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Abstract

Phosphoinositides constitute a critical family of lipids that regulate numerous cellular processes.
Phosphatidylinositol 4,5-bisphosphate (PIP5) is arguably the most important plasma membrane
phosphoinositide and is involved in regulating diverse processes. It is also the precursor of
phosphatidylinositol 3,4,5-trisphosphate (PIP3), which is critical for growth factor signaling, as
well as membrane polarization and dynamics. Studying these lipids remains challenging, because
of their compartmentalized activities and location-dependent signaling profiles. Here, we
introduce several new genetically encoded fluorescent biosensors that enable real-time monitoring
of PIP, levels in live cells, including FRET-based and dimerization-dependent fluorescent protein
(ddFP)-based biosensors that enable real-time monitoring of PIP, levels in live cells. In addition,
we developed a red fluorescent biosensor for 3-phosphoinositides that can be co-imaged with the
green PIP, indicator. Simultaneous visualization of dynamics of PIP, and 3-phosphoinositides in
the same cell shows that plasma membrane PIP5 formation upon EGF stimulation is coupled to a
decrease in the local pool of PIP,.
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INTRODUCTION

Phosphoinositides belong to the class of glycerophospholipids, consisting of a glycerol
backbone connected to two fatty acids and an inositol headgroup through a phosphate group.
Although they comprise only a small fraction of the phospholipids in cellular membranes,
these lipids play a critical role for several cellular processes.! The most important
phosphoinositide species in the inner leaflet of the plasma membrane are
phosphatidylinositol 4,5-bisphosphate (PIP,) and phosphatidylinositol 3,4,5-trisphosphate
(P1P3), which are regulated differently and correspondingly fulfill different roles. The more
abundant PIP, serves as a plasma-membrane-anchoring molecule for numerous proteins to
facilitate their biological functions and also can be hydrolyzed by phospholipase C (PLC) to
produce inositol trisphosphate (IP3) and diacylglycerol (DAG) as part of the G, signaling
pathway.2 In contrast, the plasma membrane concentration of 3-phosphorylated
phosphoinositide species, including PIP3 and PI(3,4)P,, is low in resting cells and tightly
controlled by lipid phosphatases such as Phosphatase and Tensin Homologue (PTEN). Upon
stimulation of growth factor receptors and activation of Phosphoinositide 3-Kinase (P13K),
P1(3,4)P, and PIP3 are rapidly produced in the plasma membrane, exhibiting the typical
characteristics of second messengers. Several signaling pathways rely on the recruitment of
enzymes and adaptor proteins to the membrane through specific interactions with these
phosphoinositides. Overall, signaling involving these phosphoinositides is linked to several
cellular processes, including metabolism, survival, proliferation, apoptosis, growth, and cell
migration.3

Utilizing phosphoinositide-specific binding domains, several genetically encodable
biosensors have been developed for monitoring these lipids.# The first class of biosensors
has been generated through the straightforward fusion of a fluorescent protein (FP) to
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binding domains such as pleckstrin homology (PH) domains so that changes in membrane
concentrations of the target phosphoinositides result in FP translocation from or to the
membrane, which can be observed and quantified through the change in fluorescence
intensity at the membrane.® Utilizing the same PH domains to recognize phosphoinositides,
Fdérster resonance energy transfer (FRET)-based reporters have been developed where YFP-
and CFP-tagged PH domains undergo FRET, the efficiency of which is determined by their
density at the plasma membrane and, thus, reflects plasma membrane phosphoinositide
levels.8 However, these translocation-based reporters rely on free diffusion to indicate
phosphoinositide level changes and cannot be targeted to a desired subcellular location to
monitor compartmentalized signaling. Later, FRET-based unimolecular biosensors were
developed using various sensing mechanisms.”:8 Among these, the unimolecular FRET-
based PIP3 reporter Fllip contains a plasma membrane targeting motif, a PIP3 binding PH
domain flanked by a FRET pair, and an engineered diglycine-based hinge installed in the
biosensor in such a way that, when the PH domain binds to PIP3, a conformational change in
the probe occurs through the hinge, altering FRET.” On the other hand, the FRET-based
sensor InPAKt utilized a different sensing mechanism based on competition between a
negatively charged pseudo-ligand and endogenous phosphoinositides for binding to the PH
domain of Akt, which binds to P1(3,4)P, and PIP3, thus defining the specificity of the sensor.
9 This way, the phosphoinositide-binding-induced conformational change does not require
specific anchoring of the biosensor and the sensor can be targeted to different compartments.

