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Abstract

There are several difficulties to face when investigating the role of phosphoinositides. Although they are
present in most organelles, their concentration is very low, sometimes undetectable with the available
methods; moreover, their level can quickly change upon several external stimuli. Here we introduce a newly
improved lipid sensor tool-set based on the balanced expression of luciferase-fused phosphoinositide
recognizing protein domains and a Venus protein targeted to the plasma membrane, allowing us to perform
Bioluminescence Resonance Energy Transfer (BRET) measurements that reflect phosphoinositide changes
in a population of transiently transfected cells. This method is highly sensitive, specific, and capable of
semiquantitative characterization of plasma membrane phosphoinositide changes with high temporal
resolution.
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1 Introduction

Detecting intracellular lipids and among them phosphoinositides
(PPIn) in particular is a challenging task as they are present in small
amounts and show rapid changes and high metabolic turnover
[1]. During the last four decades several techniques have been
developed that aimed to detect these small changes with high
sensitivity and good temporal and spatial resolution [2]. Isotopic
labeling of cells with myo-[3H]-inositol or 32P-phosphate followed
by lipid separation with different types of chromatography (e.g.,
paper chromatography, high performance liquid chromatography)
were the first experiments able to detect PPIns [3–6]. The major
limitations of these methods were that only with the use of compli-
cated membrane separation procedures was it possible to detect
PPIns with subcellular resolution, and these techniques lacked the
ability to distinguish between different PPIn isomers. The latter
remains a problem even for more novel mass spectrometry detec-
tion methods [7–11].
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Using microscopy and fluorescently tagged lipids or labeled
PPIn specific antibodies can overcome these problems, but these
techniques also have their limitations. When using fluorescently
labeled lipids, their modified structure and hydrophobicity can
influence their role in the enzymatic routes and their incorporation
into membrane bilayers, and makes it very difficult to interpret the
results regarding endogenous lipids [12, 13]. When applying anti-
bodies it is always doubtful whether they can distinguish between
regio-isomers, and their use is limited to fixed cells [14, 15].

Another method to make lipid changes visible is the application
of labeled specific lipid-binding proteins or lipid-binding domains
(LBD) [16–19]. Specific LBDs are already available for all seven
PPIns [20, 21]. When the level of a certain PPIn in an organelle
membrane increases, these LBDs will also be enriched there and
this can be followed easily by epifluorescence or confocal micros-
copy. These experiments enable the detection of massive lipid
changes with good temporal and subcellular resolution but the
quantification of results is complicated and limited only to enor-
mous, in some cases nonphysiological changes. These LBDs, how-
ever, can also be used for more sensitive and semiquantitative
resonance energy transfer methods, e.g., Förster resonance energy
transfer (FRET) [22] or BRET [23]. An energy transfer signal
occurs when there is molecular proximity (approximately 100 Å)
between two fluorescently labeled proteins (in the case of FRET) or
between a fluorescently tagged (usually with yellow fluorescent
protein [YFP] or its improved version such as Venus) and a biolu-
minescent luciferase-bound protein [24]. When creating PPIn
recognizing biosensors we preferred BRET over FRET as BRET
measurements do not involve donor excitation and therefore the
analysis of BRET data does not require corrections for bleed-
through of fluorescent proteins, a major complication for FRET
data analysis (Fig. 1a) [16].

The energy transfer signal that we get can be either specific
when there is a specific connection between the tagged molecules,
or nonspecific when the signal is a result of their colocalization in
the same membrane region [23]. Fusing a specific membrane-
targeting sequence to the energy transfer acceptor Venus and a
LBD to the donor luciferase enables the measurement of lipid
changes in one particular membrane compartment. When the
tagged membrane contains the target PPIn in relatively high
amounts, LBD-luciferase constructs will accumulate there which
generates a (nonspecific) energy transfer signal between the
LBD-luciferase andmembrane-Venus. On the contrary, a reduction
in PPIn levels causes the LBD-luciferase to dissociate from the
membrane and will result in a reduced signal (Fig. 1b) [25, 26].

