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Highlights:

- Exact lipid distribution between various membranes is largely unknown

- Many proteins contain lipid binding modules with some specificity

- Some of these modules can be used to detect lipid distribution in live cells

- Quantification of lipid changes using these tools is increasingly desirable
SUMMARY
One of the largest challenges in cell biology is to map the lipid composition of the membranes of various
organelles and define the exact location of processes that control the synthesis and distribution of lipids
between cellular compartments. The critical role of phosphoinositides, low-abundant lipids with rapid
metabolism and exceptional regulatory importance in the control of almost all aspects of cellular functions

created the need for tools to visualize their localizations and dynamics at the single cell level. However,

there is also an increasing need for methods to determine the cellular distribution of other lipids regulatory
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or structural, such as diacylglycerol, phosphatidic acid, or other phospholipids and cholesterol. This
review will summarize recent advances in this research field focusing on the means by which changes can

be described in more quantitative terms.

I. Introduction

The genomic era combined with GFP technology has yielded unprecedented progress in understanding
the function, cellular distribution and interaction of protein signaling networks and their regulation both in
normal cells and in disease states. Many proteins have been characterized at the structural level providing
important clues about their functions or dysfunctions as defined by their atomic architecture. There has
also been an enormous progress in analyzing the lipid composition of tissues and cells revealing a
complexity that is hard to comprehend. Each major lipid class is represented with a repertoire of
molecular species with various acyl side chain lengths and saturation and in addition to ester lipids, ether
lipids and sphingolipids add to this enormous wealth of lipid variety. What is the significance of this
range of variability when it comes to building the complex membrane architecture of eukaryotic cells?
Where do enzymatic reactions that contribute to this heterogeneity take place and how the lipids move
around in the cell’s aqueous environment? How do cells decide whether to build membranes, store lipids
or use them as energy source? These questions and many more, although not new, keep coming back to
the frontiers as more and more signaling processes are recognized to require active participation of
membranes not only as localization platforms but regulatory ones as well.

Most of our knowledge on lipid enzymology and cellular distribution has been based on classical
membrane fractionation studies. However, now it is clear that several specific enzymatic reactions of lipid
conversions are catalyzed by multiple enzymes encoded by distinct genes or by splice variants originating
form a single gene. The cellular localization of the enzymes can be determined relatively easily with our

modern tools, but as it turns out the lipid products of these enzymes can be rapidly transferred to other
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cellular compartments and this process often controls the metabolic flux through these pathways. Such
transport-coupled enzymatic reactions, however, also mean that cell fractionations can lead to misleading
conclusions concerning the distribution of lipids as it relates to an intact cell. We have to come to realize
that we lack solid knowledge about the cellular distribution of even the most common phospholipids, such
as phosphatidylcholine (PC), phosphatidylethanolamine (PE) or phosphatidylinositol (PI) in spite of the
fact that we more or less know where the enzymes that make these lipids are found. We have even fewer
clues about the distribution of the various side-chain variants of these phospholipids or of any other lipid
classes and the compartments where fatty acid remodeling takes place.

Several approaches have been used to find answers to these questions over the last 40 or so years.
Fluorescent derivatives of lipids have been developed and added to the cells to follow their localization
movements and metabolic fate [1, 2]. While these studies have made great contributions to our
understanding how these lipids behave, there are some caveats regarding their reliability. The fluorescent
tag, which is attached to the lipid headgroup or acyl side chain has a major impact on the behavior of the
lipid altering its partitioning between various membranes or between the two leaflets or in the aqueous
phase. Moreover, lipids added from the outside may not follow the same metabolic routes that are used by
their endogenous counterparts. These caveats are being addressed by a new generation of chemical
biological tools that address the means of delivery as well as the minimalization of changing the
hydrophobic character of side chains [3-5].

An additional approach that has gained popularity is the use of antibodies raised against specific
lipid species [6, 7]. In addition to the usual problems with specificity, the disadvantage of this approach is
that it requires fixation so live cells studies cannot be performed. Still, anti phospholipid antibodies have
also been providing us with very useful information. They have a great advantage over some other
methods in that they show the distribution of the endogenous lipids without distortions caused by adding
exogenous lipids or expressing lipid-binding domains (see below). One area of caution is the largely

unknown effects of the various fixation procedures on the physicochemical states or distribution of the
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lipids. More and more data suggest that lipids remains mobile even when cells are fixed with
conventional methods used for protein detection. Moreover, multivalent detection by antibodies can
cluster the still mobile lipids creating false conclusions regarding clustering or other localization features
[8-11]. Nevertheless, this approach will remain an important one especially when combined with the use
of the lipid binding modules (see below) in fixed cells as “antibodies”. These latter ones have been
extended for use at the EM level [12-14].

