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ABSTRACT: Phosphoinositides, phospholipids that are key cell-
signal mediators, are present at very low levels in cellular
membranes and within nuclei. Phosphatidylinositol-(3,4,5)-tri-
sphosphate (PIP3), a phosphoinositide barely present in resting
cell membranes, is produced when cells receive either growth,
proliferation, or movement signals. Aberrant PIP3 levels are
associated with the formation of cancers. PIP3 pools are also
present in the nucleus, specifically in the nucleolus. However,
questions related to the organization and function of this lipid in
such membraneless intranuclear structures remain unanswered.
Therefore, chemical sensors for tracking cellular PIP3 are
invaluable not only for timing signal initiation in membranes but
also for identifying the organization and function of membraneless
nuclear PIP3 pools. Because PIP3 is present in the inner leaflet of cell membranes and in the nucleus, cell-permeable, rapid-response
fluorescent sensors would be ideal. We have designed two peptide-based, water-soluble, cell-permeable, ratiometric PIP3 sensors
named as MFR-K17H and DAN-NG-H12G. MFR-K17H rapidly entered into the cell cytoplasm, distinctly reporting rapid (<1
min) time scales of growth factor-stimulated PIP3 generation and depletion within cell membranes in living cells. Importantly, MFR-
K17H lighted up inherently high levels of PIP3 in triple-negative breast cancer cell membranes, implying future applications in the
detection of enhanced PIP3 levels in cancerous cells. On the other hand, DAN-NG-H12G targeted intranuclear PIP3 pools,
revealing that within membraneless structures, PIP3 resided in a hydrophobic environment. Together, both probes form a unique
orthogonally targeted combination of cell-permeable, ratiometric probes that, unlike previous cell-impermeable protein-based
sensors, are easy to apply and provide an unprecedented handle into PIP3-mediated cellular processes.
KEYWORDS: cell-permeable PIP3 sensor, imaging nuclear PIP3 pool, imaging PIP3 dynamics, phosphoinositide sensor,
ratiometric PIP3 sensor, fluorescent PIP3 sensor, peptide-based PIP3 sensor

■ INTRODUCTION
Phosphatidylinositol-3,4,5-trisphosphate (PIP3) (Figure S1) is
a transient phospholipid present in the inner leaflet of eukaryotic
cell membranes.1−3 Breakthrough studies around 2006 identi-
fied the presence of PIP3 also within the nucleus, specifically in
the nucleolus.4,5 In the resting state of the cell, the concentration
of this lipid is extremely low and estimated to be around 50 nM
with possibly higher ∼5 μM local concentrations in parts of the
membrane.6 Upon external chemical stimulation, for example,
with growth factors, the concentration of PIP3 increases to 2 μM
levels, with local concentrations as high as ∼200 μM in the
plasma membrane.6 In the cell membrane, PIP3 is the central
lipid that mediates cell growth, proliferation, and movement.6−8

In this context, PIP3 is a singularly important lipid that controls
healthy versus cancerous cell growth (Figure S2).9−12 The
enzymes phosphatidylinositol-3-kinases (PI3Ks) synthesize
PIP3 on the cell membrane by phosphorylating phosphatidy-
linositol-4,5-bisphosphate (PI(4,5)P2) (Figure S1), a lipid
which is constitutively present in the inner leaflet of the plasma

membrane (Figure S2(A)).3,13 PI3Ks act in response to growth
stimuli.14−16 Increased levels of PIP3 mediate the activation of
protein kinases like Akt, which participate in transmitting cell
growth and proliferation signals.3,9−11,16 The enzyme phospha-
tase and tensin homolog (PTEN) converts PIP3 back to
PI(4,5)P2 and maintains the levels of PIP3 in healthy cells to
allow normal cell growth and proliferation (Figure S2-
(A)).3,4,17,18 Hyperactivated PI3Ks and deactivated PTEN
lead to increase in PIP3 levels causing uncontrolled cell
proliferation (Figure S2(B)).9−12,16,18−22 Activating mutations
in PI3Ks and deactivating mutations in PTEN are prevalent in
cancers9,10,12,19,22 and mutant PI3Ks are found in 30−40%
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cancer patients, especially in breast cancer.10,16,23 Further, the
synthesis of membrane PIP3 in the front-end of chemotaxing
cells leads to actin polymerization, which directs cell
migration.7,24

While the roles of PIP3 in the cell membrane are reasonably
well-established and putative concentrations estimated, the
nuclear PIP3 pool has remained elusive.4,25,26 Anti-PIP3
antibody staining studies have provided definite evidence for
the presence of PIP3 within nucleoli.27 Recent interactomics

Figure 1. Design of cell-permeable, fluorescent PIP3 sensors. (A) Snapshot from MD simulation showing the interaction of gelsolin 150−169
(peptide: violet) with a PIP3 molecule (gray licorice; phosphate-oxygen-atoms: red) in a POPC (silver) lipid bilayer. Cationic amino acids on the
peptide are shown using licorice model representation: Arg (blue), His (cyan), and Lys (green). (B, C) MD snapshot highlighting the interactions of
the positively charged amino acids in the C-terminus of the peptide with PI(4,5)P2 and PIP3 headgroups, respectively. (D) Sequence of Gel 150−169
and residue numbering from N-terminus to C-terminus used in this paper. Distances of the charged moiety on cationic residues, Arg 20, Arg 19, and
Lys 17 within Gel 150−169, to (E) the 5-phosphate group of PI(4,5)P2; (F) the 4-phosphate group of PI(4,5)P2; (G) the 5-phosphate group of PIP3;
and (H) the 4-phosphate group of PIP3; throughout 200 ns MD simulation runs. Chemical representations of peptide-based fluorescent sensorMFR-
K17H (I) and control molecule MFR-R20H (J). (K) Peptide sequence alignment of Gel 150−169 and W-NG 28−43 showing alignment of K17 in
Gel 150−169 with H12 in W-NG 28−43. (L) Chemical representation of peptide-based fluorescent sensor DAN-NG-H12G.
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studies showed that nuclear PIP3 interacted with proteins
enriched in RNA and DNA binding domains.27 These proteins
spanned functions including RNA processing, cytokinesis,
protein folding, and DNA repair.27,28 Proteins involved in cell
survival and proliferation, like PI3Ks, were also identified.5 Both
the plasma membrane and the nuclear PIP3 pools play roles in
tumorigenesis, perhaps through a common PI3K link.5,29,30

However, the exact roles of nuclear PIP3 are still unknown.25

Importantly, the organization of PIP3 in nonmembranous
environments within the nucleus, especially the nucleolus, is
unclear.27,31 It is hypothesized that the acyl chains might be
sheltered from the aqueous environment, but this has not been
demonstrated thus far.27,31

