriate LBD,
Consideration on LBD
Specificity

4.3 Choosing the
Appropriate LBD,
Consideration on LBD
Affinity

The most critical aspect in the design a genetically encoded sensor
for a given lipid is to take into account binding specificity and affin-
ity of the LBDs. If one wants to report the localization of a given
lipid, the ideal probe should be highly specific for this lipid.
However, very few, if any, LBDs are completely specific for only
one lipid. Most of the time, their affinity is greater for a lipid than
for the others, yet this is enough to confer a specificity of recogni-
tion in vivo. Nonetheless, this should be verified, if possible by
several in vitro lipid-binding assays. Such assays include qualitative
methods (e.g., lipid—protein overlay assays) and more quantitative
techniques such as liposome-binding assays, surface plasmon reso-
nance, or isothermal titration calorimetry. Finally, the structure of
the LBD-lipid complex (e.g., by X-ray crystallography or NMR
spectroscopy) might help to rationalize how the domain specifi-
cally recognizes a particular phospholipid headgroup [1].

Moreover, it is common that LBDs require the coincidence
detection of a given lipid together with another molecule to pro-
mote membrane binding. The most widespread examples are
LBDs that bind their target lipid in a calcium-dependent manner
(e.g., most C2 domain binds their lipids, mostly PS, only in the
presence of Ca**) [1]. Some LBDs also require the coincidence
binding of another protein [1] (Fig. 2b). For example, the PH
domain of FAPP1 (and to a lesser extend the PH domain of OSBP)
interacts with PI4P preferentially in the presence of the small
GTPase ARF1 [21] (Fig. 2b). This requirement for coincidence
binding can lead to confounding results that are sometime difficult
to evaluate. For example, the PH domain of FAPPI is capable of
binding PI4P alone, but in vivo membrane binding is enhanced by
the presence of ARF1 [21]. Because ARF1 mainly localizes at the
Golgi and TGN, two compartments that are enriched in PI4D, the
PH domain of FAPP1 (and OSBP) preferentially localizes to these
two compartments, although PI4P is also present at the plasma
membrane [21] (Fig. 1). This particular result led to the long-
lasting belief that PI4P is mainly localized at the Golgi and
TGN. Therefore, the PH domains of FAPP1 and OSBP are not
optimum to report PI4P in all membranes. However, because
PI4P association is required for membrane binding of these LBDs,
they are suitable PI4P reporters in the Golgi and TGN and have
been successfully used to this aim [52] (Fig. 2b). When available,
the use of probes that do not require coincidence binding with
other molecules should be favored. Alternatively, if such LBD has
not been characterized yet, the use of LBD requiring coincidence
binding should not be discarded entirely, but the results should be
interpreted accordingly.