In this study, inspired by the pseudo-ligand-based design of InPAkt, we developed a PLC-
based PIP, Reporter (PIcR) by replacing the PHak: domain in InPAkt with the PH domain of
phospholipase Cé1 that has been shown to exhibit high affinity and specificity for PIP, over
other phosphoinositides.10 To further aid the examination of the signaling dynamics of
different phosphoinositides and other critical signaling pathways, we engineered intensity-
based versions of PIP, and 3-phosphoinositide biosensors that can be co-imaged in single
living cells. The intensity-based biosensors have a smaller footprint within the usable
spectrum, compared to FRET-based sensors, and can be used in combination with multiple
other fluorescent biosensors. In comparison to conventional techniques for studying
phosphoinositides such as whole-cell-patch-clamp,1! these newly developed biosensors
showed compelling advantages in revealing real-time phosphoinositide signaling dynamics
in live cells.

RESULTS AND DISCUSSION

In order to generate a genetically encodable PIP, sensor that is also targetable, we first set
out to apply the pseudo-ligand design to develop a new FRET-based biosensor for PIP,. In
the new PIP, reporter, the sensing unit consists of the PH domain from PLC6S1 (PHp cs1),
which exhibits high specificity and binding affinity to PIP,, and a negatively charged
pseudo-ligand that can bind to PH domains, the same as in InPAkt. This acidic motif derived
from the protein nucleolin has been shown to exhibit relatively high binding affinity for the
IRS-1 and IRS-2 PH domains, with an 1Cs value of <10 nM in a competition experiment.12
Binding is thought to be facilitated by a positively charged pocket found in these and most
structurally related PH domains (see Figure S1 in the Supporting Information), which
interacts with the negatively charged head groups of phosphoinositides such as PIP, and

ACS Chem Biol. Author manuscript; available in PMC 2020 April 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hertel et al.

Page 4

P1P3.13 These properties led us to utilize this sequence as the pseudo-ligand for InPAkt.?
While PH; binds PIP3 with nanomolar affinity,14 the binding affinity of PHp cs for PIP,
is orders of magnitude weaker (K ~ 2 1M).1% Nevertheless, the different affinities of PH
domains for phosphoinositides have evolved based on the relative abundance of these
phosphoinositides in the cell membrane; thus, the pseudo-ligand was expected to perform
similarly with PHp| c 1, Since the concentrations of PIP, in the plasma membrane are also
orders of magnitude higher, compared with PIP3.

Also similar to InPAKkt, this biosensor is constructed with its sensing unit sandwiched
between a pair of fluorescent proteins as FRET donor and acceptor connected via flexible
linkers (see Figures 1A and 1B). In the presence of PIP,, the phosphoinositide is expected to
compete off the pseudo-ligand and induce a conformational change within the biosensor,
leading to a change in FRET efficiency that can be monitored by fluorescence microscopy
(Figure 1A). As a result, changes in FRET measured as the ratio of yellow emission over
cyan emission with cyan excitation can be used to quantify real-time PIP, signaling
dynamics in live cells. We named this biosensor PIcR: PLC-based PIP, Reporter. PICR was
targeted to the plasma membrane, using a lipid modification motif from Lyn kinase (Figure
1B). Stimulation by acetylcholine induced an immediate decrease in yellow/cyan emission
ratio in Cos7 cells co-expressing the Gg-coupled muscarinic M3 acetylcholine receptor (/7=
12), but not in the M3-absent cells (7= 8) (Figure 1C) or in M3-expressing cells transfected
with a PIcRK30/32L mytant that disrupts PIP, binding (see Figure S2 in the Supporting
Information). Activation of the M3 receptor leads to Gq-mediated activation of PLC and
degradation of PIP,, and the M3 receptor-dependent responses suggested that PIcR is able to
report PIP, changes in real time. Activation of PLC causes hydrolysis of PIP, into 1P3,
which, in turn, triggers Ca2* release from ER to cytosol. When co-imaged with the red
fluorescent protein-based Ca2* indicator RCaMP,16 PIcR showed acetylcholine-stimulated
responses in Mz-expressing cells, but not in Ms-absent cells, which were temporally
correlated with Ca2* spikes, consistent with the known dynamics of PLC-mediated PIP,
hydrolysis (see Figures S3 and S4 in the Supporting Information).1! Overall, these data
suggest that the pseudo-ligand-based design is generalizable and can be applied to develop a
genetically encoded PIP, reporter, PICR.