In this backdrop, cell-permeable, fluorescent chemical sensors
for imaging and tracking PIP3 can provide key information on
the fundamental basis of PIP3-mediated cell-signaling pathways
and importantly provide the yet unavailable handle for studying
the nuclear pool. Moreover, PIP3 levels are elevated in several
forms of cancer, but methods to detect PIP3 in intact cancer cells
for rapid diagnostics are unavailable due to the lack of cell-
permeable, rapid-response PIP3 sensors.20 Hence, such a sensor
can also pave the path for the development of rapid assays to
measure PIP3 levels in cancer cells and guide appropriate
therapy, for example, the use of PI3K inhibitors.9−11,32

All PIP3 sensors reported to date are protein-based, cell-
impermeable biosensors (Table S1).33−39 These sensors have
been generated either by encoding the genes of fluorescent
proteins with the gene of a PIP3 binding protein domain or by
conjugating an organic dye directly to a PIP3 binding protein.3,35

Genetically encoded probes that have been developed for
sensing PIP3 are of two types: nonresponsive fluorescent
protein-tagged probes36−38 and responsive fluorescence reso-
nance energy transfer (FRET)-based probes.33,34 Nonrespon-
sive probes generated by the coexpression of a tagged
fluorescent protein with pleckstrin homology (PH) domains
of PIP3 binding proteins like Akt rely on diffusion-limited probe
translocation to PIP3-rich regions.24,37,38 These probes afford
large background signals from the unbound probe and hence
cannot be used to get conclusive information on PIP3
localization.

Engineered PH domains of proteins like Akt and GRP1 have
also been used to develop FRET-based probes by leveraging
PIP3 binding-induced structural changes and can afford
information on PIP3 localization and PIP3 dynamics in the
cell membrane.33,40 However, FRET-based sensors often afford
small-signal changes and low signal-to-noise ratios. A dimeriza-
tion-dependent fluorescent protein-based sensor has also been
used to develop a PIP3 sensor.34 The probe utilizes the same
engineered PH domain of Akt that was earlier used to develop a
FRET-based sensor,33 with an additional feature of single
wavelength emission, allowing simultaneous imaging of PIP3
and PI(4,5)P2.34 All genetically encoded probes, however, have
to be introduced into cells via transient transfection. Transient
transfection is a time-consuming technique compared to
working with probes that might be able to enter cells via direct
incubation in a few minutes.41 Moreover, transfection often does
not occur with similar efficiency in all cell types. Even within a
single cell type, incorporation of plasmids encoding the probes
can be nonuniform, leading to variability in results from one cell
to another.41 A hybrid protein−dye conjugated probe generated
by attaching a polarity-sensitive dye to an engineered PH
domain of myosin X protein has been utilized to image PIP3 in
cells.35,39 However, such modified protein-based probes have to

be incorporated into cells via microinjection35,39 and can only be
used to image single cells one at a time.41 Apart from tedious cell
incorporation methods, all protein-based probes for PIP3
detection report slower time scales of PIP3 dynamics due to
the diffusion-limited movement of these large probes within the
cellular environment.18,42−44 Finally, while few nonresponsive
fluorescent protein-tagged probes can image nuclear PIP3 pools,
no PIP3-responsive turn-on/ratiometric protein-based probe
has been able to image the subnuclear localization of PIP3. All
responsive probes are limited to studies of PIP3 pools in the
plasma membrane.34,37,39 Further, among the few nonrespon-
sive PIP3 probes, most respond to both PIP3 and
phosphatidylinositol-3,4-bisphosphate (PI(3,4)P2).4 This
poses a challenge for imaging the nuclear PIP3 pool since
PI(3,4)P2 is also present within the nucleus.27

In this study, we have developed two short-peptide-based,
environment-sensitive, ratiometric fluorescent sensors, MFR-
K17H and DAN-NG-H12G, that rapidly enter the cell
cytoplasm and orthogonally target and image the plasma
membrane and nuclear PIP3 pools, respectively. MFR-K17H
exhibited up to 45 times increase in visible fluorescence emission
in the presence of 6.5 μM PIP3 with a limit of detection of 193
nM. The probe also afforded a significant 115 nm blue shift upon
PIP3 binding, making it a ratiometric sensor. The sensor has
been computationally designed based on analysis of molecular
dynamics (MD) simulation results on a PI(4,5)P2 binding
peptide, which had shown some affinity toward PIP3.45 By
scrutinizing the binding mode of the peptide with PI(4,5)P2 and
PIP3 headgroups, the peptide was engineered rationally to flip
lipid selectivity and generate the PIP3 sensor MFR-K17H
(Figure 1). The sensor afforded selective emission response
toward PIP3 over other physiologically relevant phospholipids,
including other members of the phosphoinositide family of
lipids to which PIP3 belongs. Along with significant and selective
signal changes in the presence of PIP3, the sensor was
completely water soluble and cell permeable, entering cells
within 25 min of incubation, which allowed rapid imaging of
PIP3 dynamics within the plasma membrane of living cells.
Importantly, ratiometric imaging with MFR-K17H rapidly
illuminated the inherently high PIP3 pools in the plasma
membrane of breast cancer cells.
DAN-NG-H12G exhibited a highly selective ratiometric

response with a 49 nm shift in emission wavelength upon
binding PIP3 and a limit of detection of 98 nM. The salient
feature of DAN-NG-H12G was its high binding affinity (100
nM) for PIP3, which was >10-fold higher over other
phosphoinositides, including PI(4,5)P2 and PI(3,4)P2 and
>30-fold higher over other anionic phospholipids. DAN-NG-
H12G was designed based on the sequence alignment of a PIP3
binding peptide, W-NG 28−43, with the parent peptide scaffold
used in MFR-K17H (Figure 1), which allowed us to fine-tune
the W-NG 28−43 sequence and distinctly improve its selectivity
toward PIP3. DAN-NG-H12G not only permeated the cell
membrane but also permeated the nuclear membrane within <5
min incubation time as recorded via live time-lapse imaging.
This sensor was also completely water-soluble, and ratiometric
analysis of live cell images showed that the probe clearly marked
nuclear PIP3 pools within the nuclear membrane and the
nucleolus. SinceDAN-NG-H12Gwas an environment-sensitive
ratiometric probe, in a key result, we were able to reveal the
organization of PIP3 within the nucleolus.
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■ RESULTS