The second parameter that one should take into account is the
relative binding affinity of the LBD for its target lipid. This is also
an important parameter, since difference in relative affinity might
result in different subcellular localization of the probe. The first
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obvious caveat is when the binding affinity is too weak, which leads
to mostly or exclusively soluble localization of the probe (their
localization by default, in the absence of binding, being soluble in
the cytosol). For example, a single PI3P-binding FYVE domain is
soluble when express in mammalian cells and only a tandem dimer
construct (2xFYVE domain) is localized to early endosomes,
where PI3P accumulates [53]. This leads to the second caveat,
which is when binding affinities are too high and high-affinity
LBDs might outcompete the lipid binding of endogenous pro-
teins, leading to toxicity upon expression of the probe. However,
because any given cell expresses hundreds of proteins harboring
LBDs at the same time, it is unlikely that transgenic expression of
LBDs will outcompete all the other lipid-binding proteins. It is
however common that expression of acidic phospholipid probes
affects some signaling pathways. It is therefore advisable to test the
toxicity due to the expression of the probe and to favor cells or
transgenic organisms with relatively weak expression of the probe
(for example by using promoters that confer mild expression).
One should choose LBDs that have affinity ranging in between
the two extreme scenarios discussed above. Because there is no way
to predict in silico how a LBD will behave in vivo in a particular
system, it is preferable to use, when available, several probes to
report on the same lipid species. Because of slight changes in either
binding affinity or specificity, we often observed that several report-
ers for the same lipid might harbor different, although overlap-
ping, localization [40]. For example in Arabidopsis root,a 2 x FYVE
PI3P reporter is localized to late endosomes (where PI3P accumu-
lates in plants, Fig. 1c), while the PX domain of the p40°* pro-
tein, also a well characterized PI3P binding domain, localizes to
both late endosomes and tonoplast (the membrane of the plant cell
vacuole) [40] (Fig. 1¢). Although it is not entirely understood how
these differences in localization might be explained, these results
are useful for several reasons. First, both probes localize to late
endosomes, providing confirmation that PI3P is likely to
accumulate in this compartment in plants. Second, because the PX
domain also localizes to the tonoplast, this raised the possibility
that PI3P might localized to this compartment. Although this con-
clusion should be taken with care, since it was confirmed with only
one of the two LBD, it provided us with a new testable hypothesis.
One way to explain the dissimilar localization of the FYVE and PX
domains is to consider their difference in relative binding atfinity.
In fact, high affinity LBDs are expected to localize more specifically
to the membrane compartment that accumulates the most its cog-
nate lipid, while lower affinity LBDs are more likely to have a
broader localization domain (Fig. 3). Low affinity sensors are less
efficient in discriminating between two membranes with two dif-
ferent concentrations of their targeted lipid species and as a result
they might be targeted to both of these membranes (Fig. 3a). By
contrast, high affinity sensors will have increased dwell time at the
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membrane that is the most enriched in the targeted lipid and they
will accumulate preferentially in this compartment (Fig. 3b). In
other words, high affinity sensors work like a “Velcro fastener”:
they will grab more strongly to a surface with more spikes (in this
case the spikes being an acidic lipid) (Fig. 3b). Therefore, it is pos-
sible that the high affinity 2 x FYVE probe mainly localizes to late
endosomes because this could be the cell compartment where
PI3P accumulates the most, while the PX-based probe localizes
also to the tonoplast because this compartment might also have
PI3P but to a lesser extent than late endosomes. This is further
exemplified when comparing the localization of single versus tan-
dem dimer LBDs. For example in Arabidopsis, we found that the
high affinity PI4P sensor 2 x PHF! was more strongly localized
to the plasma membrane and less to endomembrane compart-
ments than the low affinity sensor 1 x PHFAP™! [40] (Fig. 3¢). When
kept in mind, these variations in localization can actually be
exploited to address the relative concentration of a given lipid in
several membranes. For example, the results presented in Fig. 3¢
suggest that the concentration of PI4P is greater at the plasma
membrane than in intracellular compartments in plants [40].

5 Validation of Acidic Phospholipid Sensors

As mentioned in the previous section, it is important to test the
in vitro binding specificity of a particular LBD. However, this
apparent in vitro specificity does not necessarily reflect its localiza-
tion in vivo or the localization of its cognate lipid in cells. In fact,
a comprehensive study on all yeast PH domain suggest that in vitro
binding specificity is not a good indicator of the localization of this
domain in vivo and does not always predict whether the LBD will
be a useful lipid probe or not [54]. Expression of each LBD has to
be tested in vivo and if possible validated. A first screen will rapidly
discard domains that do not properly accumulate, do not localizes
to any membrane compartment or induce strong phenotypes [40].
It is then important to check whether the localization of the probe
is in fact dependent on the presence of its cognate lipid. Among
other approaches, this could be achieved by pharmacological or
genetic inhibition of the lipid biosynthetic enzymes (e.g., phospha-
tidylinositol kinases, phosphatidylinositol phosphatases, phospho-
lipases). For example, a loss-of-function mutation in mss4, the yeast
PI4P 5-kinase, leads to a soluble localization of a 2 x PH™C probe
that normally highlights P1(4,5)P, at the yeast plasma membrane
[21]. An elegant approach is also the targeted recruitment of lipid
kinases or phosphatases to a specific compartment using small
molecules or light, because these approaches mediate rapid lipid
modifications that are spatially restricted [20, 25, 39, 42, 55-59].
The localization of an ideal lipid reporter should be dependent on
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its cognate lipid in both loss- and gain-of-function experiment but
not dependent on the production/loss of unrelated lipids. In other
words, the probe should leave its endogenous membrane compart-
ment upon loss of its cognate lipid at that membrane. Conversely,
it should be recruited to a new membrane compartment upon pro-
duction of its cognate lipid in this organelle. To date, very few
probes have been tested extensively with such gain- and loss-of-
function experiments. Besides, they are rarely so versatile, probably
because of their requirement on coincidence binding to other mol-
ecules (see above the section on the design of genetically encoded
acidic phospholipid probes). However, the recent characterization
of the P4M PI4P reporter is a must read as an example on how to
validate an acidic phospholipid sensor in vivo [20].

