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Recombinant biosensors for multiplex and
super-resolution imaging of phosphoinositides

Hannes Maib'@®, Petia Adarska>®, Robert Hunton!@®, James H. Vines!®, David Strutt'®, Francesca Bottanelli*®, and David H. Murray’®

Phosphoinositides are a small family of phospholipids that act as signaling hubs and key regulators of cellular function.
Detecting their subcellular distribution is crucial to gain insights into membrane organization and is commonly done by the
overexpression of biosensors. However, this leads to cellular perturbations and is challenging in systems that cannot be
transfected. Here, we present a toolkit for the reliable, fast, multiplex, and super-resolution detection of phosphoinositides in
fixed cells and tissue, based on recombinant biosensors with self-labeling SNAP tags. These are highly specific and reliably
visualize the subcellular distributions of phosphoinositides across scales, from 2D or 3D cell culture to Drosophila tissue.
Further, these probes enable super-resolution approaches, and using STED microscopy, we reveal the nanoscale organization
of PI(3)P on endosomes and PI(4)P on the Golgi. Finally, multiplex staining reveals an unexpected presence of PI(3,5)P,-positive

membranes in swollen lysosomes following PIKfyve inhibition. This approach enables the versatile, high-resolution
visualization of multiple phosphoinositide species in an unprecedented manner.

Introduction

Membrane identity is key to cellular function. A crucial hall-
mark of this identity are the phosphoinositides, a small family of
phospholipids generated by phosphorylation of their phospha-
tidylinositol (PI) headgroup. Through the stepwise addition and
removal of phosphate groups by lipid kinases and phosphatases,
eight distinct phosphoinositides can be generated that recruit
specific effector proteins and thereby regulate a myriad of cel-
lular functions. As such, the different phosphoinositides are
involved in basically every cellular event involving membrane
dynamics, ranging from cytokinesis to cell migration, autoph-
agy, T-cell activation, and membrane contact site regulation, as
well as in their most well-known role as regulators of membrane
trafficking (Edwards-Hicks et al., 2023; Gulluni et al., 2021
Jiménez et al., 2000; Mesmin et al., 2013; Tremel et al., 2021) see
(Posor et al., 2022 for recent review). In line with their cell
biological importance, continuing efforts are being undertaken
to establish and refine tools to visualize their subcellular
distribution.

Key to the visualization of phosphoinositides is the identifi-
cation of effector domains that specifically recognize the dif-
ferentially phosphorylated headgroups (Hammond and Balla,
2015). These effector domains are often conserved Pleckstrin
or Phox homology (PH and PX) domains but can also be struc-
tural folds such as GRAM, FYVE, and Zinc finger domains, or the
WD40 propeller found in WIPI1 and 2 (Dooley et al., 2014). To

further complicate matters, some proteins bind to specific
phosphoinositides through polybasic regions without any con-
served secondary structure, such as Exoc7 (Ex070) as part of the
exocyst complex (He et al., 2007, Maib and Murray, 2022).
Through the combined effort of the community, these effector
domains have been optimized to generate biosensors to detect
phosphoinositides (Wills et al., 2018). With the recent addition
of a PX domain from Dictyostelium discoideum that recognizes
PI(3,5)P,, (Vines et al., 2023), we now possess biosensors for
each of the eight different phosphoinositides (albeit with un-
certainties about PI(5)P). A common feature of many of these
biosensors is the use of tandem and triple repeats to increase
binding through an avidity effect, as is the case for the 3xPH
domain of TAPP], the 3xPHD domain from ING2, the 2xFYVE
domain of Hrs, and the 2xPX domain of SnxA to recognize
PI(3,4)P,, PI(5)P, PI(3)P, and PI(3,5)P,, respectively.