Designing Cell-Permeable PIP3-Selective Sensors

To design cell-permeable sensors to detect PIP3 which is
present in the inner leaflet of the plasma membrane and in the
nucleus, the first requirement is a cell-permeable PIP3 binding
molecular scaffold. Designing a small-molecule-based binding
scaffold selective to the PIP3 headgroup (Figure S1) is extremely
challenging due to its low abundance and the presence of seven
structurally similar phosphoinositides in the cell membrane
(Figure S1). The difficulty therefore lies in developing a binding
scaffold that will detect PIP3 over other phosphoinositides along
with other physiologically more abundant anionic phospholi-
pids. We explored three strategies to design PIP3-selective cell-
permeable binding scaffolds: (1) scanning PIP3 binding
proteins with structurally characterized PIP3 binding sites in
the search for PIP3 binding peptide sequences; (2) modifying
structurally characterized peptide sequences with defined
PI(4,5)P2 binding sites to generate PIP3 binding scaffolds;
and (3) fine-tuning the selectivity of a PIP3 binding peptide with
an undefined PIP3 binding site via comparison of its sequence
and structural propensities with that of structurally characterized
PI(4,5)P2 binding peptides.

The first strategy was to study the lipid-binding sites of PIP3
binding proteins and search for short ∼10 to 20 amino acid
peptide sequences within these proteins that might bind to PIP3
and might also be cell permeable. Most PIP3 binding proteins
bind to PIP3 via a PH domain.1,45 PH domains bind to
phosphoinositides through directional electrostatic interactions
of positively charged amino acids with the negatively charged
headgroup of a phosphoinositide. However, the positively
charged amino acid residues in PH domains reside on different
peptide strands. Chemically mimicking the phosphoinositide
binding site of PH domains seemed nontrivial.

We therefore next investigated the binding sites of actin-
regulatory proteins like Gelsolin, which have short peptide
sequences that can bind to PI(4,5)P2,46,47 a close structural
analogue of PIP3. In a previous study, we had developed a cell-
permeable PI(4,5)P2 sensor based on a 20 amino acid
PI(4,5)P2 binding sequence from Gelsolin, Gel 150−169
(Figure 1(D)), which had a reported NMR structure.48 In a
separate study, we also investigated the structural propensities of
the peptide in the presence of PI(4,5)P2 by performing MD
simulations.49 In brief, we generated a lipid bilayer membrane
containing phosphatidylcholine (PC), which is a major
phospholipid present in eukaryotic cell membranes (50% of
total phospholipids)50 and embedded a single PI(4,5)P2 lipid
on one leaflet of the bilayer, following which we ran a simulation
of the Gel 150−169 peptide in the presence of the membrane.49

These simulations have been recently extended by us to develop
second-generation improved PI(4,5)P2 sensors by performing
additional simulations with other phosphoinositides, including
PIP3, to understand the origin of selectivity of the Gel 150−169
peptide toward PI(4,5)P2 (see the SI for a brief overview of
previous computational studies). The results from the MD
simulations have been analyzed here from a new perspective in
light of the goal of developing a PIP3 sensor.

Since PIP3 and PI(4,5)P2 are structurally similar, it is
expected that a PI(4,5)P2 binding peptide would also bind to
PIP3 with some affinity.45,51 We decided to study the binding
mode of the Gel 150−169 peptide with both lipids. Specifically,
we asked the following question: is there any difference in the
binding mode of the Gel 150−169 peptide toward PI(4,5)P2

versus PIP3 and can this difference be leveraged to flip the
selectivity of the peptide toward PIP3? The results from the MD
simulations indicated that positively charged amino acid
residues near the C-terminus of the peptide formed stable salt
bridge interactions with the negatively charged phosphate
moieties of phosphoinositide headgroups (Figure 1(A−C)). In
order to find out if there is any residue-wise difference in the
interaction of the peptide with the two lipid headgroups,
distances between the charged moiety on a positively charged
amino acid and the different phosphate moieties on the lipid
headgroups were calculated throughout the simulation runs.
The calculations were performed for all positively charged
amino acids present in Gel 150−169 (Figures 1(E−H) and S3).
The results indicated that Arg 20 formed a stable electrostatic
contact with the 5-phosphate group of PI(4,5)P2 (distance
between charged residues was 4 Å or less) (Figure 1(E)). Lys 17
formed contacts with both 4- and 5-phosphate groups of
PI(4,5)P2 (Figure 1(E,F)). On the other hand, Arg 19 formed
stable electrostatic contacts with 4- and 5-phosphate groups of
PIP3 (Figure 1(G,H)), while Arg 20 formed contact with the 4-
phosphate group (Figure 1(H)). No residue came to within 4 Å
of the 3-phosphate group of PIP3 (Figure S3(D)). Lys 17 did
not form a stable contact with the PIP3 headgroup (Figure
1(G,H)), while Arg 19 did not form a stable contact with
PI(4,5)P2 (Figure 1(E,F)). Based on this computational
analysis, we hypothesized that if the directional contact of Lys
17 with the 4- and 5-phosphate groups of PI(4,5)P2 could be
perturbed, the resultant peptide would lose its affinity toward
PI(4,5)P2 and might show preferential selectivity toward PIP3.

A novel mutant peptide, K17H, was therefore designed by
replacing Lys 17 with a histidine, which is also a positively
charged amino acid, in order to maintain the charge of the
peptide (Figure 1(I)). We reasoned that the histidine residue
would affect the directional electrostatic interaction between the
17th amino acid residue of the peptide and the 4- and 5-
phosphate groups of PI(4,5)P2 without affecting the cell
permeability of the peptide, which is possibly related to its
overall positive charge. A second mutant peptide, R20H, in
which Arg 20 was replaced with a histidine, was also designed as
a control (Figure 1(J)). Since the computational studies
predicted that Arg 20 interacted with at least one phosphate
group on both lipid headgroups, we expected that replacing this
amino acid would reduce the binding affinities of the peptide
toward both lipids.

MD simulations on the Gel 150−169 peptide had shown that
the N-terminal half of the peptide interacted with the
hydrophobic part of the membrane after electrostatic contacts
were established between the C-terminus of the peptide and the
negatively charged phosphoinositide headgroup.49 Based on this
information, we attached a polarity-sensitive dye52 to the N-
terminus of the K17H and R20H peptides to convert them into
lipid responsive sensors (Figure 1(I,J)). The resultant molecules
were expected to afford a shift in emission wavelength upon
binding to a specific phosphoinositide due to a change in the
polarity when the N-termini of the peptides interacted with the
membrane. Two probes, MFR-K17H and MFR-R20H, were
synthesized by conjugating a carboxylic acid derivative of a
polarity-sensitive fluorene dye (MFR dye, Figures S4 and S5)
with the N-terminus amine groups of the peptides.