The main difficulty of the method is that it is necessary that cells
express both energy donor and energy acceptor molecules, and to
make experiments more comprehensive it is required to express
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them in a constant ratio. To achieve this 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 [27]. Figure 2 shows the general design of
the plasmids. This method allows a single mRNA molecule to code
for two separate proteins with a theoretical ratio of 1:1, and thus

Fig. 1 Schematic representation of bioluminescence resonance energy transfer
(BRET) and its application in the quantitative measurement of inositol lipid
changes. (a) The BRET approach is based on the measurement of emitted light
at the wavelength of the donor and acceptor. The ratio of these values correlates
with the efficiency of energy transfer and represents the molecular proximity of
the luciferase enzyme (Luc), the donor that generates the light by oxidizing its
substrate, and the acceptor fluorescent protein (Venus) that is excited by the
energy transfer and emits at a longer wavelength. (b) Membrane localization of a
lipid-binding domain (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 probe increases the BRET ratio values,
while cytoplasmic translocation of the probe results in a decrease. Since there is
no direct interaction between the donor and the acceptor fusion proteins, this is
considered a nonspecific energy transfer and depends on the expression level of
the proteins
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only transfection of the cells with one plasmid is required for the
experiments [16, 25].

Here, we describe a BRET-based methodology, as opposed to
directly monitoring translocation of a fluorescently tagged biosen-
sor with microscopic techniques, which has the advantage of sim-
pler quantification, higher sensitivity, and compared to biochemical
assays with the application of organelle-selective biosensors, we can
achieve PPIn region-isomer detection signal with good temporal
and compartment-specific spatial resolution. Nevertheless, BRET is
a relatively easy-to-use technique and its popularity will only
increase because of its statistical robustness, lower equipment
costs, and time commitment.

Fig. 2 Generation of the inositol lipid biosensors. The first step is to select the lipid-binding domain. Since the
method is based on the specific interaction between the various inositol lipids and their lipid-binding proteins,
first and foremost, well characterized and validated lipid-binding domains need to be selected that are
generally accepted and used, e.g., in confocal measurements as fluorescently tagged inositol lipid sensors. A
list of these sensors can be found in recent reviews [16]. Our choices were the P4M domain (546–647) of the
SidM protein (Q29ST3) (in tandem) for PtdIns(4)P, the PH domain (1–170) of PLCδ1 (P51178) for PtdIns(4,5)P2,
the PH domain (266–399) of GRP1 (O08967) with a nuclear export signal (NES, ALQKKLEELELDE) for PtdIns
(3,4,5)P3 and the PH domain (109–334) of TAPP1 (Q9HB21) (also in tandem) for PtdIns(3,4)P2. Other domains
can be selected for additional sensors, and the method also allows the screening of domains as potential
biosensors in the future. We used the GFP-tagged form of each sensor as a starting point. The second step is
to replace the fluorescent protein with luciferase. Although many different versions of luciferase enzymes are
available, we chose to replace the fluorescent protein with a mutant version (S87R, M185 V, K189 V, V267I) of
Renilla luciferase (P27652) [28] which we have been using for many years in our laboratory. Although there
are smaller and more stable versions of this enzyme, a great advantage of Renilla luciferase is that the
inexpensive and easily available Coelenterazine h can be used as substrate. Most probably, other versions can
also be applied with an appropriate substrate and acceptor fluorophore. Keep the original linker sequence of
the sensors. For control experiments (to check the localization and the degradation of the fusion proteins) we
also generated constructs which contain Cerulean in place of the luciferase. The third step consists of creating
a construct that drives the expression of the fluorescent protein Venus on the cytoplasmic surface of the
membrane on which the inositol lipid is supposed to be measured. Until now only the plasma membrane-
targeted Venus has been used, in which the N-terminal 10 amino acid residues of Lck (MGCVCSSNPE) provide
the stable recruitment of the protein mostly to the membrane [29].In the last step, the coding sequence of the
T2A peptide (EGRGSLLTCGDVEENPGP) is inserted in frame between the two other sequences without a STOP
codon. The advantage of this viral T2A peptide is that during translation a molecular cleavage occurs within it,
leading to the expression of two separate proteins in equimolar amounts [27]
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2 Materials

2.1 Cell Transfection 1. Cultured cells of interest: HEK293T, HEK293, COS-7,
Neuro 2A, CHO, HeLa cell lines were tested. For one
96-well plate, about 8–10 million cells grown on a 10 cm
Petri dish are required.