The most common way to visualize the subcellular localiza-
tion of phosphoinositides is to ectopically overexpress the lipid
effectors fused to fluorescent proteins as biosensors (Wills et al.,
2018). This approach allows for the detection of membrane
identity changes in live cells and has been of immense value over
the last decades. However, it also suffers from a major draw-
back: as these biosensors are generated to have a high affinity,
they can all potentially out-compete endogenous effector pro-
teins and thereby perturb the very pathway that is under
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investigation. In contrast, biosensors with lower affinity and
expression levels are themselves out-competed by endogenous
effectors. Furthermore, this overexpression-based approach is
limited by the ability to deliver DNA into cells or requires time
and labor-extensive genomic engineering. It is therefore still a
challenge for experimentalists to visualize these critically im-
portant lipids, especially in more complex systems such as 3D
cell cultures or whole tissues.

One way to circumvent these pitfalls has been to stain
for phosphoinositides after fixation and permeabilization using
immunocytochemical techniques based on recombinant bio-
sensors (Gillooly et al., 2000; Watt et al., 2002) and antibodies
(Hammond et al., 2009; Maekawa and Fairn, 2014; Marat et al.,
2017). While this approach is unable to provide dynamic infor-
mation, it does avoid perturbation of phosphoinositide signaling
and does not require overexpression. However, the need for
fixatives and detergents requires careful optimizations to avoid
artifacts, and the available antibodies require different staining
protocols for the visualization of distinct pools of their respec-
tive targets (Hammond et al., 2009). As such, there is currently
no reliable tool to comprehensively visualize all subcellular
phosphoinositide pools with a unifying staining approach.

To address these shortcomings, we have developed recom-
binant biosensors against all eight phosphoinositides in combi-
nation with self-labeling protein tags (SNAP). With the
exception of the only known biosensor against PI(5)P, all of
these probes are easy to purify using standard bacterial ex-
pression systems and demonstrate excellent specificities, as
determined using an in vitro supported lipid bilayer approach.
Using a single, unified staining protocol, we show that these
probes reliably visualize at least six out of the eight phos-
phoinositide species after fixation and permeabilization. We
successfully reproduce the known subcellular localizations
of these phosphoinositides and verify the specificity of the
staining approach using a range of lipid kinase inhibitors.
With the exception of PI(5)P, and with some caveats in de-
tecting PI, this toolkit enables the reliable and reproducible
detection of PI(3)P, PI(4)P, PI(3,4)P,, PI(3,5)P,, PI1(4,5)P,, and
PI(3,4,5)P;.

Using this toolkit, we elegantly demonstrate that endocytic
cargo transitions from early PI(3)P-positive endosomes to late
PI(4)P-positive compartments. The ease of conjugating distinct
fluorophores to the SNAP tag enables the use of inorganic dyes,
including those that are compatible with super-resolution STED
microscopy. This reveals the nanoscale organization of PI(3)P at
endosomes and of PI(4)P at the Golgi while furthermore veri-
fying the preservation of subcellular membranes. Labeling with
distinct fluorescent dyes in vitro enables multiplex imaging and
allows for the detection of phosphoinositides across scales and
model systems as shown by staining in HeLa cells, NMuMG
spheroids, and Drosophila pupal wings. To highlight the versa-
tility of this approach, we investigated the interdependence of
phosphoinositide conversion by multiplex staining for PI(3)P,
PI(4)P, and PI(3,5)P, after inhibition of lipid kinases in MIA-
Paca2 cells. These experiments unveil an unexpected seques-
tration of residual PI(3,5)P, positive membranes in swollen
lysosomes following PIKfyve inhibition.

Maib et al.
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Results
Recombinant biosensors are straightforward to produce and

are highly phosphoinositide specific

The cell biology community has spent considerable effort to
identify effector domains of proteins that recognize specific
phosphoinositides for use as biosensors (see table in Fig. 1). To
test their suitability as recombinant probes, we designed effec-
tors with an N-terminal 6xHis tag followed by a SNAP tag and a
flexible linker region for bacterial expression. With the excep-
tion of the 3xPHD domain of ING2 (see Discussion), these re-
combinant biosensors are readily purified with high yields from
E. coli using a standard three-step purification procedure of Ni2*
affinity followed by ion exchange and size-exclusion chroma-
tography. The inclusion of a SNAP tag then allows for versatile
in vitro labeling of the probes using inorganic fluorophores for
multiplexed and/or super-resolution microscopy (Fig. 1).