In the final strategy, we explored a PIP3-selective synthetic
peptide, W-NG 28−43, derived from a Calmodulin-binding
protein Neurogranin.53 The exact PIP3 binding site in W-NG
28−43 is not known, and its structure remains uncharacter-
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ized.54 In fact, based on the presence of several positively
charged basic residues in the C-terminus of this peptide and
hydrophobic residues in its N-terminus, it was speculated that its
mode of interaction with phosphoinositides would be similar to
peptides derived from PI(4,5)P2 binding actin-regulatory

proteins like Gelsolin and Villin.53 Both the electrostatic and
hydrophobic interactions seemed necessary for the binding of
W-NG 28−43 to PIP3.53 In the absence of any reported
structure of the W-NG 28−43 peptide, MD simulations were
nontrivial. Hence, we aligned the sequence of W-NG 28−43

Figure 2. In vitro selectivity and sensitivity of MFR-K17H and DAN-NG-H12G. (A) Fluorescence response of MFR-K17H (1 μM) with increasing
levels of 5% PIP3-PC mixed vesicles.MFR-K17H (black) and total phospholipid concentrations of 5% PIP3 SUVs: 4.4 μM (orange), 8.8 μM (yellow),
17.5 μM (green), 30.2 μM (indigo), 42.6 μM (blue), 62.4 μM (purple), 81.3 μM (red), 99.4 μM (cyan), 116.6 μM (gray), and 130 μM (magenta).
Inset: The plot of the emission intensity ratio of 465 and 580 nm versus the concentration of the total phospholipid. (B) Comparison of “turn-on”
response of MFR-K17H toward phosphoinositides and other physiologically relevant phospholipids. (C) Confocal fluorescence images showing the
response of MFR-K17H (500 nM) in GUVs with different PIP3 levels. (D) Bar plots representing the average intensities along the perimeter of the
GUVs. (E) Fluorescence response of DAN-NG-H12G (1 μM) with increasing levels of 5% PIP3-PC mixed vesicles. DAN-NG-H12G (black) and
total phospholipid concentrations of 5% PIP3 SUVs: 2.5 μM (orange), 5.6 μM (yellow), 13.7 μM (green), 26.8 μM (indigo), 39.3 μM (blue), 51.3 μM
(purple), and 62.6 μM (red). Inset: The plot of the emission intensity ratio of 450 and 520 nm versus the concentration of the total phospholipid. The
plot was fitted to calculate the dissociation constant (Kd) of DAN-NG-H12G toward 5% PIP3-PC vesicles. (F) Bar plots representing the association
constant values ofDAN-NG-H12G obtained for different phospholipids. (G) Confocal fluorescence images showing the response ofDAN-NG-H12G
(1 μM) in GUVs with different PIP3 levels. (H) Bar plots representing the average intensities along the perimeter of the GUVs. All bar plots are
presented as the mean ± SEM, where N = 3. Scale bar: 10 μm.
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with that of Gel 150−169 and noted that Lys 17 in Gel 150−169
aligned with His 12 in W-NG 28−43 (Figure 1(K)). We
hypothesized that if the binding modes of Gel 150−169 and W-
NG 28−43 to phosphoinositides were indeed similar, a
mutation at this site would significantly improve the PIP3 to
PI(4,5)P2 selectivity of this peptide, affording a highly PIP3-
selective probe. To perform a quick check on whether this
hypothesis would work, we leveraged tryptophan, a polarity-
sensitive amino acid, that happened to be fortuitously present in
the N-terminus of the peptide. We synthesized W-NG 28−43
and a novel mutant peptide W-NG-H12G (Figure S6). For W-
NG 28−43, the parent peptide, we observed a ∼35 nm blue shift
in the emission maxima of tryptophan in the presence of
increasing levels of PIP3 compared to a ∼12 nm blue shift in the
emission maxima of tryptophan in the presence of increasing
levels of PI(4,5)P2 (Figure S7). On the other hand, for W-NG-
H12G, the mutant peptide that we designed, we observed a ∼43
nm blue shift in the emission maxima of tryptophan in the
presence of increasing levels of PIP3 and barely a ∼7 nm blue
shift in the emission maxima of tryptophan in the presence of
increasing levels of PI(4,5)P2 (Figure S7). This data implied
that W-NG-H12G had a greater selectivity toward PIP3 over
PI(4,5)P2 than the parent peptide. We therefore proceeded to
use the new W-NG-H12G peptide that we designed to develop a
PIP3-selective sensor. Since the excitation of tryptophan at 290
nm was not appropriate for live cell imaging and, importantly,
there would be background from endogenous tryptophan within
cells, we attached a polarity-sensitive dansyl (DAN) (Figure
S8)-based dye to the N-terminus of the peptide by replacing
tryptophan with a cysteine residue in order to develop the novel
PIP3 probe. The choice of the dye was based on its size, which
was similar to that of tryptophan. DAN-NG-H12G was hence
synthesized by conjugating acrylodan to the cysteine thiol
moiety (Figures 1(L), and S8, and S9).

All three synthesized probes, MFR-K17H, MFR-R20H, and
DAN-NG-H12G, were water soluble; hence, all experiments
were performed in an aqueous buffer without the addition of any
organic solvent.
MFR-K17H and DAN-NG-H12G are PIP3-Selective
Ratiometric Fluorescent Sensors

The MFR-K17H and DAN-NG-H12G molecules were first
tested for their fluorescence response toward different
physiologically relevant phospholipids in an aqueous buffer by
using small-unilamellar vesicles (SUVs) of phospholipids
(details of SUV composition are given in the SI). When excited
at 390 nm, MFR-K17H exhibited an emission spectrum with a
maxima at 580 nm (Figure 2(A)). Upon adding increasing levels
of 5% PIP3-PC vesicles, the emission spectrum showed a
maximum 115 nm blue shift at saturation. This afforded a
spectrum with a peak at 465 nm. The emission intensity of the
peak at 465 nm increased with increasing levels of 5% PIP3-PC
vesicles (Figure 2(A)). A maximum of 45 times enhancement
was observed at 465 nm at saturating levels of PIP3, 6.5 μM (130
μM total phospholipid) (Figure 2(B)). Importantly, the “turn-
on”-response of MFR-K17H was the highest for PIP3 when
compared to other physiologically relevant phospholipids.
Hence, MFR-K17H responded to PIP3 both in a ratiometric
manner with a shift in emission wavelength and in a “turn-on”
mode with a significant PIP3-selective emission enhancement.
The “turn-on” response data of the probe was used to determine
the limit of detection (LOD) of the probe for PIP3 sensing. The
LOD was 193 nM, which is on the lower side of expected PIP3