Often times, it is beneficial to monitor multiple signaling parameters simultaneously to gain
information on how different signaling steps or paths intertwine with each other to regulate
cell functions. FRET-based reporters utilize two fluorescent proteins and therefore limit the
number of additional fluorescent reporters that can be imaged in the same cells without
spectral interference. Intensity-based, single-color biosensors provide several advantages for
fluorescence imaging. In terms of the fluorescent readout, they have a smaller footprint
within the usable spectrum, compared to FRET sensors, making it possible to monitor more
parameters simultaneously. In addition, the hardware requirement is simpler compared to
FRET imaging, and the data analysis is straightforward. Therefore, we set out to develop a
single-color biosensor for phosphoinositides using the same sensing unit as PICR. We tested
the recently developed dimerization-dependent FPs (ddFPs), replacing the FRET pair in
PIcR with ddGFP-A and ddFP-B (see Figures 2A and 2B).17 These proteins show low
fluorescence when spatially separated but when moved into close proximity, ddFP-B
dimerizes with ddGFP-A and induces an increase in fluorescence. Given the successful
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design of FRET-based PIcR, we hypothesized that the conformational change of the sensing
unit, induced by PIP, binding-trigged displacement of the pseudo-ligand, can be translated
into a change in fluorescence intensity in this case (Figure 2A). When tested in Cos7 cells
expressing the muscarinic M3 receptor, this ddFP-based PIP; indicator (dPIcR) showed a
decrease in green fluorescence intensity upon acetylcholine stimulation, exhibiting similar
kinetics as reported by PIcR, while a dPIcRK3%/32L negative-control mutant showed no
response (Figure 1C and Figure S5 in the Supporting Information). dPIcR responses were
also temporally correlated with Ca2* release from the ER, monitored by RCaMP in the same
cells (Figure S6 in the Supporting Information) and were abolished by omission of the M3
receptor (Figure S7 in the Supporting Information), suggesting the intensity change of dPIcR
specifically reflects PIP, level changes.

Ms-receptor-mediated PIP, hydrolysis produces 1P that leads to Ca2* influx and in parallel
also produces DAG that turns on Protein Kinase C. To further demonstrate the advantages of
such a single-color PIP, reporter in multi-parameter imaging, we designed an experiment to
monitor PIP, levels, Ca%* concentrations, and PKC activity using three reporters, dPIcR,
RCaMP and sapphireCKAR,18 respectively, in the same cells. SapphireCKAR contains
circularly permuted T-Sapphire sandwiched between a PKC substrate and a phosphoamino
acid-binding domain (PAABD), where PKC-mediated phosphorylation of the substrate
causes binding by the PAABD, leading to a decrease in T-Sapphire fluorescence. As shown
in Figure 2D and Figure S8 in the Supporting Information, in Cos7 cells expressing the M3
receptor treated with acetylcholine, PIP, depletion at the plasma membrane was coupled to
instant increases in Ca2* and PKC activity, suggesting that both IP3 and DAG production
were initiated immediately after PLC activation on the plasma membrane. As expected, no
responses were observed in Cos7 cells lacking M3 receptors (Figure S9 in the Supporting
Information). In summary, by extending the design of PICR, we engineered an intensity-
based green PIP, sensor, dPIcR, utilizing dimerization-dependent green fluorescent protein
as its reporting unit and demonstrated that dPICR can report membrane PIP, changes
triggered by both overexpressed and endogenous Gg-coupled receptors (Figure 2 and Figure
S10 in the Supporting Information) via changes in green fluorescence intensity. Such a
single-color dPIcR can be easily employed to co-image with other reporters to monitor and
dissect multiple signaling parameters in single cells.