To test the specificities toward their respective targets, we
labeled the biosensors with SNAP-Surface Alexa Fluor 488
in vitro and formed supported lipid bilayers on silica beads
with liposomes composed of 95% 1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine (POPC) and 5% of each phosphoinositide. These
membrane-coated beads are an ideal substrate to evaluate
binding specificities, as they faithfully mimic many properties
of biological membranes (Pucadyil and Schmid, 2010) and en-
able quantification of effector binding to thousands of indi-
vidual beads. The quality of the lipid bilayers was verified by
including 0.1% of fluorescently labeled lipids (here Atto647N-
DOPE) and using this signal to generate a membrane mask to
quantify the recruitment of the biosensors (Fig. 2).

The biosensor for PI is a modified version of a bacterial, PI-
specific PLC (Pemberton et al., 2020) and shows good specificity
toward PI albeit with lower affinity compared with the other
probes (Fig. 2 a). The biosensor for PI(3)P is a well-known
tandem repeat of the FYVE domain from HRS (Burd and Emr,
1998) and shows excellent specificity and affinity for PI(3)P with
some weak binding toward PI(3,5)P, (Fig. 2 b). The probe for
PI(4)P is the effector domain of SidC (also known as P4C)
(Dolinsky et al., 2014) and shows strong binding to PI(4)P with
some background binding to the other monophosphates, PI(3)P
and PI(5)P (Fig. 2 c). The probe for PI(5)P is the triple repeat of
the PHD domain from ING2 (Gozani et al., 2003) and shows little
specificity. Even though this probe shows stronger binding to
PI(5)P compared with PI, PI(3)P, PI(3,4)P,, and PI(4)P, it binds
even more strongly to the other 5' containing di- and triphos-
phates, suggesting a charge-based binding effect in addition to 5’
binding (Fig. 2 d). Therefore, even though this biosensor dis-
played promising results from overexpression in cells, it is un-
likely to be suitable as a recombinant biosensor. The biosensor
for PI(3,4)P, is the triple repeat of the C-terminal PH domain
from TAPP1 (Goulden et al., 2019) and shows good specificity
and affinity with some binding to the di- and triphosphates
(Fig. 2 e), likely due to the strong positive charge of this probe
(with a pI of 9.7). The biosensor for PI(3,5)P, is the recently
described tandem repeat of a PX domain from D. discoideum
(Vines et al., 2023) and shows excellent specificity and affinity
with almost undetectable binding to any of the other phos-
phoinositides (Fig. 2 f). The biosensor for PI(4,5)P, is a well-
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Figure 1. Scheme for the generation of recombinant biosensors for detection of phosphoinositides in fixed and permeabilized cells. Left: Table of
biosensors used for the detection of each phosphoinositide. Middle: Coomassie stained gel of purified probes after a three-step purification from E. coli. The
asterisk denotes the soluble fraction of the PI(5)P biosensor, which is only stable at low concentrations. Source data are available for this figure: SourceData F1.

established PH domain from PLC-81 (Garcia et al., 1995) and
shows reassuring specificity (Fig. 2 g). And finally, the biosensor
for PI(3,4,5)P; is the PH domain from BTK (Fukuda et al., 1996;
Salim et al., 1996) and shows good specificity with some minor
binding to PI(3,4)P, (Fig. 2 h). These comprehensive and directly
comparable in vitro data validate the specificity for each of the
recombinant biosensors and suggest their suitability for use in
staining approaches.

Subcellular visualization of nearly all phosphoinositide species
by a unified staining approach

Visualization of phosphoinositides using these recombinant
biosensors requires cell fixation and permeabilization. Impor-
tantly, multiplex imaging requires a unifying staining protocol
that is easy to use while preserving all of the distinct phospho-
inositide pools, whether they are at the plasma membrane,
Golgi, or endosomes. To achieve this objective, HeLa cells were
fixed with prewarmed (37°C) 4% PFA with 0.2% glutaraldehyde
and permeabilized using 0.5% Saponin on ice and stained with
500 nM of each of the separate biosensors labeled with Alexa488
(Fig. 3) (see Materials and methods for more details). To verify
that this approach does not alter membrane organization, we
ectopically overexpressed the PI(4)P probe tagged with eGFP
and imaged the exact same cells before and after staining with
the recombinant biosensor labeled with Alexa647 (Fig. S1). Re-
assuringly, membrane organization seems unaltered following
this staining approach. The recombinant biosensor detects the
same lipid pools at the plasma membrane and subcellular com-
partments as in cells expressing the biosensor at low levels.
However, at high expression levels, PI(4)P is fully occupied and
the recombinant probe is unable to detect it (Fig. S1). Therefore,
the recombinant probe detects the same target as the overex-
pressed biosensor, and at high expression levels, all available
phosphoinositides are fully occupied.