levels in cellular systems. The quantum yields for MFR-K17H
and PIP3-bound MFR-K17H were determined to be 0.33 and
0.89, respectively (Figure S10). DAN-NG-H12G was excited at
380 nm and exhibited an emission peak at 520 nm (Figure
2(E)). Upon adding increasing levels of 5% PIP3-PC vesicles,
the emission spectrum showed a maximum 49 nm blue shift at
saturation. This afforded a spectrum with a peak at 471 nm. The
emission intensity of the peak at 471 nm increased with
increasing levels of 5% PIP3-PC vesicles (Figure 2(E)). The
quantum yields for DAN-NG-H12G and PIP3-bound DAN-
NG-H12G were determined to be 0.21 and 0.59, respectively
(Figure S10). The LOD for the DAN-NG-H12G probe was
calculated to be 98 nM and was very close to the expected overall
cellular concentrations of PIP3.

We next determined the binding affinities of the MFR-K17H
and DAN-NG-H12G probes with different phospholipids by
fitting either the fluorescence intensity at the maxima of the
lipid-bound form (465 nm) or the ratio of blue to green
emissions with increasing lipid concentrations, to a 1:1 binding
model detailed in SI section 4 (Figure 2(A,E, inset)). The
dissociation constant of theMFR-K17H probe toward PIP3 was
1.4 ± 0.1 μM and that of DAN-NG-H12G was 14-fold lower at
100 ± 50 nM (Table S2). We observed that the binding
constants for each sensor were similar when dissociation
constants were calculated from titrations with either 5% PIP3-
PC vesicles or 2% PIP3-PC vesicles (Figure S11), indicating that
the binding of the sensors to PIP3 was specific. Further, adding
another anionic phospholipid in the vesicles (5% PIP3, 20% PG,
75% PC) did not alter the dissociation constants of the sensors
toward PIP3, thus validating the binding specificity of the
sensors toward PIP3 (Figures S12 and S13). The dissociation
constant for the MFR-K17H probe toward PIP3 was the lowest
when compared to that of other physiologically relevant
phospholipids titrated as vesicles containing 5% phosphoinosi-
tides in PC, 20% other abundant anionic phospholipids in PC,
and 100% PC (Table S2). The DAN-NG-H12G probe showed
a ∼10 times higher affinity for PIP3 over PI(4,5)P2 (Figure
2(F)). A ∼13 times lower affinity was observed for other
phosphoinositides, including PI4P and PI(3,4)P2, and the rest
of the lipids afforded a > 30 times lower affinity when compared
to PIP3 (Table S2). Hence, DAN-NG-H12G was a highly
selective, high-affinity, sensitive, ratiometric PIP3 sensor.

As expected, the control probe MFR-R20H afforded lower
binding affinities toward both PI(4,5)P2 and PIP3 (Table S2).
As predicted via computational analysis, the K17H peptide had
an enhanced affinity toward PIP3 when compared to the R20H
mutant. Importantly, when MFR-K17H and DAN-NG-H12G
were applied in a fluorescence confocal microscopy setup (λex
405 nm) to image increasing levels of PIP3 in giant unilamellar
vesicles (GUVs), vesicles containing as low as 1% PIP3 in PC
could be visualized (Figure 2(C,G)). Intensity analysis of the
GUV images indicated that both probes could effectively report
on increasing levels of PIP3 in a confocal microscopy setup
(Figure 2(D,H)). Hence, by utilizing insights from molecular
dynamics simulations and peptide sequence correlations, we
developed two peptide-based ratiometric PIP3-selective probes.
Next, we proceeded to test the in-cell response and the in-cell
specificity of the probes toward PIP3 imaging.
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Cell-Permeable PIP3 Sensor, MFR-K17H, Tracks Epidermal
Growth Factor-Induced Rapid PIP3 Enhancement in the
Plasma Membrane, Live

Cell-permeable PIP3 sensors are required because PIP3 is
present in the inner side of the cell membrane and within the
nucleus. A major drawback of all existing PIP3 sensors is cell
impermeability. We first tested whether MFR-K17H was cell
permeable. Living cells directly incubated with the sensor for

20−25 min were imaged on a confocal fluorescence microscopy
setup, and emission was collected both in the blue (425−510
nm) and green (520−600 nm) emission channels (Figure
S14(A)). The intensity in the green channel represented
emission from both bound and unbound sensors (Figures
2(A) and S29), while the intensity in the blue channel majorly
represented emission from the bound sensor, although there was
minimal overlap with the tail of the unbound probe emission

Figure 3. Imaging growth factor-induced PIP3 dynamics in living COS-7 cells with cell-permeable PIP3 sensor MFR-K17H. All cells were directly
incubated with MFR-K17H (5 μM) for 20−25 min at 37 °C in serum-free DMEM media. (A) First column, confocal images (λem: 425−510 nm) of
living COS-7 cells treated with MFR-K17H (5 μM): without external stimuli (first row), with EGF for 3 min (second row), wortmannin (0.5 μM)
followed by EGF for 3 min (third row), LY294002 (50 μM) followed by EGF for 3 min (fourth row), and HS-173 (1 μM) followed by EGF for 3 min
(last row). The second column represents the ratiometric images, and the third column represents the differential interference contrast (DIC) images
for the same cells displayed in the first column. Scale bar: 10 μm. (B) Ratiometric fluorescence intensity bar plot representing average plasma
membrane intensity (N = 3) values for only sensor, after EGF stimulation, and PI3K inhibitor-treated cells upon EGF stimulations. (C) Representative
real-time tracking of fluorescence intensities of MFR-K17H on the plasma membrane of COS-7 cells following EGF stimulation (λex = 405 nm, λem:
425−510 nm). Time points are marked by color shades: before the addition of EGF (purple), after EGF addition (blue), and after the decrease of the
sensor signal to basal levels (green). Inset: Zoomed-in representation of 0−80 s time scale was used to show the sharp increase in sensor intensity after
EGF addition (at 30 s). (D) The representative scatter plot of intensities from the plasma membrane during three events highlighted in (C) in a real-
time tracking experiment with mean emission intensities. (E) The normalized fluorescence intensity bar plot representing average plasma membrane
intensity values for only media, after EGF addition, and after a decrease of the sensor signal to basal levels for time slots indicated by different colors in
(C). Data presented as mean ± s.d, where n≥ 6 for each set (N = 3). Statistical analyses were performed on 3 independent sets of experiments using an
unpaired, two-tailed student’s t-test. *p < 0.05; **p < 0.01; and ***p < 0.001.
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(Figures 2(A) and S29(A)). We observed emission in both the
blue and green channels from the cytoplasm of cells incubated
with the probe, which did not colocalize with any specific
organelle tracker (Figure S15). Cell images from different z-
planes showed the clear incorporation of the probe in living cells
(Figure S14(B)). From this experiment, we could distinctly
confirm that the MFR-K17H probe entered living cells within
20−25 min of direct incubation (Figure S14). Importantly, we
noted that in resting, unstimulated living cells, there was very
low fluorescence intensity of the bound MFR-K17H probe
(blue channel) from the cell membrane (Figure 3A, top, left
panel), leading to a low-intensity ratio of blue to green emission
intensity (Figure 3B). This observation is consistent with the
fact that PIP3 levels are very low in resting cell membranes. This
data also indicated that the sensor was not detecting other
anionic lipids that were constitutively present in the cell
membrane, including PI(4,5)P2, which is structurally the closest
to PIP3. The MFR-K17H probe did not show any emission
from the nucleus. Probe uptake was lower at 4 °C, hinting at an
active transport pathway for the probe (Figure S16). MFR-
K17H was not toxic to cells up to the tested concentration of 10
μM (94% cell viability for COS-7 cells), which is higher than the
concentration that was used for all cell studies (Figure S17).
Overall, the data show that MFR-K17H is a cell-permeable,
fluorescent PIP3 sensor. We next proceeded to test the
applicability of the probe toward selective imaging of PIP3
dynamics in living cells and validate the in-cell PIP3 selectivity of
MFR-K17H.