Activation of Gg-coupled receptors is known to induce a large decrease in PIP, via PLC. On
the other hand, PIP; is also the substrate for generating PIP3, an important lipid second
messenger. For example, activation of various growth factor receptors, including EGF
receptor (EGFR), is known to activate PI3K to convert PIP, to PIP3. However, PIP, levels
must be properly maintained at the plasma membrane, as this lipid itself plays an important
role in channel function and membrane dynamics.! To probe the inter-relationships between
PIP, and PIP3, we set out to develop a 3-phosphoinositide indicator that can be co-imaged
with dPIcR. Based on our experience with the development of dPIcR, we reasoned that the
use of ddFPs as the reporting unit could be coupled with the sensing unit consisting of PHat
and pseudo-ligand from the previously developed 3-phosphoinosi-tide reporter InPAkt to
give rise to an intensity-based single-color 3-phosphoinositide indicator. We constructed this
biosensor by replacing the FRET pair in InPAkt with ddRFP-A and ddFP-B, the red version
of dimerization-dependent FPs. We named this biosensor dInPAkt (see Figures 3A and 3B).
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When Cos7 cells expressing dInPAkt were treated with EGF, we observed a decrease in red
fluorescence intensity (see Figure 3C and Figure S11 in the Supporting Information), with
similar kinetics to those observed using InPAkt (Figure S12 in the Supporting Information).
This EGF-induced response was absent in cells expressing a dInPAktR23/25A negative
control (Figure S13 in the Supporting Information) and was also abolished by pretreating
cells with the PI3K inhibitors LY 294002 and Wortmannin prior to imaging (Figure 3C and
Figure S14 in the Supporting Information), a condition shown to block EGF-induced InPAkt
responses as well (see Figure $12).19.20 These results suggest that changes in dInPAkt
intensity reflect PI3K-dependent changes in plasma membrane 3-phosphoinositide levels,
where a decrease in dInPAkt RFP fluorescence intensity indicates an increase in 3-
phosphoinositides.

It has been suggested that PI3K utilizes a pre-existing PIP, pool for PIP3 synthesis, as the
cellular concentration of PIP, is at least 2 orders of magnitude higher than that of PIP3.21.22
This would imply that PIP, levels will not change significantly upon growth factor-
stimulated PI3K activation. However, recent findings suggest that a substantial fraction of
pre-existing PIP, is sequestered and unavailable for use by PI3K, thus requiring de novo
PIP, generation to be coordinated with PI13K activation and PIP3 generation at a specific
cellular compartment.23 In any case, it is unclear how PI3K activation impacts membrane
PIP, levels and how PIP, and PIP3 levels are inter-related within local membrane
compartments. Our newly developed green PIP, reporter dPIcR and red 3-phosphoinositide
reporter dinPAkt now provide a means for simultaneously monitoring PIP, and PIP3 at any
desired membrane compartments. As shown in Figure 3D, when both reporters are targeted
to the plasma membrane, EGF stimulation triggered a decrease in dInPAKt intensity,
representing an increase in cellular 3-phosphoinositide levels, along with a reciprocal
response from dPIcR with very similar kinetics, indicating that PIP3 formation does decrease
local PIP, levels. Interestingly we observed considerable cell-to-cell variability in the re-
establishment of equilibrated PIP, levels, as indicated by the reversal of fluorescence
changes (Figure S11). Meanwhile, pretreating cells with PI3K inhibitors resulted in
significantly dampened/attenuated PIP, decreases and 3-phosphoinositide increases (see
Figure 3E, as well as Figures S11 and S14). In summary, our results show that the dPIcR-
dinPAkt co-imaging system can successfully report PI3K-dependent 3-phosphoinositide
formation and PIP, depletion simultaneously on the plasma membrane and at other potential
subcellular compartments, further demonstrating the advantages of multiplexed imaging and
single-color reporters.