The third approach to determine where lipids are in the cell and how they change upon cellular
responses was born out of the realization that many proteins contain domains for lipid recognition that can
determine their cellular localization. Such lipid recognizing domains include pleckstrin homology (PH)
domains, C1 or C2 domains (see below). In some cases these isolated domains fused to fluorescent
proteins can specifically recognize lipid species in the membrane allowing the visualization of these lipids
in live cells. The great advantage of these tools is that they can be used in intact cells allowing kinetic
analysis of changes in real time. A disadvantage of this approach is that it requires the introduction of a
protein that will bind to the lipids and disturb the physiology of the cells and distort the amount and
distribution of the lipid in question. In addition, there is often an additional interaction (mostly with
proteins) that contributes to the membrane attachment of these protein modules that complicates the
interpretation of the data obtained. These caveats have received ample coverage in many reviews written
by us [15-17] and others [18-21]. In spite of these limitations, this method, when used with caution, has
contributed significantly to our understanding of the distribution and functions of many lipid species.

In addition to fluorescence-based microscopy, there are additional labeling-free methods that do
not require introduction of any probes to get information about lipid distribution in cells or tissues.
Differential interference contrast (DIC) microscopy and phase contrast microscopy has been widely used
to resolve structural details of cells or tissues. These techniques exploits differences between the
refractive indices of various lipid membranes but provide no information on lipid composition. To

distinguish chemically specific structures one needs to generate chemical contrast, which can be achieved
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by analysis of vibrational spectra of molecules. Coherent anti-Stokes Raman scattering (CARS)
microscopy exploits this principle and has been particularly used for analysis of lipid distribution in cells
or tissue. It is beyond the scope of this review to go to more details regarding this technique. More on
these label-free methods can be found in [22].

CARS microscopy requires special instrumentation and understanding the complex analysis
process, which has limited its wider appeal. Therefore, fluorescence-based microscopy methods are still
more popular. Moreover, the increasing repertoire of ever improving genetically encoded fluorescent
proteins is making the lipid binding probe approach more widely used. This method will, therefore, be the

primary focus of this review.

I1. Protein Domains that are used for imaging intracellular lipid pools

I1. 1. PH domains

Several protein modules have evolved in biology that contribute to the localization of the proteins to the
various membranes in eukaryotic cells. Some of these modules are well-folded structures with binding
pockets that provide strong and specific interaction with the headgroups of phospholipids that face the
cytosol. One of the best known and most studied of these is the pleckstrin-homology (PH) domain. PH
domains have become most famous because of the phosphoinositide recognition of some of its members
making them suitable to visualize inositol lipids in the cell (see Table I). Unfortunately, this has distorted
views regarding the functions of PH domains in that they have been considered primarily as lipid binding
domains even though often they also bind proteins and in many cases do not even bind lipids [23]. It is
also important to recognize that even when PH domains do bind lipids, their lipid binding is not always
responsible for membrane localization; instead, PH domains can serve as allosteric regulatory modules
[24, 25]. Although PH domains are most famous for inositol lipid binding, some PH domains recognize
other lipids, such as the Evectin PH domain that binds PS [26, 27]. An important point of consideration
while using PH domains as lipid imaging tools is the fact that PH domains often bind proteins together
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with the lipids to bind to membranes. The best examples are PH domains from several lipid transfer
proteins, such as CERT, OSBP and FAPP2 (FAPP1 PH behaves the same way but it is not a lipid transfer
protein) that recognize Golgi P14P together with the GTP-bound form of Arfl [28]. This dual recognition
is an important feature of the Golgi-related function of these proteins, allowing monitoring Golgi-specific
changes in PI4P, but also making it difficult sometimes to distinguish between Arfl or PI4P changes as
the primary cause for altering localizations of these PH domains. Lastly, it is also important to recognize
that high lipid binding specificity of PH domains is not a requisite for specific regulation by a particular
lipid in the context of signaling. Even with promiscuous lipid binding of a PH domain, specific regulation
can be achieved if a particular lipid is directly delivered to the domain by enzymes that are closely
associated with the signaling complex to which the PH domain-containing protein belong. As an example,
the PH domain of the yeast OSH2 protein or the OSBP proteins and their yeast homologues poorly
discriminate between P14P and P1(4,5)P2 [29, 30] but because of the Arfl requirement and the abundance
of PI4P relative to PI1(4,5)P2 in the Golgi, the OSBP proteins are primarily controlled by PI4P at the
Golgi. PH domains have been mostly used to localize phosphoinositides, and only the Evectin PH
domain is used to label PS in the cell [26]. PH domains that are mostly used for imaging purposes are
listed in Table I. This Table is an updated version of ones we have used over the years. Our experiences
with the specific individual lipids and PH domains have been described recently [15] and will not be

detailed here.