An early step of cell proliferation and cell growth signaling is
the production of PIP3, which occurs upon the activation of
receptor tyrosine kinases like the epidermal growth factor
receptor (EGFR).14,55 Binding of the epidermal growth factor
(EGF) to EGFR leads to the activation of PI3K, which converts
PI(4,5)P2 to PIP3 and triggers downstream growth signaling
pathways.15,55−57 Understandably, overexpression of EGFR and
dysregulation of the EGFR-PI3K-Akt pathway leads to increased
PIP3 levels and is associated with many cancers, especially
malignant forms.22,55,58 With this background, in order to test
whether the cell-permeable probe MFR-K17H could track PIP3
dynamics in living cells, we selected COS-7 cells, which
endogenously express ∼105 EGFR copies per cell59 and are
frequently employed to study EGFR activation.60 First, we
tested the photostability of the MFR-K17H sensor by
incubating COS-7 cells with the probe and irradiating the cells
at the same region-of-interest at 30 s intervals with a 405 nm
laser in a confocal microscopy setup for ∼10 min (Figure S18).
The imaging time was selected to be 10 min based on previous
studies on the kinetics of PIP3 production in EGF-stimulated
cells.34,35 The probe emission intensity for both blue and green
imaging channels and hence the ratio remained unchanged,
indicating that MFR-K17H was photostable and could be taken
forward for imaging PIP3 dynamics in living cells.

Next, the effect of EGF stimulation on COS-7 cells incubated
with the MFR-K17H sensor was studied in a confocal
microscopy setup to investigate whether the sensor could report
on PIP3 dynamics in living cells. EGF addition led to a distinct
signal increase in the blue channel emission and a concomitant
increase in the ratio of blue to green emission of MFR-K17H at
the plasma membrane (Figure 3(A), second row, and 3(B)). A
similar plasma membrane signal enhancement was also observed
upon EGF addition to cells transfected with PH-Akt-GFP,
which is a protein-based PIP3 sensor (Figure S19(B)). In the
case of PH-Akt-GFP, however, the background emission from

the cytoplasm was much higher (Figures S19 and S20). Hence,
the relative membrane signal to cytoplasm background ratio was
significantly enhanced in the case of MFR-K17H (Figure S20).
The result indicated that MFR-K17H could report on PIP3
dynamics in living cells and afforded ratiometric imaging along
with distinctly lower background signals compared to an existing
frequently employed protein-based probe (Figures 3(A) and
S19). Further, when the cell imaging data were compared for
PH-Akt-GFP and MFR-K17H, it was observed that while
MFR-K17H could enter all cells within a plate via direct
incubation, expression of PH-Akt-GFP varied from cell to cell
(Figure S21). This data highlighted another key advantage of
our cell-permeable probe.

To conclusively confirm that MFR-K17H was indeed
detecting PIP3 in living cells, three PI3K inhibitors,
Wortmannin, HS-173, and LY294002, were employed. Among
these three inhibitors, HS-173 is exclusively selective toward
PI3K. LY294002 is a potent PI3K inhibitor. Wortmannin can
also inhibit a few other phosphatidylinositol kinases, albeit only
at higher μM concentrations.61 Since PI3K is the enzyme that
synthesizes PIP3 in cell membranes, selective and potent
inhibitors such as HS-173 and LY294002, respectively, would
completely abolish PIP3 synthesis from the cell membrane.
Indeed, cells treated with PI3K inhibitors62,63 showed a
significantly reduced ratiometric signal in the plasma membrane
upon EGF stimulation compared to cells untreated with
inhibitors (Figure 3(A,B)). This data distinctly showed that
MFR-K17H could detect intracellular PIP3 with exquisite
specificity and selectivity (Figure 3(B)).

Analysis of time-lapse imaging (Video 1) of COS-7 cells
stimulated with EGF showed a rapid increase in membrane
intensity of the probe in the blue channel within 45−60 s of EGF
addition (Figure 3(C, inset)), which remained high until ∼75 to
120 s post addition (Figure 3(C−E)). Following that, the signal
in the membrane decreased and returned to basal levels within
∼4 to 6 min post EGF addition (Figure 3(C−E)). Importantly,
as per the photostability data, the probe was photostable within
the time range of the experiment (Figure S18), and cells
untreated with EGF did not show any enhancement in the probe
emission at the cell membrane (Figure S22). A maximum 60%
enhancement in the emission intensity of MFR-K17H was
observed in the plasma membrane of the COS-7 cells upon EGF
stimulation. Hence, MFR-K17H is a cell-permeable, visible-
excitable, ratiometric fluorescent sensor that can selectively track
PIP3 dynamics in living cells.