Using this protocol, the staining for PI in HeLa cells shows a
rather diffuse pattern with some membrane staining but poor
contrast (Fig. 3 a). This is likely due to the relatively low affinity
of this probe and the almost ubiquitous presence of this
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phosphoinositide on subcellular membranes. The staining for
PI(3)P on the other hand shows excellent signal-to-noise ratio
with clear labeling of endo/lysosomal structures throughout the
cell (Fig. 3 b). The PI(4)P staining shows excellent labeling of all
known pools of this phosphoinositide, including the Golgi,
trafficking vesicles, and the plasma membrane, especially at
junctions between cells (Fig. 3 c). The cellular staining using the
recombinant biosensor against PI(5)P shows no localization to
membranes, with the only clear signal in the nucleolus (Fig. 3 d).
This is most likely due to the strong negative charge of open
DNA and agrees with the mainly unspecific, charge-based
binding seen with supported lipid bilayers (Fig. 2 d). Staining
with the PI(3,5)P, biosensors reveals faint vesicular staining, in
agreement with the low steady-state levels of this rare phos-
phoinositide in HeLa cells (Fig. 3 e). In agreement with
its known localization, the PI(3,4)P, biosensor stains weakly
the plasma membrane with enrichment at membrane ruffles
(Fig. 3 f). The PI(4,5)P, biosensors reveal a strong plasma
membrane and a weak intracellular staining, in agreement with
the well-described presence of minor pools of this phosphoin-
ositide on intracellular membranes (Fig. 3 g). Finally, the bio-
sensor for PI(3,4,5)P; shows selective staining of subregions of
the plasma membrane such as the leading edge and structures
reminiscent of macropinocytic cups (Fig. 3 h).

To verify the specificities of each of these stainings, we car-
ried out extensive characterizations using commercially avail-
able lipid kinase inhibitors (Figs. S2 and 6). The diffuse staining
against PI was the most challenging to address. Since this lipid is
the substrate for PI3-, PI4-, and PI5-Kinases, we reasoned that by
blocking their activity using an inhibitor cocktail, we would
detect an increased level of PI on some membranes. Indeed,
following this treatment, we could detect an increased signal of
PI at the membrane of vacuolar structures (Fig. S2 a). However,
this staining still shows a high amount of background signal,
making the confident detection of PI challenging. The endo/ly-
sosomal staining of PI(3)P was completely abolished by treat-
ment with the pan PI3K inhibitor Wortmannin (Fig. S2 a and
Fig. 6). PI(4)P is reliably detected at the plasma membrane,
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centration to membrane-coated beads containing 5% of the indicated phosphoinositide. Mean fluorescence intensity (MFI) of the biosensor bound to each
individual bead was determined by semiautomated segmentation using the fluorescent DOPE lipid as a mask in Image]. Data are presented as a median with an
interquartile range from n = 473-1,642 individual beads pooled from three technical repeats for each phosphoinositide and each biosensor.

endosomes, and the Golgi, and treatment with kinase inhibitors
against the different PI4K isoforms leads to the selective de-
pletion of these pools (Fig. S2 b). To test the specificities of
PI(4,5)P,, PI(3,4)P,, and PI(3,4,5)Ps;, we used EGF stimulation to
induce membrane ruffles in which these phosphoinositides
were enriched (Araki et al., 2007; Kotani et al., 1994; Schink
et al., 2016). Treatment with the PI3K inhibitor LY294002 de-
pleted PI(3,4)P, and PI(3,4,5)P; in these ruffles while not
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affecting PI(4,5)P, (Fig. S2 c), in agreement with PI(3,4)P, being
derived from PI(3,4,5)P; (Goulden et al., 2019). The specificity of
PI(3,5)P, staining is addressed in Fig. 6. Finally, by using a one-
step His purification followed by removing the tag using PreS-
cission protease, we verify that the presence of the 6xHis tag
does not affect the staining and enables the use of a simplified
one-step purification, if so desired (Fig. S3). In summary,
this approach demonstrates a unifying and well-characterized
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protocol for staining and visualization of nearly all phospho-
inositide species in fixed and permeabilized cells.