11. 2. C2 domains

C2 domains have been recognized as lipid binding modules present in a large number of proteins that
interact with membranes and/or act on membrane lipids [31]. Most of these domains show Ca?*-
dependent lipid binding to acidic membrane lipids without a great degree of specificity. In some cases,
however, the lipid-binding partner can be defined. For example, the C2 domains of PKCs bind to PS [32],
the C2B domain of Synapotagmin to P1(4,5)P2 [33], the C2C domain of ESytl to PI(4,5)P2 [34]or the C2
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domain of cPLA2 to Cer-1-P [35]. A few C2 domains show lipid (membrane) binding even at resting Ca?*
such as the C2 domain of Lactadherin to PS [36] or the C2C domains of ESyt2 and-3 to P1(4,5)P2 [34].
Importantly, the presence of C2 domains does not necessarily mean lipid binding: the C2 domain of
PKCdelta has been shown to bind to phosphotyrosine residues in the membrane [37]. Because of the
influence of Ca?* on their lipid and membrane interactions, few C2 domains have been found useful for

imaging studies (see Table II).

I1. 3. C1 domains
These cysteine-rich domains were first recognized in PKC as the sites of DAG binding and regulation
[38]. C1 domains since have been found in a large number of proteins often in tandem and the structure
of the domain from several proteins have been solved [39]. Since tumor promoting phorbol esters
mimicked DAG activation on PKC enzymes and they also bound to C1 domains of certain PKCs [40] C1
domains were believed to be also phorbol ester receptors and phorbol esters as ligands for the C1 domain
of PKC. Today it is clear that many C1 domains have structural features that prevent phorbol-ester
binding and that phorbol-esters can also bind to non-PKC proteins [41] and even to proteins that lack C1
domains [42]. Still, several C1 domains have been used as DAG sensors fused with GFP. The first of
them was introduced by the Meyer lab [43], but C1 domains from other proteins have also been used for
detection of DAG [44-47]. Interestingly, these domains obtained from various proteins appear to
recognize DAG in distinct membranes, some detecting DAG in the PM and Golgi, others are more
sensitive to DAG in the nuclear envelope or the Golgi membranes (see Table II). It is not clear at this
point what other factors are responsible for the selectivity of DAG detection by the various domains, but
it is a good reminder that lack of detection does not necessarily mean lack of DAG in any membrane
compartment.

Although not C1 domains, FYVE domains have structural similarities to C1 domains [48] and

they have been identified as PI3P binding modules [49, 50]. This made them widely popular as tools to
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visualize PI3P distribution both in yeast and metazoan cells [51]. FYVE domains have some limitations,
though. Sequences adjacent to the C-terminal end of the strictly defined FYVE domain often mediate
dimerization or Rab5 binding adding a bias toward Rab5 positive structures [52]. Because of this feature

the 2xFYVE domain of Hrs is the most widely used and tested domain for detecting PI3P [51].

Il. 4. PX domains

These domains have been identified as PI3P binding modules [53-55]. PX domains are present in a large
number of proteins that regulate endosomal trafficking such as the sorting nexins [56] and also in various
oxydases and some lipid modifying enzymes, such as PLD or Class Il PI3Ks [57]. Some PX domains can
bind other lipids such as p47(phox) which binds PI(3,4)P2> and at another site can simultaneously bind PA
or PS [58, 59]. PX domains also bind proteins [60], and their localization may be significantly influenced
by protein-protein interactions. Because of the popularity of FYVE domains for PI3P detection, relatively
few studies explored the utility and limitations of PX domains as PI3P reporters. The best of the PX

domains for this purpose has proven to be the p40(phox) PH domain [54].

I1. 5. Protein domains from pathogens

Many pathogenic organisms infect cells and reorganize their trafficking pathways to create an optimal
milieu for their life cycle and to avoid degradation. This is achieved by the evolution of protein virulence
factors that interfere with the cell’s own trafficking machinery. Some of these proteins target membranes
by binding to phosphoinositides or other lipids in the host cell membrane. One example of such binding is
the targeting of PI14P by the virulence factors, SidC [61] and SidM [62] of the intracellular parasite,
Legionella pneumophila [63]. The phosphoinositide-binding segments of these proteins have been
identified and their X-ray structures solved [64-66]. The P14P-binding modules of both SidM and SidC

have been used to detect PI14P in living cells [64, 67]. In our hand, expression of the SidC PI4P domain as
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a GFP fusion protein causes enlargement of Rab7 positive endosomes and seem to distort trafficking more
than the P14P binding segment of SidM (Balla T, Hilbi H and Szentpetery Zs unpublished observation).
Therefore, we prefer the use of the SidM P4M domain for imaging purposes in live cells [67].