It is imperative here to compare the response of MFR-K17H
with that of previously reported protein-based sensors (Table
S1). Both Anti-PIP3 antibody staining of EGF-stimulated
carcinoma cells42 and 32P labeling studies in growth factor-
stimulated fibroblasts44 had shown fast PIP3 kinetics (PIP3
levels peaking at <1 min) compared to studies using protein-
based probes.34,39 Specifically, PIP3 levels in the plasma
membrane were highest at ∼1 min after EGF stimulation
when PIP3 was detected using antibody staining and at 40 s for
32P labeling studies.42,44 For the antibody method, the staining
remained detectable until 3 min post stimulation and came
down to basal levels within 4−5 min of stimulation.42 In the
same study, a GFP-tagged PH domain showed a rise in PIP3
levels, but the intensity did not come down to basal levels even
after 5 min post stimulation.42 Based on these results, the
authors concluded that PH domain-based probes interfered with
the binding of proteins necessary for the depletion of PIP3 from
the membrane, which is an integral part of PIP3 dynamics.42 The
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response of MFR-K17H in EGF-stimulated cells peaked at <1
min post EGF addition, remained detectable until 2−3 min, and

completely decayed by 4−6 min, which mirrored the PIP3
dynamics time scales that were previously reported using an anti-

Figure 4.Ratiometric Imaging of PIP3 in breast cancer cell lines. Both the breast cancer cell lines, MCF-7 and MDA-MB-231 cells, were incubated with
MFR-K17H (5 μM) for 25 min at 37 °C in imaging media. (A) Confocal images of living MCF-7 cells treated with MFR-K17H: without PI3K
inhibitors (first row), with the application of potent PI3K inhibitors, HS-173 (second row) and LY294002 (third row), respectively. (B) Confocal
images of living MDA-MB-231 cells treated withMFR-K17H (5 μM): without PI3K inhibitors (first row), with the application of PI3K inhibitors, HS-
173 (second row) and LY294002 (third row), respectively. Scale bar, 10 μm. The images are representative of at least three biological replicates from
different cell plates.
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PIP3 antibody for the entire sequence and 32P labeling studies
for the PIP3 generation time scales.42,44 On the other hand, a
protein-based genetically encoded PIP3-responsive probe

applied to the COS-7 cell line under the same experimental
conditions as in our study showed a significantly slower rise in
PIP3 levels which peaked only at 5 min post stimulation and did

Figure 5. Imaging nuclear PIP3 pools withDAN-NG-H12G in HeLa and COS-7 cells. All cell types were directly incubated withDAN-NG-H12G (5
μM) at 37 °C in serum-free DMEM media for 5 min. (A) Representative confocal single z-plane images of living HeLa cells (first row) and COS-7 cells
(second row), showing nuclear PIP3 pools illuminated by DAN-NG-H12G. λex 405 nm laser. Fluorescence emission: blue channel (λem: 435−465
nm); green channel (λem: 560−590 nm). Scale bar: 20 μm. (B, C) 3D intensity-based plots of ratiometric images of the above cells Hela and COS-7,
respectively, generated from the blue/green ratio. The images are representative of at least three biological replicates from different cell plates. (D) 3D
intensity-based plots of ratiometric image of HS-173 (1 μM)-treated HeLa cells. (E) The ratiometric fluorescence intensity bar plot representing the
average DAN-NG-H12G intensity ratio in nucleus and nucleolus for only the sensor and after the addition of potent PI3K inhibitors, HS-173 and
LY294002 in HeLa and COS-7 cells, where n ≥ 8 for each set (N = 3). Statistical analyses were done on 3 independent sets of experiments using an
unpaired, two-tailed student’s t-test. *p < 0.05; **p < 0.01; and ***p < 0.001.
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not decay to basal levels even after 15 min post stimulation.34

Further, a PH domain-based responsive microinjectable probe
showed a slow rise, peaking at ∼4 to 5 min and decaying to basal
levels at 20 min post stimulation.39 These comparisons point to
a significant advantage of MFR-K17H in its ability to report fast
PIP3 dynamics, which protein-based probes are not able to
afford. Importantly, since MFR-K17H is a small-molecule-
based, cell-permeable, responsive probe, it can report on PIP3
dynamics accurately in living cells without the requirement of
cell fixing, which has also been reported to affect PIP3
localization.
MFR-K17H can Detect Endogenous PIP3 in Breast Cancer
Cells

Since MFR-K17H is a cell-permeable PIP3-sensitive probe, it
has the potential to be developed as a diagnostic agent for
malignant cancers, especially breast cancer that is characterized
by inherently higher levels of PIP3.23 Chemo-resistant and
malignant breast cancers are characterized by hyperactivating
mutations in PI3K and dysfunctional PTEN mutants that lead to
higher PIP3 levels and hence enhanced cell proliferation.19,23 In
order to test the future applicability of MFR-K17H toward
cancer diagnostics, we explored PIP3 imaging in live breast
cancer model cells MCF-7 and MDA-MB-231, the latter being a
triple-negative breast cancer cell line. MFR-K17H permeated
both cell lines within 20−25 min of incubation and distinctly
highlighted the cell membrane without the requirement of any
external chemical stimulation (Figure 4). Importantly, ratio-
metric analysis of the images indicated distinctly high blue to
green emission ratios in the cell membranes of both breast
cancer model cells (Figure S23). The bound channel (blue)
emission of the MFR-K17H sensor colocalized with a
membrane marker, indicating that the observed sensor emission
was from cell-membrane PIP3 (Figure S24). This experiment
once again validated the in-cell PIP3 specificity of MFR-K17H.

To ensure that the increased blue/green emission intensity
ratio observed in cancer cell membranes was due to the selective
binding of the probe to PIP3, we treated both cell lines with the
potent PI3K inhibitors HS-173 and LY294002. Complete
abolishment of the bound blue channel emission from cell
membranes was observed (Figure 4(A) mid and bottom; 4(B)
mid and bottom panels). Importantly, quantitative ratiometric
image analysis (Figure S23) showed a significant decrease in the
blue/green emission intensities from cell membranes of both the
cancer cell lines when treated with the inhibitors compared to
untreated cells. Therefore, the ability of the novel PIP3 probe
MFR-K17H to rapidly and directly enter breast cancer cells and
selectively image enhanced PIP3 levels opens an unprecedented
path into future rapid breast cancer diagnostics along with a
distinct possibility of fast identification of cancer cells that will
respond to PI3K inhibitor therapy. This key scope is unavailable
in current protein-based PIP3 probes that rely on either
microinjection or transient transfection for cellular incorpo-
ration.
DAN-NG-H12G is a Cell-Permeable Ratiometric
PIP3-Selective Probe that Images Nuclear PIP3 Pools

Following the studies with MFR-K17H, we next tested the cell
permeability of the DAN-NG-H12G probe, which has a
significantly higher affinity toward PIP3. Interestingly, we
observed that the probe not only entered living cells, including
COS-7 and HeLa cells, but also rapidly lit up the cell nucleus,
based on live cell imaging experiments in a confocal fluorescence
microscopy setup (Video 2, Figure S25, z-stack images). The

emission was collected in both the blue (435−465 nm) and
green (560−690 nm) emission channels (Figure 5(A)). The
intensity in the green channel represented emission from both
bound and unbound sensors, while the intensity in the blue
channel majorly represented emission from the bound sensor,
although there was minimal overlap with the tail of the unbound
probe emission (Figures 2(E) and S29). We observed emission
in both the blue and green channels from the nuclear region of
cells incubated with the probe (Figure 5(A)). For all further
image analysis and quantifications, we therefore relied on the
ratio of blue to green channel emission intensities rather than
absolute intensity in any particular channel. DAN-NG-H12G
was not toxic to cells up to the tested concentration of 10 μM
(96% cell viability for COS-7 cells), which was higher than the
concentration that was used for all cell studies (Figure S26).