Recombinant biosensors in combination with STED
microscopy reveal the nanoscale organization

of phosphoinositides

PI(3)P and PI(4)P are the most abundant intracellular phos-
phoinositide and both localize to endosomes. To gain mecha-
nistic insights into the function of these signaling lipids on
distinct endosomal populations, we performed a pulse-chase assay
using fluorescently labeled transferrin and multiplex stained
against PI(3)P and PI(4)P after varying times of internalization.
The transferrin receptor is well known to be constitutively traf-
ficked through clathrin-mediated endocytosis, before being re-
cycled back to the plasma membrane, and is often used as a
housekeeping cargo (Maib et al., 2018). In agreement with pre-
vious work, we find that transferrin localizes to PI(3)P-positive
endosomes at early timepoints (peak at 5 min), while increasingly
localizing to PI(4)P-positive structures at later time points (10-20
min) post internalization (Fig. 4 a). This result is consistent with
the membrane identity of endosomes being converted from PI(3)P
into PI(4)P to mediate receptor recycling (Ketel et al., 2016).

Maib et al.
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Figure 3. Cellular staining of phosphoinositides in
fixed cells using recombinant biosensors. (a-h) Hela
cells were grown on coverslips and fixed and per-
meabilized as described in the Materials and methods
section. Phosphoinositides were detected using recom-
binant biosensors conjugated to Alexa488 at 500 nM
final concentration and imaged using Airyscan micros-
copy. DAPI was included to visualize the nucleus and
show it in blue. Scale bar = 10 and 1 um in inserts.

To gain a better understanding of this sorting, we harnessed
super-resolution microscopy of PI(3)P-positive endosomes. The
use of SNAP allows for the incorporation of bright, photostable,
inorganic fluorophores, such as the JaneliaFluor dyes (Grimm
et al., 2020, 2021), that are exceptionally well-suited for stim-
ulated emission depletion (STED) microscopy. Staining HeLa
cells with the PI(3)P biosensor conjugated to JFX650 shows the
well-established endosomal localization of this phosphoinositide
in “microdomains” (Gillooly et al., 2003). When viewed using
STED microscopy, however, it is revealed that these domains are
indeed nanoscale membrane tubulations as well as smaller
vesicles that cluster around these larger endosomes and poten-
tially fuse with, or bud from them (Fig. 4 b), as has been seen
previously using correlative light and electron microscopy
(Franke et al., 2019). This highlights the nature of PI(3)P-pos-
itive endosomes as sorting hubs of internalized cargoes.

Understanding the nanoscale organization of phosphoinosi-
tides is key toward gaining novel insights into their functions.
We therefore harnessed the strength of our staining approach in
combination with STED microscopy to gain more insights into
the organization of PI(4)P at the Golgi. HeLa cells expressing
endogenously tagged ArflEN-Halo were first stained live against
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transferrin followed by staining against PI(3)P and PI(4)P using recombinant
biosensors. Signal overlap was determined using the Image] plugin Squassh.
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(b) Endosome staining of Hela cells using biosensor against PI(3)P
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the Halo tag using the JF571 fluorophore before being fixed,
permeabilized, and stained against PI(4)P using the recombinant
biosensor conjugated to JFX650. Arfl is a crucial factor in the
generation of PI(4)P at the Golgi through recruitment of PI4K
1B (Highland and Fromme, 2021), and this combination of dyes
allows for two-color STED imaging (Wong-Dilworth et al., 2023).
Excitingly, the staining for PI(4)P reveals distinct nanoclusters
of this lipid at the curved rims of the cisternae where budding of
trafficking intermediates is thought to occur as well as diffuse
staining throughout the Golgi (Fig. 4 c). The localization of the
PI(4)P sensor is in fact reminiscent of COPI clusters (Wong-
Dilworth et al., 2023). Thereby, this robust approach for the
visualization of phosphoinositides enables super-resolution in-
terrogation of membrane organization while preserving the
structure of subcellular membranes.