Another example of a virulence factor binding to phosphoinositides is the ActA protein of Listeria
Monocytogenes. This protein that initiates actin polymerization and drives the actin-based motility of the
bacteria inside the cells has a binding site for P1(4,5)P: at the N-terminus [68, 69]. Pathogenic agents have
a whole slew of ways to interfere with the host phosphoinositide signaling network but discussion of
those is beyond the scope of this review and can be found elsewhere [70, 71].

One example that is relevant to lipid imaging is the Perfringolysin O Theta Toxin (PFO) of
Clostridium perfringens. This secreted pore-forming toxin is a member of the cholesterol-dependent
cytolysins. It binds to cholesterol of the extracellular leaflet of the PM followed by oligomerization
eventually leading to cell lysis [72]. It has a cholesterol binding domain (D4) that is non-toxic and is
sufficient to target the toxin to cholesterol-rich domains. This D4 domain has been used as a recombinant
protein to detect cholesterol in the exofacial leaflet of the PM but a mutant form (D434S) called D4H,
with increased affinity was introduced to visualize intracellular cholesterol in the form of a transfected
mCherry-fused fusion protein [73]. This promising tool has to be tested in many more studies to fully
understand its benefits and limitations, but it has been a great step forward in helping understand
cholesterol biology at the cellular level.

Other examples of bacterial toxins that bind to specific sphingolipids, are lysenin that binds
sphingomyelin [74, 75]} or the non-toxic Cholera toxin B subunit that targets the glycosphingolipid, GM1
[76] and the Shiga toxin that binds to Gb3 [77]. Since these lipids are found primarily on the external

(luminal) leaflet of membranes they are not listed in Table II.

I1. 6. Amphipathic helices (AHSs)
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One of the most exciting and least understood ways proteins are recruited to specific membrane
compartments is via short amphipathic helices (AHs). These short 20-40 residue sequences are
characterized by the presence of large hydrophobic residues interspersed with polar and charged residues
[78, 79]. Special cases of AHs are the so-called ALPS (for Amphipathic Lipid Packing Sensor) that are
able to sense lipid curvature via insertion of their hydrophobic residues into packing defects in highly
curved membranes [79, 80]. Some of the AHs specifically recognize the single phospholipid coating of
lipid droplets due to relative PC deficiency as exemplified by the CCTa protein [81, 82]. We still have
very limited understanding of what determines the specificity of these interactions. The AH of the yeast
SNARE protein, Spo20p has been introduced as a reporter for PA accumulation [83]. This reporter is
useful for monitoring PA increases in the PM [84-87], but its PA detection does not seem to be ubiquitous
as large PA increases based on lipid analysis seem to be undetected by this probe (Kim, YJ, Pemberton
JG and Balla T unpublished observations). Whether the Spo20 probe is sensitive to the unique lipid
composition of the PM or the curvature of the membrane where PA is present is not clear at this point.
Nevertheless, detecting all PA pools in cells remains to be a challenge in spite of significant efforts in

finding a suitable PA sensor [21, 83, 88].

I1. 7. Probes to detect membrane fluidity: 2-(Dimethylamino)-6-Acylnaphtalenes Fluorescent Probes
have been introduced to probe membrane fluidity and disorder. In particular, particularly Laurdan, was
used to study membrane lateral structure and dynamics. The fluorescent life-time of the nascent
fluorescence of this compound is highly dependent on the state of the membrane (ordered or disordered
phase) and its cholesterol content. [89]. A newer dye dubbed PA (for push-pull pyrene, not to be confused
with the similarly abbreviated phosphatidic acid or palmitic acid) changes its emission maximum as a
function of lipid order and has been shown to be suitable to monitor the liquid-ordered state of cellular

membranes at much lower concentration than Laurdan [90]. More experience will be needed to fully
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understand the information that these reporters convey and to properly interpret the differences that they

detect between various membrane compartments.