2. Opti-MEM medium (Gibco).

3. DMEM (Lonza) supplemented with 10% (v/v) of fetal bovine
serum (FBS, Euro Clone).

4. 0.25% trypsin solution.

5. Plasmid DNA (mammalian expression vectors with CMV pro-
moter and kanamycin resistance) coding for the inositol lipid
sensors or only the cytoplasmic luciferase enzyme.

6. Transfection reagent: GeneCellin (BioCellChallenge) for
HEK293T or Lipofectamine 2000 (Thermo Fisher Scientific)
for other cell types.

7. Cell culture microplate, 96-well, flat bottom, white (Greiner
Bio-One), coated with poly-lysine or not depending on the cell
type that is used.

2.2 BRET

Measurement

1. Plate reader with the capacity of measuring luminescent light
with high sensitivity (at least 7 amol ATP/well) and with the
appropriate filters (480/20 nm filter for Renilla luciferase and
530/20 nm filters for Venus). Fluorescence measurement
capability with the appropriate filters or monochromators is
highly recommended, because it enables monitoring the level
of expression by measuring the protein fluorescence (excitation
wavelength at 510 nm and emission wavelength at 535 nm).
Temperature control, mixing function, and low dead space
injectors (as many as possible) are also recommended (see
Note 1).

2. Acquisition software: Time lapse protocol is required that
includes the change of fluorescence and luminescence modes,
as well as the control of injectors.

3. Stock solution of 0.5 mM coelenterazine h (Regis Technolo-
gies) in 100% ethanol. Prepare 1 mL stocks that can be stored at
�20 �C for months. Dark, screw-cap micro tubes should be
used to decrease light-induced degradation and evaporation. It
is diluted freshly just before the application in the BRET
measurement.

4. Measuring solution (Krebs-Ringer buffer): 10 mM HEPES-
HCl, pH 7.4, 120 mM NaCl, 4.7 mM KCl, 1.2 mM CaCl2,
0.7 mM MgSO4, 10 mM glucose.

5. Computer with any data analysis software.
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3 Methods

3.1 Planning

of the BRET

Experiment

Considering that measurements are carried out in duplicate or
triplicate and those non-stimulated controls must also be included,
a high number of the wells is required to allow the simultaneous
measurement of several conditions as well as cells transfected with
different sensors. Using only the central 6 � 10 wells of a 96-well
plate (we have found that the wells on the edge are not very reliable
and therefore are used only for non-transfected cells and for pre-
liminary experiments) and applying only one stimulus (which
requires typically two non-stimulated and three stimulated wells
distributed randomly), twelve biosensors can be measured (2 in one
row, 12 in 6 rows). Obviously, application of various stimuli or
pretreatment reduces the number of the biosensors, but still, care-
ful planning is required prior to the experiment to determine both
the transfection and the measurement protocol.

3.2 Cell Transfection Transfection is carried out in Opti-MEMmedium, according to the
manufacturer’s protocol,

1. For one well of the 96-well plate, mix 25 μL of Opti-MEM
containing 1.5 μL of GeneCellin or 0.5 μL of Lipofectamine
2000 with 25 μL of Opti-MEM containing 0.05 μg of plasmid
of the biosensor.

2. Incubate at room temperature for 30 min.

3. During that incubation time, cells cultured in a 10 cm tissue
culture Petri dish are trypsinized using 5 mL of 0.25% trypsin
solution for 5 min at 37 �C. Centrifuge the cells at low speed
for 5 min. Resuspend the cell in 3 mL of Opti-MEM. A cell
density of 750,000 cells/mL is set.