Multiplex detection of phosphoinositides across scales and
model systems
A staining protocol, which preserves the subcellular organiza-
tion of membranes and is compatible with the detection of each
of the distinct phosphoinositides, opens up the possibility for
multiplex imaging. As proof of principle, HeLa cells were stained
with recombinant biosensors against PI(3)P, PI(4)P, and PI(4,5)
P, conjugated to Alexa488, 546, or 647, respectively, and imaged
using Airyscan microscopy (Fig. 5 a). Amongst numerous ob-
servations, we noted PI(4)P-positive tubules in direct contact
with PI(3)P-positive endosomes in the vicinity of the PI(4,5)P,-
positive plasma membrane (Fig. 5 a [insert]). This multiplex
approach highlights the intricate interactions of membranes
with distinct phosphoinositide identities, critically important to
the organization of organelle contact sites (Posor et al., 2022).
An important advantage of recombinant biosensors is that it
avoids the need for overexpression. As such, it allows for the
detection of phosphoinositides in cells and tissues that cannot
easily be transfected and negates the need for genome engi-
neering. To highlight this advantage, we grew NMuMG sphe-
roids in Matrigel for 5 days and used the same staining protocol
as previously to detect PI(3)P, PI(4)P, and PI(4,5)P, (Fig. 5b). As
in 2D cell culture, these three phosphoinositides show an intri-
cate interaction at the subcellular level with strong labeling of
PI(4,5)P, at cell-cell junctions. To further test the utility of this
approach in whole tissues, we stained Drosophila pupal wings
against PI(4)P and PI(4,5)P, in combination with conventional
Phalloidin to visualize the actin cytoskeleton and cellular junc-
tions. Consistent with the results from 3D culture, the recom-
binant biosensor against PI(4,5)P, shows strong labeling of
cellular junctions throughout the whole tissue. Noticeably, PI(4)
P is also enriched at these junctions albeit with a more diffuse
staining pattern, indicating the presence of intracellular PI(4)P
membranes in close proximity to the plasma membrane
(Fig. 5 c). These observations are in good agreement with the

conjugated with JFX650 as seen by confocal and STED microscopy. (c) Two-
color STED microscopy of Golgi in Hela cells endogenously tagged Arf1EN-
Halo stained with JF571 and PI(4)P using recombinant biosensor conjugated
to JFX650.
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Figure 5. Multiplex staining of phosphoinositides across scales. (a) Hela cells were fixed, permeabilized, and stained using recombinant biosensors
against PI(3)P, PI(4)P, and PI(4,5)P,, conjugated respectively to Alexa488, 546, and 647. (b) NMuMG spheroids were grown in Matrigel and stained with the
same combination. (c) Drosophila pupal wings were dissected and stained with the PI(4,5)P, and PI(4)P biosensors conjugated to Alexa647 and 546, together
with Phalloidin conjugated to Alexa488, to visualize the actin cytoskeleton and cellular junctions.

dynamic regulation of these two lipids at cell junctions in
Drosophila tissue to drive the recruitment of polarity proteins
through electrostatic interactions (Dong et al., 2015; Lu et al.,
2022).

These experiments demonstrate conclusively that this toolkit
enables the visualization of several phosphoinositide species
simultaneously without the adverse effects of overexpression.
This will enable the visualization of these crucial lipids across
scales and model systems, from 2D to 3D cell culture and thin
tissues.