The intracellular staining ofDAN-NG-H12Gwas very similar
to that of anti-PIP3 antibody staining, with both DAN-NG-
H12G and antibody staining lighting up perinuclear and nuclear
regions, specifically the nucleoli (Figure S27). Previous studies
with anti-PIP3 antibodies indicate the clear presence of PIP3
pools in the nucleolus (Figure S27), while PI(4,5)P2 and
PI(3,4)P2 exist in nuclear speckles.27 We only observed the
lighting up of the nucleolus inside the nucleus with our probe
and no nuclear speckles, indicating the high PIP3 specificity of
the DAN-NG-H12G probe and, importantly, its distinct ability
to light up the nucleolar PIP3 pools as shown by the ratiometric
images Figure 5(B),5(C). This data indicated that the highly
PIP3-specific DAN-NG-H12G probe targeted the intranuclear
PIP3 pool.

To further confirm that the bound probe emission in the blue
channel observed within the nucleus, specifically the nucleolus,
was indeed due to the selective imaging of PIP3 by the DAN-
NG-H12G probe, we set up an experiment to selectively deplete
nuclear PIP3 pools. Since PI3K is responsible for PIP3 synthesis
within the nucleus,5 PI3K inhibitors, HS-173 and LY294002,
were used. Upon treatment of living cells with PI3K inhibitors,
we observed a complete reduction of bound probe signal (blue
channel) from nucleoli (Figures 5(D) and S28) and a significant
decrease in the ratio of blue to green emission of the probe
(Figures 5(E) and S28) as quantified by ratiometric analysis,
thereby conclusively validating the in-cell PIP3 selectivity of the
DAN-NG-H12G probe. The decrease in the probe emission
ratio in the nucleolus was also clearly reflected in the decrease in
the average ratio within the nucleus (Figure 5(E)). To the best
of our knowledge, this is the first ratiometric, cell-permeable
fluorescent probe that can image the nuclear PIP3 pool.

Since the discovery of nuclear phosphoinositide pools, the
organization of these lipids in membraneless structures has
remained an open question.27,31 While it was speculated that
phosphoinositides would reside within such structures in an
orientation that shields the fatty acid tails from the aqueous
environment, there was no direct evidence.27 As DAN-NG-
H12G is a polarity-sensitive ratiometric PIP3 sensor, our
imaging data showing high blue/green emission intensity ratios
(Figure 5(B,C)) in the nucleolus also hint toward the fact that
the nonpolar fatty acid tails of PIP3 reside in a hydrophobic
region while the polar headgroup is still accessible to the
aqueous environment for protein binding in membraneless
structures like the nucleolus.

■ DISCUSSION AND CONCLUSIONS
We report two ratiometric fluorescent cell-permeable PIP3-
selective probes: MFR-K17H and DAN-NG-H12G. MFR-
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K17H was designed based on MD simulation-guided mod-
ifications on a structurally characterized PI(4,5)P2 binding
peptide. DAN-NG-H12G was designed by applying insights
from the design of MFR-K17H to a structurally uncharacterized
PIP3 binding synthetic peptide. Although we had not designed
any specific intracellular targetability into our probe design, we
serendipitously observed a remarkable orthogonal targetability
of the two probes.MFR-K17H lit up cell-membrane PIP3 pools.
DAN-NG-H12G, on the other hand, distinctly entered living
cells within less than 5 min incubation times and lit up the
nuclear PIP3 pools. Both sensors were ratiometric, and their in-
cell PIP3-selective responses were distinctly abolished in the
presence of highly selective inhibitors of the enzyme PI3K that is
responsible for PIP3 synthesis, conclusively validating their in-
cell PIP3 selectivity.MFR-K17H could be applied to track rapid
<1 min growth factor-stimulated PIP3 dynamics in living cells.
Importantly, MFR-K17H could directly enter and image both
inherently enhanced PIP3 levels in breast cancer cells and
selective depletion of PIP3 in cancer cells upon treatment with
PI3K inhibitors. Finally, the ratiometric response of DAN-NG-
H12G revealed the organization of PIP3 within nucleolar PIP3
pools, indicating that the acyl chains within the membraneless
structure exist in a hydrophobic region.

The advantage of using a peptide-based scaffold for PIP3
detection over a protein scaffold is the ability to fine-tune
binding affinity by altering peptide sequences since peptides are
easy to design and synthesize. This is aptly highlighted by the
observed profound in-cell PIP3 selectivity of our designer
probes that was achieved via outwardly minute but strategic
changes in lipid-binding peptide sequences guided by detailed
analysis of MD simulations and peptide sequence homologies. It
is key to note that both high- and low-affinity probes will be
essential to access different pools of intracellular PIP3 that are
proposed to have different spatiotemporal features. The
modular feature of our PIP3 sensor design makes it amenable
to easy modifications, which will allow the generation of libraries
of PIP3 sensors based on future applications in different PIP3
signaling contexts, as has already been aptly demonstrated with
our ability to generate MFR-K17H and DAN-NG-H12G.
Further, our probes can directly report on PIP3 levels both in
vitro and in live cells with total experimental times from
application of probe to detection within minutes, allowing
foreseeable applicability to rapid PIP3 detection assays. MFR-
K17H and DAN-NG-H12G come with a unique combination
of cell permeability and the ability to orthogonally image the
plasma membrane and nuclear PIP3 pools. These features,
unavailable in existing methods of PIP3 detection, should open
avenues for exploring yet inaccessible facets of this extremely
important lipid.

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00738.

Details of molecular dynamics simulations, synthesis, and
characterization of the sensors, all in vitro and in-cell
experimental procedures, additional control experiment
data (PDF)
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