4. For each well, 100 μL of the cell suspension (containing
75,000 cells) is added to 50 μL of the DNA/transfection
reagent slurry, then mixed and pipetted into the well. Note
that the wells at the edge of the plate must only contain 100 μL
of the cells.

5. After 4–6 h, add 100 μL of FBS-supplemented (10%) DMEM
to each well.

3.3 BRET

Measurement

1. Measurements are performed 24–26 h after transfection and
start with the change of medium to 50 μL/well of the Krebs-
Ringer buffer (see Note 2).

2. Preparation of the equipment. Make sure that the plate reader
is switched on and reached the set temperature, which is usually
37 �C. Fill up the injectors (if used) and open the protocol file
(see Note 3).

3. Optional step: measure the fluorescence of Venus prior to the
addition of luciferase substrate. Usually the entire plate is
measured.
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4. Dilute 0.5 mM stock solution of coelenterazine h with pre-
heated measuring solution (40� dilution).

5. Add 40 μL to each well included in the run (this additional
2.5� dilution achieves the final concentration of 5 μM). The
plate has to be briefly shaken.

6. Luminescent measurement. The measurement is started and
interrupted several times if drugs are added manually. Either
using the injectors or pipettes, drugs are given in a volume of
10 μL, which results in a 10 times dilution for the first addition,
11 times dilution for the second addition, and so on. The plate
has to be shaken manually or by the equipment after the
administration of drugs.

3.4 Data Analysis 1. Expression level of the constructs. If step 3 in Subheading 3.2
was performed (measuring the Venus fluorescence), the calcu-
lation of the average of the wells transfected with the same
constructs reflects the expression level of proteins. The error
is also useful as it reveals how similar the parallels were. The
fluorescence of non-transfected cells can be used for autofluor-
escence correction.

2. Analysis of the luminescence curves—The kinetics and also the
values of both emission curves (emission at 480–530 nm) are
very similar, because the level of energy transfer is usually small;
therefore, it is enough to analyze only one of them (we usually
analyze the 480 nm). Emission curves have a characteristic
kinetic (see Fig. 3, upper middle graph). The initial fast increase
reflecting the diffusion of the substrate into the cells is always
followed by a slower decrease, which is due to the irreversible
degradation of the enzymatic activity. The disappearance of the
signal is a limitation regarding the length of the measurement.
Usually the average of the three biggest values of the
corresponding wells are selected (red circle), and used for the
calculation of the average, which also reflects the expression
level of the sensor proteins.

3. Calculate the BRET ratio values by dividing the emission inten-
sity measured at 530 nm with the one measured at 480 nm. If
the applied stimulus resulted in a change compared to the
non-stimulated controls, two separate groups of curves should
be seen (see Fig. 3, upper right graph).

4. We are always expecting a time-dependent spontaneous change
of the BRET ratio values even in the case of the non-stimulated
cells. This change is characteristic for the various sensors, and
can be greatly reduced by preincubating the cells in the mea-
suring solution at 37 �C (seeNote 2). To maintain the absolute
values of the BRET ratio, this spontaneous change is deter-
mined by calculating the difference between each data point
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and the average of the three points prior to stimulation (see
Fig. 3, lower left graph).

5. Correction of stimulated curves for the spontaneous change of
the control. By subtracting the spontaneous change from each
of the stimulated curves we get the absolute ratio values that
already reflect the membrane localization of the sensor proteins
(see Fig. 3, lower middle graph). The average of the three data
points prior to stimulation is calculated and considered as basal
BRET ratio value (red circle). Although this value depends on
many factors (filters, sensor expression level), it can be used to
evaluate the resting membrane binding level of the lipid-
binding domains.