In order to validate the localization of a lipid sensor and there-
fore the cellular localization of a particular lipid, it is important to
accumulate several lines of evidence to confirm this localization,
such as for example the use of alternate techniques (immunolocal-
ization, direct lipid labeling, ...), the similar localization of indepen-
dent LBDs known to bind the same lipid and /or the colocalization
of the probe with endogenous lipid binding proteins.

6 Well-Characterized Acidic Phospholipid Sensors

Several LBDs have been used over the years in different systems
and have been shown to behave robustly. In this section we briefly
describe these well characterized genetically encoded lipid sensors
and, it applicable, point out their respective advantages and limita-
tions. It is nonetheless important to consider the controls described
above when using one of these reporters in a new biological con-
text (e.g., new species, new cell type).

7 Phosphoinositide Sensors

7.1 PI3P

7.2 Piap

The most widely used probe for PI3P are derived from the PX
domain of the p40P"* protein and the tandem dimer of the FYVE
domains (2xFYVE) from the HRS or EEAI proteins [1, 46, 53,
60, 61]. These domains have been extensively used over the years
and are well-accepted PI3P reporters. In animal cells, they mainly
report the localization of PI3P in early endosomes [53], but plasma
membrane localization has been observed in certain conditions
(e.g., insulin treatment [62, 63]). However, they do not highlight
the pool of PI3P at the ER upon autophagy induction.

As discussed above (see Subheading 4.2), the PH domain of FAPP1
and OSBP report on the localization of PI4P at the Golgi/TGN
but not in other membrane compartments due to their require-
ment for ARF1 binding [21]. The PH domain of the yeast
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OSBP-like protein OSH2 is not dependent on ARF1 binding [64].
It is localized both at the Golgi and plasma membrane in yeast but
it is localized mainly at the plasma membrane and only weakly at
the Golgi in mammalian cells [20, 64]. Therefore, PHOH2 seems
to be a better reporter of plasma membrane PI4P than PHFAP! or
PHOSP?, The exact reasons for the plasma membrane preference of
PH®"2 are unknown, but might be due to residual PI(4,5)P,
binding [20, 64]. The newly described PI4P reporter, called P4M,
seems to be able to report both Golgi and plasma membrane PI4P
localization in animal cells and it detects as well a previously
uncharacterized pool of PI4P in late endosomes [20]. This reporter
seems to be superior to the PH domains of FAPP1, OSBP and
OSH2 since it is very specific to PI4P and does not require coinci-
dence binding with other proteins. However, because it has been
described fairly recently, it is not yet clear whether this probe will
behave similarly in a broad range of cellular contexts.