I11. Quantitative imaging

It is very satisfying to see the cellular localization and changing dynamics of specific lipids in single
living cells. However, the heterogeneity of cells makes it difficult to determine the extent of changes after
stimulation or other manipulations, especially when changes are relatively small and have to be compared
to one another between stimuli or groups of cells treated in different ways. There are a number of ways
one can quantitate changes in membrane localizations or conformational changes of reporter constructs.
Some of these measurements rely upon analysis of data obtained from single cells and summarizing the
results from a number of individual cells. Such analysis includes measuring membrane translocation of
the probes by analyzing changes in membrane to cytosol intensity ratios from confocal images. For
plasma membrane, TIRF analysis can be used to follow the intensity changes after manipulations.
Fluorescence Resonance Energy Transfer (FRET) can be monitored in individual cells and summarized
from many cells, or if the signal is large enough can even be followed in cell suspensions. For internal
organelles especially for fast moving ones, one has to use a reference image (such as an organelle marker)
and use that as a mask to monitor the intensity change only in the pixels identified by the mask. Even
with these methods, sometimes small changes will be lost in the error bars unless a huge number of cells
are analyzed. This problem has been overcome by the development of Bioluminescence Energy Transfer
(BRET) method that can monitor membrane specific changes in probe distribution from many thousand

cells using simple plate readers. We will go through these methods in the following paragraphs.

I11. 1. Quantification of images obtained by confocal microscopy, Total Internal Reflection
Fluorescence (TIRF) microscopy or by fluorescence resonance energy transfer (FRET)
Regardless of the method to be used for analysis, it is an important point to keep in mind that low

expression levels of the sensors should be used to reduce the distorting effects of the abundance of these
12



sensors, due to sequestration of the lipids and dominant negative effects of the lipid binding domains. The
most widely used lipid probes report on lipid changes in the membrane by changing their distribution
between the membrane and the cytosol. This “translocation” can be monitored in a number of ways: the
original and simplest method of quantification of confocal images was based on the increase or decrease
of cytoplasmic intensities after stimulation (see [136] and [86] as examples). A more accurate method was
to draw a line across the cells to create a line-intensity histogram that allowed the calculation of the
intensities at the membrane vs. the cytosol (Fig. 1A and [93]). This method has subjective elements as the
intensity may not be uniform along the membrane and the shape of the cells can also change yielding
uneven membrane distribution. A much more accurate method, which can also be applied to internal
organelles is the use a membrane marker (marking the membrane of interest) and create a mask across all
the images in the time series that defines this membrane compartment. The masks can be used to identify
as well as to normalize the organelle-associated lipid probe (Fig 1B and [67] as an example).

PM-associated intensities can also be followed in TIRF microscopy, which detects only a narrow
section of the cells within 100 nm above the coverslip that corresponds to the plasma membrane. It is also
advised to use a PM marker along with the lipid-specific probe to normalize for changes in membrane
geometry or thickness in the TIRF plane (Fig 1C). An important advantage of TIRF quantification
compared to confocal microscopy is the use of sensitive CCD cameras with high dynamic range. TIRF
images can be easily quantified by measuring the pixel intensity that corresponds the amount of the bound
domains [137, 138]. Limitations of the TIRF approach include that it requires a dedicated microscope, and
that it can be used only in plasma membrane-associated events.

A really elegant approach for quantification of membrane-associated probe amounts was the use
of FRET. FRET is based on the radiation-less energy transfer between two molecules, usually between
two fluorescent proteins with proper spectral features when they are in close proximity. Since such
energy transfer depends on the 6™ power of the distance between the donor and acceptor molecules it is a

widely used method to measure molecular proximity. This principle can be applied to determine the
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extent of the membrane localization of a lipid-binding domain, either by using a CFP (or the much better
mTuorquoise [139]) —fused lipid binding domain as donor and the YFP (or the better Venus)-fused same
lipid binding domain or simply a membrane targeted Venus as acceptor [140]. As the membrane
association of the probe decreases (or increases) so will change the FRET signal between the two
molecules. A special application of the FRET principle is the use of single molecule FRET constructs. In
this case both the donor and acceptor fluorophore is fused to the same lipid sensor protein and lipid
binding would change to distance and probably more importantly the dipole orientation of the two
fluorophores. Such probes usually have a constitutively high FRET value that changes slightly (either
decrease or increase) upon lipid binding. This change is relatively little, but can be detected with a good
quality detector (see [141] for an example). FRET can be measured either by the method of sensitized
emission or by fluorescence life time imaging (FLIM). The latter does not require the acceptor to be
fluorescent, enough if it can steal the energy from the fluorescent donor. Description of these methods is
beyond the scope of this review and can be found elsewhere [142-144]. One big advantage of the FRET
method when using sensitized emission is that it does not require a confocal microscope; in fact, it works
better in a wide-field fluorescent microscope [145]. FLIM, on the other hand, requires special

instrumentation [143].