6. Finally, the normalized BRET ratios, which reflect the change
of the inositol lipids, are expressed as a percentage value where
100% is the basal BRET ratio value and 0% is set to the absolute

Fig. 3 Workflow of the data analysis. The analysis of the measurement of five wells is shown, in which cells
were transfected with the same biosensor, and only one stimulus was applied after the tenth data point in
three wells, while two wells got the vehicle only (non-stimulated). BRET ratio values that correlate with the
lipid levels are calculated by dividing the emission intensity values measured at 530 nm with the ones
measured at 480 nm (upper graphs). Spontaneous change calculated from the average of the non-stimulated
curves (lower left graph) is used for the correction of the stimulated curves (lower middle graph). Finally, data
are expressed as a percentage value, where 100% is the basal BRET ratio and 0% is the value that can be
measured using the same equipment and protocol in cells that express luciferase only (in this experiment
0.468). Red circles show the data that reveals the expression level of the biosensors (upper middle graph) and
the basal BRET ratio (lower middle graph). In this experiment stimulus was applied manually, which takes time
and leads to a huge time gap on the graph. The exact addition of the stimulus cannot be determined as
indicated with question mark (lower right graph). This gap can be greatly reduced by using injectors for
stimulations
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minimum of the BRET ratio, determined by wells where cells
express the luciferase protein only (Fig. 3, lower middle and
right graphs) (see Note 4).

4 Notes

1. There are many plate readers on the market capable of BRET
measurements. In our laboratory, the following readers have
been used: Mithras LB940 (Berthold Technologies), Varioskan
Flash (Thermo Fisher Scientific), CLARIOstar (BMG Lab-
tech). When purchasing a new plate reader, the following issues
should be considered: (1) Both fluorescence and luminescence
detection. Fluorescence measurement is needed to follow the
expression of the fluorescence protein. (2) Wave selection by
monochromators or filters. While monochromators are excel-
lent for the measurement of the Venus fluorescence, for lumi-
nescence (BRET), the application of filters may result in greater
signals. (3) Top reading is required when white plates, which
give better signals, are used. (4) The number of injectors
determines how versatile a measurement can be. (5) The acqui-
sition software and support availability are also important
issues.

2. We noticed that after changing the media to the Krebs-Ringer
solution, incubation of the cells at 37 �C for 30–60 min greatly
reduces the spontaneous change of the BRET ratio values,
most probably by stabilizing the fluorescence of the Venus
protein. Pretreatment of the cells can be performed during
this time.

3. The following points should be considered for the creation of
the right measurement protocol. First, BRET measurements
are typically carried out in several runs. The number of wells
included in one run depends on many different factors, such as
time resolution, signal-to-noise ratio, and exposure time. Mea-
surement of the two emission intensities (at emission wave-
length of 480–530 nm) cannot happen exactly at the same
time (which would be ideal), but at least has to occur sequen-
tially for each well (in the so-called “by well” configuration, as
opposed to “by plate”). The usual exposure time is a few
hundred milliseconds (250 ms in our experiments) for each
wavelength, which means that together with the mechanical
movement of the plate, the measurement of one well requires
0.75–1.5 s. For example, when two rows (20 wells) are
measured in a run, roughly 3–4 measurement points can be
achieved in every minute. This number can be increased by
decreasing the exposure time, but that in turn will increase the
signal-to-noise ratio. Better time resolution can be achieved by
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including fewer wells in each run, which in turn increases the
number of runs and the length of the entire experiment. Based
on our experience, the total length of the experiment (with
preincubation) should be limited to 120–150 min.

4. To get the ratio value corresponding to 0% energy transfer,
additional experiments are required in which cells express the
cytoplasmic luciferase enzyme, but no forms of the Venus
protein. Depending on the optical parameters of the equip-
ment (e.g., filters) this number can be quite different. The
advantage of this normalization is that experiments carried
out using different equipment will be comparable, plus the
effect of different expression levels of the biosensors achieved
in the various experiments is also reduced. Figure 4 reveals an

Fig. 4 Effects of the activation of a Gq-coupled receptor on plasma membrane
inositol lipids. HEK293 cells expressing rat AT1a receptor were stimulated with
submaximal concentration of angiotensin II (AngII). Cells were transiently trans-
fected with the biosensors indicated on the figure. For these experiments, only
two rows of a 96-well plate were used without the first and last wells of each
row. Means � S.D., n ¼ 4
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example of an experiment in which four different sensors
were used.
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