In this study, we successfully developed a series of phosphoinositide reporters that exhibit
the following advantages in examining lipid signaling in living systems: (1) genetically
encodable with low toxicity and high preservation of the native cellular environment, (2)
spatially targetable to enable cellular subcellular location-specific signaling analysis, and (3)
multiple color and readout options to suit different microscope apparatus/settings and
multiplexed imaging. Importantly, we have demonstrated that the design principles of this
series of reporters are highly generalizable and can be applied for the development and
optimization of new sensors. By replacing the FRET-based reporting unit of InPAkt with a
dimerization-dependent FP pair, we engineered a single-color version of InPAkt—dInPAkt.
By utilizing the reporting unit and changing the sensing unit to a PIP, binding domain, we
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also developed a new family of PIP, reporters. Multiplexed imaging revealed PIP3
production is highly correlated with PIP, deletion in the same membrane compartment,
consistent with the idea that a substantial fraction of pre-existing PIP, is unavailable for use
by PI3K. Overall, development of these reporters has not only expanded the toolbox for
studying phosphoinositide signaling in its native cellular environment but also showcased
the modular design of these genetically encoded fluorescent biosensors that makes them
generalizable and adaptable to a variety of different targets and applications.

EXPERIMENTAL PROCEDURES

Construct Generation.

Standard cloning procedures were performed, including PCR with specific primers using
Phusion polymerase (Catalog No. F530S, Thermo Fisher Scientific), restriction
endonuclease digestion, and ligation using T4 DNA ligase (Catalog No. 15224017, Thermo
Fisher Scientific). DH5a E. coli cells were employed for cloning and amplification of
plasmids. The PH domains of Akt and PLC&1 were cloned from mRNA from Rattus
norvegicus brain tissue. First, mMRNA was isolated using the RNeasy Kit (Catalog No.
74106, Qiagen), then the OneStep RT-PCR Kit (Catalog No. 220213, Qiagen) was used with
specific primers to generate the DNA fragments, which were subsequently cloned into the
plasmid pCR2.1 using the TOPO TA cloning kit (Catalog No. K457501, Thermo Fisher
Scientific). For subsequent constructs, the pcDNA3 vector was utilized. In order to assemble
Lyn-targeted PIcR, eYFP, PHp| cs1, and eCFP were inserted into pcDNAS3 using the
restriction enzymes Kpnl, BamHI, EcoRl, and Notl. The sequence for the Lyn-tag (atgggc
gcatcaagagcaagcgcaaggacaag) and the sequence for the pseudo-ligand
(ggcggtagegtggcagaagaggaagatgacgaggaagaggacgaggacgatggeggeage) were added N-
terminally to eYFP and eCFP, respectively, utilizing extended primers for the PCR. For the
construction of Lyn-targeted dPIcR and dInPAkt, a pcDNAS3 vector with a modified multiple
cloning site and a Lyn-tag upstream of a BarmH]| restriction site was employed. The
fragments of ddGFP-A or ddRFP-A, PHp| cs1 or PHakt, the pseudo-ligand, and ddFP-B
were subcloned using the restriction enzymes BamHI, Sphl, SaA, Sacl, and Xbal. An
expression plasmid for the rat M3 receptor was available from a previous project.11
PICRK30/32L gp|cRK30/32L  and dInPAKtR23/25A negative control mutant sensors were
generated via PCR mutagenesis and Gibson assembly. All constructs were verified by
sequencing. Restriction enzymes were purchased from New England BioLabs.

Cell Culture and Transfection.