I11. 2. Bioluminescence resonance energy transfer (BRET)

All of the methods described above require expensive microscopes and many individual cells to be
analyzed and averaged to obtain reliable statistics for the changes observed. FRET measurements can be
done in cell suspensions of transfected cells in a fluorescence spectrophotometer [121] or in a plate reader
but it has a poor signal to noise ratio. In order to quantitate the lipid changes in cell suspension, we have
recently developed a set of BRET-based biosensors allowing the measurements of various phospholipids
[P14P, PI1(4,5)P2, P1(3,4,5)P3, or PS] in biological membranes, especially in the plasma membrane [127,
146]. The principle of how these sensors work is similar to the FRET approach: these new sensors are
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based on an energy transfer process with the difference that the donor energy is generated by the
enzymatic effect of a luciferase enzyme on its substrate, coelenterazine (energy donor), and the acceptor
is a wavelength-matched fluorescent protein, such as Venus. By targeting Venus to the PM and fusing the
Luciferase to a lipid binding domain of our choice, BRET will depend on how much of the lipid binding
domain is located at the PM in the proximity of the Venus protein (Fig. 2A). There are two important
differences where BRET differs from FRET. First, BRET measurements do not require excitation of the
donor, therefore, analysis of the BRET data does not require corrections for bleed-through of fluorescent
proteins that makes analysis of FRET data more complicated. The rate of energy transfer in case of BRET
measurements can simply be calculated as the ratio of the emissions measured at the respective
wavelength of the acceptor and the donor. Another important difference between FRET and BRET is that
the bioluminescence signal from a single cell is too weak to be detected so the measurements are derived
from a large number of cells. Therefore, BRET measurements are performed in cell suspensions, or
attached cells using sensitive plate readers. These average responses are capable of detecting small
differences that are almost impossible to reliably detect with the single-cell-based methods.

The specificity of the signal related to the membrane compartment of choice (such as the PM) is
provided through targeting the acceptor (Venus) protein to that particular membrane. Therefore, even if
the lipid-binding domain binds to other membrane compartments, the BRET signal only derives from the
membrane where Venus is targeted. Conversely, by changing the lipid-binding domain fused to
Luciferase, one can monitor the changes in the various lipids in the PM [146]. With this method, it is
important to keep the ratio of the Luciferase and Venus constructs in a constant value, optimally close to
1:1 [147]. Therefore, we designed these sensor sets in a single plasmid configuration where the two fusion
proteins are separated by the T2A viral peptide interrupting the polypeptide chains during translation
[148]. This method allows a single mRNA molecule to code for two separate proteins with a theoretical
ratio of 1:1. The efficiency of the system is quite good (in the experiment shown in Fig. 2B, the

Luciferase enzyme is replaced with Cerulean, another fluorescent protein that allows its detection with the
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anti-GFP antibody): The two separate fusion proteins are shown in comparable amounts while the amount
of full length, unseparated protein is negligible.

There are a few details that are important for successful BRET measurements. The expression
level of the constructs has to reach a certain level in order to mount a measurable energy transfer. This
means that signal detection is not the rate limiting factor and one cannot decrease expression levels
beyond a certain point even if the signal is clearly measurable. However, using the super luciferase
enzyme, we found that above a certain expression level the normalized BRET changes are relatively
stable at a wide range of expression levels even if the absolute signal is higher when expressions are
higher. Normalization in this case means that the basal BRET signal is considered 100% and the
luciferase alone (no acceptor, so no energy transfer) corresponds to 0%. The time resolution of BRET-
based lipid measurements is limited by the exposure time (may need hundreds of ms), and the time
required for plate movements and change emission filters. If measurements are carried out by rows using
triplicates in 96 well plates, this will result in the time resolution of 4-5 points per minute. This is far from
the time-resolution of either TIRF or the FRET measurements so when rapid changes are to be detected,
the latter methods are still more appropriate. Nevertheless, BRET analysis has several advantages and its
popularity will only increase because of its statistical robustness, lower equipment costs and time

commitments.