Few PI5P-binding domains have been characterized, including the
PH domains of Dok-1 and Dok-2 [34, 32] and the PHD domain
of ING2. A triple repeat of this domain (3 x PHD™2) has been
used as a sensor of PI5P localization. It mainly localizes to the
nucleus in animal cells [30, 32]. However, immunolocalization
and mass spectrometry methods suggest that PI5SP localizes in
membrane compartments such as the plasma membrane or endo-
somes [ 32, 65]. 3x PHD™¢2 has been recently found to accumu-
late in omegasomes during autophagy induction by glucose
starvation [35]. However, 3x PHD™¢2 has not extensively been
used over the years, perhaps because its expression inhibits PI5P-
dependent processes [ 32]. Therefore, this reporter should be used
with caution.

The PH domain of PLCdeltal (hereafter referred to as PLC) was
one of the first LBD to be used as a lipid biosensor [4, 45, 66]. It
has an exquisite selectivity for PI(4,5)P, and has been robustly
expressed in many different cellular systems including yeast, mam-
malian and plant cells [4, 21, 32, 40, 66]. It allowed for example
to monitor the reversible PI1(4,5)P, hydrolysis triggered upon PLC
activation, i.e., relocalization of membrane-bound PH"€ into the
cytosol upon PLC activation by agonists [66]. The C-terminal
domain of the TUBBY protein has also been used as a P1(4,5)P,
reporter [40, 67—69 ]; however, this protein domain binds PI1(3,4)
P, in vitro in addition to PI1(4,5)P, [69]. Both reporters are local-
ized exclusively to the plasma membrane, while P1(4,5)P, has been
found in Golgi and ER membrane. This point out to a possible
limitation of these probes or simply to the fact that the concentra-
tion of P1(4,5)P, in these compartments is not sufficient to trigger
membrane binding at these sites. It is also possible that the physi-
cochemical properties of these compartments (such as their
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7.5 PI(3,5)P,

7.6 PI(3,4)P,

7.7 PI(3,4,5P;

7.8 PS

packing or curvature) are not compatible with binding of these
domains. Finally, we cannot exclude that both LBD actually rely
on coincidence binding of P1(4,5)P, and a plasma membrane-resi-
dent protein. However, the fact that both reporters behave simi-
larly in many different cellular contexts and species argues against
this hypothesis. Altogether, PH"™ ! and TUBBY-C are robust
reporters of PI(4,5)P, dynamics at the plasma membrane but
might not reflect the possible pool of this lipid in other membrane
compartments.

The ENTH domains of the yeast proteins Ent3p and Ent5p as well
as the PROPPIN domains of Svplp protein binds to PI(3,5)P,
in vitro [36, 37, 70]. These proteins localize to the membrane of
the yeast vacuole suggesting that PI(3,5)P, accumulates in this
compartment [36, 37, 70], but expression of the isolated ENTH
or PROPPIN domains does not give consistent results when
express in heterologous systems such as animal cells or plants (per-
sonal communication). Recently, the cytoplasmic phosphoinositide-
interacting domain (MLIN) of the transient receptor potential
Mucolipin 1 (TRPML1) has been described to bind PI(3,5)P,
in vitro in the nanomolecular range [38]. A 2x MLIN construct
was used successfully to report on the localization of PI(3,5)P, in
late endosomes and lysosomes in animal cells [38]. Yet this new
tool remains to be tested in additional cellular contexts.

Some PX and PH domains are binding PI(3,4)P, in vitro (e.g., the
PX domain of p47 and the PH domains of TAPP1 and TAPP2)
[60, 71]. Mainly, PH™! has been used as a read-out of P1(3,4)P,
in vivo and revealed that this lipid mainly accumulates at the plasma
membrane [43, 72].

The PH domain of AKT recognizes both PI1(3,4)P, and PI(3,4,5)
P; and has been extensively used as a read out of type I PI3-kinase
activity [4, 45]. Several PH domains have also been described to
recognize specifically PI(3,4,5)P; but not PI(3,4)P,, such as the
PH domains from BTK, GRP1, ARNO, or cytohesinl [1, 4, 45,
46]. PI(3,4,5)P; does not accumulate at the plasma membrane in
the absence of specific stimulus but is synthetized upon stimulation
by growth factor or insulin. For example, PHE™X has been used to

detect PI(3,4,5)P; generation at the plasma membrane upon stim-
ulation of fibroblasts by EGF or PDGF [73].