Cos7 cells were grown in Dulbecco modified Eagle medium (DMEM, Catalog No.
11965084, Fisher Scientific) containing 5 g/L glucose and supplemented with 10% (v/v)
fetal bovine serum (FBS, Catalog No. 35011CV, Fisher Scientific) and 1% (v/v) penicillin/
streptomycin (Pen-Strep) Catalog No. 15140122, Thermo Scientific), maintained at 37 °C in
an atmosphere of 5% CO». HeL a cells were grown in DMEM (Fisher Scientific) containing
1 g/L glucose and supplemented with 10% (v/v) FBS (Fisher Scientific) and 1% (v/v) Pen-
Strep (Thermo Scientific), maintained at 37 °C in an atmosphere of 5% CO,. Cells were
seeded in sterile 35 mm glass-bottom imaging dishes and transfected at a confluency of
~70%, using PolyJet In Vitro DNA Transfection Reagent (Catalog No. SL100688,
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Signagen), following the manufacturer’s protocol. After incubation for 6 h, growth media
was removed and changed to fresh complete growth media. After 48 h of transfection, cells
were washed twice with Hank’s Balanced Salt Solution (Gibco HBSS, Catalog No.
14025092, Thermo Scientific) buffer and subsequently imaged in HBSS buffer at room
temperature (RT). Cells used in experiments with EGF stimulation were serum-starved
overnight prior to imaging. Acetylcholine (Catalog No. A2661, Sigma), histamine (Catalog
No. H7250, Sigma), hEGF (Catalog No. E9644, Sigma), PI3K inhibitor LY294002 (Catalog
No. L7962, LA Laboratories) and wortmannin (Catalog No. W-2990, LC Laboratories) were
added as indicated.

Epifluorescence Microscopy and Image Analysis.

Images were acquired in darkness on a Zeiss AxioObserver Z7 microscope (Carl Zeiss) that
was equipped with a 40x/1.4 NA objective and a Prime95B sCMOS camera (Photometrics)
controlled by MetaFluor7.7 software (Molecular Devices). GFP intensity for dPIcR was
imaged using a Model 480DF20 excitation filter (Omega Optics), a Model 505DRLP
dichroic mirror (Omega Optical), and a Model 535DF50 emission filter (Chroma
Technologies). RFP intensity for RCaMP and dInPAkt was imaged using a Model 572DF35
excitation filter, a Model 594DRLP dichroic mirror, and a Model 645DF75 emission filter.
T-Sapphire intensity for sapphireCKAR was imaged using a Model 405DF20 excitation
filter, a Model 455DRLP dichroic mirror, and a Model 535DF50 emission filter (Chroma
Technologies). Dual cyan/yellow emission ratio imaging for InPAkt was performed using a
420DF20 excitation filter/4A55DRLP dichroic mirror/473DF24 emission filter for CFP
intensity, 420DF20 excitation filter/A55DRLP dichroic mirror/535DF25 emission filter for
the FRET intensity, and 495DF10 excitation filter/515DRLP dichroic mirror/535DF25
emission filter for YFP intensity. All filter sets were managed by an LEP Model MAC600
control module (Ludl Electronic Products, Ltd.). Exposure times ranged between 50 ms and
500 ms. Images were acquired every 20-30 s, and stimulus in each experiment was added as
indicated with no pause during image acquisition. INPAkt FRET ratios were quantified as
FRET intensity over CFP intensity.

Imaging data was analyzed and processed using MetaFluor software. Time courses were
normalized by dividing the background (cell free region)-subtracted fluorescence intensity
or FRET ratio at any given time ¢by the basal value at £ (the time point immediately prior to
stimulus addition), e.g., R/Rq for FRET responses or AH Ry = (F— Fy)l Fy for intensity
responses. Importantly, because the fluorescence intensities of dinPAkt and sapphireCKAR
change inversely with cellular levels of 3-phosphoinositides and PKC activity, respectively,
dinPAkt and sapphireCKAR responses are correspondingly plotted as —AA F.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Development and characterization of FRET-based PIP,reporter PICR. (A) Schematic