IV. A word of caution

It is always pointed out in our reviews that there are limitations of using lipid binding domains to follow
kinetics of lipid changes in living cells. We have to express domains that will distort the amount and
distribution of the lipids and which will also disturb biology. However, some of the probes successfully
made it to whole organisms (from C. elegans to mice) at expression levels that are easily detectable
without causing appreciable problems (e.g. [149-153]). Another important point to consider is the

presence of lipids in multiple compartments. This is not a major problem for P1(4,5)P2 or PI(3,4,5)P3 both
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of which are primarily found in the PM, but it can be a problem with PI4P. If a lipid binding domain
binds to more than one compartments (such as the PI4P detecting SidM-P4M, which finds PI4P in the
PM, the Golgi and endosomes [67]), then changing PI14P in one compartment will release the probe from
that compartment and due to the elevated cytoplasmic level of the probe, it will now increase its binding
to other P14P-rich compartments even if the PI4P levels of those are unchanged (see Fig. 1D). Also, the
affinity or avidity of the probe (talking about tandems) will change their distribution between the various
compartments. In some compartments the lipids can change easily to compensate for binding the probe
whereas in others the lipid remains in limited supply and hence the probe distribution will not be the
same. Since BRET measurements do not require microscopes, it is our practice (and advice) to check the
movement of the probes after the various manipulations in confocal microscopes before relying on data
obtained by BRET analysis. For these we also make fluorescent versions (in place of the Luciferase) of

the BRET constructs to test their behavior.

V. Conclusions

This review focused on the use of lipid binding domains for detection of inositides and other lipid pools
inside living cells and the question of quantification. As pointed out in the Introduction, there are
alternative methods to obtain information on lipid distribution, but for living cells the use of lipid binding
domains remains one of the few if not the only method to obtain information on lipid changes. The
limitations of this approach are obvious. However, the amount of new knowledge that these tools helped
us obtain is substantial and we do not see these tools disappear in the foreseeable future. Even with their
limitations as long as we understand them we can learn more about how cells organize their lipid
membranes as signaling platforms. When looking in the future we see better fluorescent proteins with
higher quantum yield or improved photo-switchable features. Fluorescent tags that can be added to
proteins using click chemistry such as the HALO, SNAP or CLIP tags have already been around and are

used with great success [154-156] to offer an alternative to the larger fluorescent proteins. These would
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allow applications for superresolution imaging or moving toward high temporal resolutions. Equally
important, we need to find new ways to detect lipids that so far have eluded detection such as PC, PE, PI

or ceramide. The success of this approach should encourage further efforts in these directions.
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LEGEND TO FIGURES

Fig 1. Methods of quantification when monitoring inositol lipids in the plasma membrane by
various lipid binding domains (LBD).

(A) Various lipid binding domains (LBD) tagged with fluorescent proteins are used to follow the
membrane localization of inositol lipids using confocal microscopy. Upon ionomycin treatment (causing a
cytoplasmic Ca?* increase) the plasma membrane localization of the PI(4,5)P, specific GFP-tagged PH
domain of PLCd: decreases in the COS-7 cells shown on the left. The translocation of the fluorescent
probe can be quantified by measuring the plasma membrane and cytoplasmic pixel intensity in a line-
intensity histogram (right graphs).

(B) Co-expression of a membrane-targeted fluorescent protein (MTS-fluorescent protein), such as a PM-
targeted Venus (PM-Venus) allows the generation of binary masks that can be used to identify the
membrane of interest during the whole measurement. The sum of the pixel intensity values of the probe
defined by the binary mask gives information about the membrane bound fraction of the probe
fluorescence. Images show that the localization of PM-Venus (targeted by the Lyn N-terminal 10 amino
acids) is not affected by the addition of carbachol in HEK 293T cells expressing M3 muscarinic receptors.
In contrast, the PH domain of PLCd; translocates from the PM to the cytoplasm. The process can be
quantified by measuring the PM fraction of the PLCd:-PH-Cerulean. Normalizing these values with the
PM-Venus signal can be used to factor out changes of the fluorescence due to changing membrane
geometry during a time-course (right graph).

(C) TIRF analysis can be used to identify the part of the PM that is attached to the tissue culture dish.
Quantification of the PM-bound LBD that is proportional to the level of inositol lipids can be carried out
by calculating the total pixel intensity of the cell’s footprint during a time-lapse recording. Co-expression
of a PM-targeted fluorescent protein can be used to factor out intensity changes due to cell movements or

changing membrane deformities. A limitation of this method that there is a signal even if the LBD is
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fully released from the membrane to the cytosol. This can be taken as the minimum value if one
calibrates each trace at the end of experiment by a stimulus that causes complete translocation.

(D) Redistribution of an LBD-fluorescent lipid sensor upon elimination of one lipid pool. In this confocal
experiment specific depletion of the PM PI4P by the treatment with a PI4KA inhibitor (A1) resulted in the
disappearance of the PM-bound fluorescence, causing an increase in the Golgi- and endosome-associated
signals in HEK 293T cells. P14P was followed by expression of the Cerulean-SidM-2xP4M biosensor

capable to bind P14P both in the PM, Golgi and endosomes.