PS-binding C2 domains have been characterized early on, but in
many cases, lipid binding occurs only in the presence of calcium
[1]. This restricted the use of these domains to study PS localiza-
tion in vivo. Nonetheless, the recombinant purified C2 domain of
Annexin A5 has been used to detect the presence of PS on the
plasma membrane outer leaflet, but this assay requires the presence



Guidelines for the Use of Protein Domains in Acidic Phospholipid Imaging 189

of exogenous calcium and is not compatible with live imaging of
intracellular events [8]. However, the C2 domain of Lactadherin
Synthase 1 (LactC2) was shown to bind specifically PS in the
absence of calcium and turned out to be an excellent PS reporter
in many systems, including yeast and animal cells [8, 9, 15, 74,
75]. The PH domain of EVECTIN2, a protein localized to the
recycling endosomes and involved in membrane traffic, was also
shown to specifically bind PS in vitro and to report PS localization
in vivo in human cells [44].

79 PA To date, only PA-binding linear motifs but no PA-binding domains
have been found and characterized [1]. These short stretches of
sequences do not seem to have a particular globular structure and
are often rich in basic amino acids. As such, these PA-binding
motifs are relatively poorly stereospecific and are able to bind,
although with various affinities, other acidic phospholipids [1, 13].
Biosensors using these PA-binding motifs rather than LBDs have
been used, such as the PA-binding sequence of the yeast SNARE
protein, spo20p, or the yeast protein kinase, Rafl [76]. Because of
the questionable specificity of these motifs for PA, results obtained
with these probes should be cautiously interpreted. Their use has
nonetheless been instrumental to address some aspects of PA local-
ization and dynamics [76-78].

8 Special Care and Caveat of the Approach

We have highlighted some of the limitations and important con-
trols that must be carried out while analyzing results deduced from
genetically encoded lipid biosensors throughout this chapter.
However, there are additional potential pitfalls of this approach
that should also be considered. We have already covered potential
problems due to toxicity. This toxicity might arise, in part, because
of competition between endogenous protein and transgenically
expressed LBDs for binding the same lipid. This situation is likely
to occur when the transgene is overexpressed by strong constitu-
tive promoters and we advocate for the use of mild promoters
and /or for the selection of cells or organisms that express weak-to-
intermediate level of the reporters. Another strategy is to use
inducible expression systems and to study the localization of the
lipid sensor at the onset of expression following transgene induc-
tion. Furthermore, overexpression of LBDs might induce feedback
regulation on the synthesis of the lipid, leading to over-accumulation
of this lipid. Systems for mild expression, or better, inducible
expression, will reduce these potential feedbacks. It is likely that
this lipid over-accumulation is involved in some of the toxicity,
which can be observed upon LBD overexpression, possibly by dis-
placing endogenous proteins to new pool of lipids. In addition, it
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is important to keep in mind that in some cases, phosphoinositide
binding LBDs are able to recognize both the membrane bound
lipid and its soluble inositol phosphate counterpart, which could
influence membrane association. Lastly, it is unlikely that all phos-
phoinositides are freely available for LBDs binding. Rather, some
lipid species might be synthesized locally and readily engage inter-
actions with endogenous lipid binding proteins as they are being
synthesized. For example PI(4,5)P, is a very important lipid
involved in clathrin mediated endocytosis (CME) and several pro-
teins involved in this process are known to binds to this lipid, yet a
PHP™C reporter does not localize to clathrin coated pits (CCP)
[79]. 1t is fully conceivable that PI(4,5)P, in CCPs are bound by
the CME machinery and therefore not labeled by the PH€ probe.

Altogether, it is important to keep in mind that the absence of
labeling by a lipid reporter is by no mean a proof of the absence of
this lipid. However, the detection of a certain lipid pool by a LBD
reporter, if controlled adequately (see Subheading 5) is a useful
tool, directly amenable to live imaging and dynamic studies.
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