representation of phospholipase C61 (PLCé61)-based PIP, reporter, PICR. A negatively
charged pseudo-ligand (PL) and PIP, compete for binding to the PH domain of PLC81
(PHpL cs1), resulting in a conformation change upon PIP, depletion, where the reporter
adopts a low FRET efficiency conformation between the two fluorescent proteins, enhanced
Yellow Fluorescent Protein (eYFP) and enhanced Cyan Fluorescent Protein (eCFP). (B)
Graphic illustration of the domain structure of plasma membrane-targeted Lyn-PIcR. (C)
Time course of the normalized yellow-over-cyan (Y/C) emission ratio in Cos7 cells
expressing Lyn-PIcR with (circles, 7= 12) or without (triangles, /7= 8) co-expression of the
Gg-coupled M3 receptor upon acetylcholine (Ach, 10 (V) stimulation at £= 0 min. Images
were acquired every 20 s. Shaded areas represent SEM. Single cell traces co-monitored with
the Ca?* indicator RCaMP are shown in Figures S3 and S4. (D) Pseudo-color images
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showing the FRET ratio changes in Cos7 cells expressing Lyn-PIcR before and after
acetylcholine stimulation, where warmer colors indicate high plasma membrane PIP; levels
and cooler colors indicate low PIP,. Scale bar = 10 zm.
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Figure2.
Development and characterization of fluorescence intensity-based PIP, reporter dPICR. (A)

Schematic representation of dPIcR, where PHp|_c 51 binding to membrane PIP, leads to a
decrease in the distance between the two dimerization-dependent GFP monomers ddGFP-A
(green, dim) and ddFP-B (dark) and an increase in fluorescence intensity, as a result of ddFP
heterodimerization (green, bright). Depletion of membrane PIP, will thus lead to decreased
green fluorescence intensity. (B) Graphic illustration of the domain structure of plasma
membrane-targeted Lyn-dPIcR. (C) Time course of normalized Lyn-dPIcR green
fluorescence intensity in Cos7 cells with (circles, /7= 8) or without (triangles, /7= 8) G4-
coupled M3 receptor co-expression upon acetylcholine (10 ¢M) stimulation at £= 0 min.
Images were acquired every 20 s. Shaded areas represent SEM. Single-cell traces co-
monitored with the Ca2* indicator RCaMP are shown in Figures S6 and S7 in the Supporting
Information. (D) Time course of PIP, depletion (monitored by Lyn-dPIcR in green),
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intracellular CaZ* influx (RCaMP in red), and PKC activity (sapphireCKAR in blug) in M3
receptor-expressing Cos7 cells upon acetylcholine (Ach, 10 zM) addition at #= 0 min. Plots
show representative traces from a single cell. Additional single-cell traces from independent
experiments are shown in Figure S8 in the Supporting Information (n7=5), and responses
from cells without M3 receptor are shown in Figure S9 in the Supporting Information (/7=9)
as a negative control.
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Development of fluorescence intensity-based reporter dinPAkt and multiplexed imaging of
phosphoinositide dynamics. (A) Schematic representation of dinPAkt, where PHa; binding

to membrane 3-phosphoinositides leads to an increase in distance between the two
dimerization-dependent RFP monomers ddRFP-A (red, bright) and ddFP-B (dark) and a
decrease in fluorescence intensity, because of the loss of ddFP heterodimerization (red, dim).
Therefore, the production of 3-phosphoinositide membranes will thus lead to a decrease in
red fluorescence intensity. (B) Graphic illustration of the domain structure of the Lyn-
targeted dInPAKkt.(C) Time course of normalized dInPAKt red fluorescence intensity in

response to EGF stimulation (100 ng/mL) in Cos7 cells with (triangles, 7= 9) or without
(circles, n=11) PI3K inhibitor preincubation. Images were acquired every 20 s. Shaded
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areas represent SEM (D) Time course of PIP, depletion (monitored by Lyn-dPIcR, shown in
green) and production of 3-phosphoinositides (Lyn-dInPAkt, shown in red) in Cos7 cells in
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response to EGF. Plots shown are representative single-cell traces. Additional single-cell
traces from independent experiments are shown in Figures S11 (no pretreatment) and S14
(with PI3K preinhibition) in the Supporting Information. (E) Statistical analysis of
membrane PIP (circles) and 3-phosphoinositide (diamonds) levels after 5 min of EGF
stimulation (100 ng/mL) in Cos7 cells with (+) or without () PI3K preinhibition, quantified
from single-cell traces in Figures S11 and S14. [Legend: (***) p< 0.001 and (****) p<
0.0001, from Student’s #test.]
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