Fig 2. Quantitative measurement of inositol lipid changes using bioluminescence resonance energy
transfer (BRET).

(A) Membrane localization of the LBD can be measured in cells by calculating the energy transfer
between the luciferase fused to the LBD and Venus targeted to the membrane. Membrane recruitment of
the probes increases, while cytoplasmic translocation of the probes decreases the BRET ratio values.

(B) Design of the BRET-based biosensors. PM-targeted Venus and the luciferase-tagged LBD (PH
domain of the PLCd:) are linked by the viral T2A protein sequence resulting in the separate expression of
the two proteins. Only a small fraction of the total expressed proteins remained uncleaved as shown by the
Western blot analysis of the proteins. In this experiment luciferase enzyme was replaced by Cerulean that
allowed the detection of the proteins with anti GFP antibody. The confocal image shows the plasma
membrane localization of Venus.

(C) HEK 293T cells were transfected with the plasmid DNA coding for components of the BRET based
PI14P and PI(4,5)P2 biosensors (PM-Venus-T2A-Luciferase-2xSidM-P4M and PM-Venus-T2A-PLCd:-
PH-Luciferase, respectively). Cells were also co-transfected with plasmids encoding the rapamycin-
inducible plasma membrane PI4P and PI(4,5)P> depletion system. As shown in the graphs, the BRET
biosensors can detect the changes in the respective lipid pools. Note that in case of the 5-phosphatase

recruitment even the small increase of the P14P can be detected (lower graph blue curve).
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Table I. Visualization of phosphoinositides by protein-domain GFP chimeras in live cells.

Lipid Protein domain Refs for in vitro Live cell localization Reference
PtdIns(4,5)P2 PLC61-PH [91] PM [92, 93]
Tubby domain [94] PM, cleavage furrow [94][95]
PLCd4-PH [96] PM [96]
PtdIns(3,4,5)Ps3 GRP1-PH [97, 98] PM [99, 100]
ARNO-PH [99] PM [101]
Cytohesin-1-PH [99] PM [102, 103]
Btk-PH [97, 104] PM [105]
PtdIns(3,4,5)Ps / Akt-PH [106] PM [107-109]
PtdIns(3,4)P2 PDK1 [110] PM [110]
CRAC [111] Dictyostelium PM [112]
PtdIns(3,4)P2 TAPP1-PH [113] PM [114]
PtdIns(3,5)P2 Ent3p-ENTH* [115] yeast pre-vacuole [115]
Svplp [116] yeast vacuole [116]
Tupl* [117] yeast vacuolar-endosomal
compartment, nucleus [117]
Cti6* [117] yeast nucleus [117]
ML1N-2x** [118] late endosomes,lysosomes  [118]
yeast plasma membrane
PtdIns3P FYVE (Hrs, EEA1) [50, 119] early endosome [51]
(Vps27) yeast vacuole [50]
P40phox-PX [53, 54] early endosome [54]
PtdIns4P OSH2-PH*** [120] PM [30, 120]
OSBP-PH [29, 113] Golgi, PM [28, 29, 121]
FAPP1-PH [113] Golgi, PM [28, 121, 122]
SidM (P4M) [62, 67] PM,
Golgi, endosomes [67]
SidC [62, 64] PM,
Golgi, endosomes [64]
PtdIns5P 3XPHD (ING2) [123] nucleus ?, PM [123, 124]



* It is controversial whether these domains can be used for imaging purposes and their binding to
PtdIns(3,5)P2 has also been questioned [125].

** The ML1N2x domain has been found a questionable probe for P1(3,5)P> upon thorough interrogation
[126]

*** The OSH2-PH shows little discrimination between PtdIns4P and PtdIns(4,5)P. based on in vitro

binding [120] and it is still not certain whether it actually reports on both of these molecules in some
proportions.
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Table Il. Visualization of other lipids by protein-domain GFP chimeras in live cells.

Lipid Protein domain Refs in vitro Live cell localization Reference
PtdSer LacC2 [36] PM, endosomes [36, 127]
Evectin-PH2x [26] PM, recycling endosomes  [26, 27]
PtdOH* Spo20-PABD [128] PM [83-85]
DOCK2-PABD [129] PM [129]
DAG C1 domains [130-132] PM [43, 133]
nuclear membrane [44, 45]
Golgi [134, 135]
Cholesterol PFO D4H [73] PM [73]

There is significant uncertainty whether the PtdOH probes detect all lipid pools inside the cell.

The Spo20 probe appears to be useful for PM PtdOH detection in mammalian cells but do not necessarily see

PtdOH pools in other compartments.
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