Staining reveals hidden pools of PI(3,5)P, following

PIKfyve inhibition

Multiplex staining of phosphoinositides enables investigation of
conversion cascades in a straight forward manner and avoids
overexpression of multiple biosensors. To highlight this ad-
vantage and to make use of a novel PI(3,5)P, probe (Vines et al.,
2023), we decided to focus on the conversion cascade leading to
the generation of this rare phosphoinositide. Staining for PI(4)P,
PI(3)P, and PI(3,5)P, in combination with Airyscan microscopy
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reveals the close relationship of these three phosphoinositides
(Fig. 6 a). While PI(4)P membranes are often in close proximity
to PI(3)P-containing endosomes, it is rarely found on the same
vesicle. PI(3,5)P,, in contrast, is located on the same membrane
as PI(3)P and enriched in domains that likely represent mem-
brane tubulations and budding/fusion of smaller vesicles (Fig. 6
a). To investigate the conversion cascade of PI - PI(3)P — PI(3,5)
P,, we used specific kinase inhibitors to block each conversion
step in MIA-Paca2 cells due to a low steady-state level of PI(3,5)
P, in HeLa cells. As expected, treatment with the potent pan
PI3K inhibitor Wortmannin (at 300 nM for 60 min) eliminates
vesicular staining for PI(3)P as well as for PI(3,5)P, with minor
effects on PI(4)P distribution (Fig. 6 b middle). Treatment with
Apilimod, a highly selective and effective PIKfyve inhibitor (Cai
et al,, 2013) (at 1 uM for 60 min), leads to the accumulation of
PI(3)P on endosomes as well as the formation of swollen lyso-
somes and the depletion of PI(3,5)P,. We also observed some
morphological changes in the organization of PI(4)P membranes
(Fig. 6 b bottom). This confirms the specificity of the staining
approach and that the generation of PI(3,5)P, is strictly
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Figure 6. Phosphoinositide interconversion and hidden PI(3,5)P, positive intraluminal membranes following PIKfyve inhibition. (a) Interconversion
scheme and multiplex staining of PI(4)P, PI(3)P, and PI(3,5)P,. (b) MIA-Paca2 cells were treated with DMSO, 300 nM Wortmaninn, or 1 uM Apilimod for 60 min
before fixation, permeabilization, and multiplex staining. () Example of swollen lysosomes following Apilimod treatment and stained against PI(4)P, PI(3)P, and
PI(3,5)P,. (d) PI(3,5)P, biosensor, fused to eGFP, was cytosolically overexpressed and cells were imaged life after Apilimod treatment. (e) Thin section electron
micrograph of swollen lysosomes in MIA-Paca2 cells after treatment with Apilimod is shown.

dependent on the prior formation of PI(3)P, which accumulates
on endosomes when its conversion into PI(3,5)P, is blocked.

Upon closer inspection of the images, we noticed that the
PI(3,5)P, biosensor detects a distinct signal in the lumen of the
swollen lysosomes upon PIKfyve inhibition (Fig. 6 c). Impor-
tantly, these intraluminal membranes are inaccessible to a
cytosolically expressed PI(3,5)P, biosensor—highlighting an
additional limitation of this conventional approach (Fig. 6 d). To
address the nature of this staining, we investigated these swollen
lysosomes using standard thin-section electron microscopy. This
orthogonal technique confirms the presence of these intra-
luminal membranes, corresponding to the staining observed
using the recombinant PI(3,5)P, biosensor. This unexpected
detection of residual PI(3,5)P, membranes following PIKfyve
inhibition highlights another advantage of the staining ap-
proach by making intraluminal membranes accessible that are
otherwise hidden from the cytosolic overexpression of these
probes.
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Discussion
The subcellular detection of phosphoinositides using fluores-

cence microscopy has been instrumental in the investigation of
these signaling lipids. Through the combined efforts of the
community, specific effector domains have been identified
to detect each phosphoinositide and are widely used in
overexpression-based approaches. This approach, however, of-
ten perturbs phosphoinositide signaling, is not possible in cell
types that cannot be transfected, and is perilous for multiplex
detection due to the need to express multiple probes. To address
these shortcomings, we have generated a toolkit of recombinant
biosensors for the detection of phosphoinositides for multiplex
and super-resolution imaging in fixed and permeabilized cells.
These recombinant biosensors are easily purified by standard
means and show excellent specificities in vitro, and the use of
the SNAP tag allows for high versatility in the choice of inor-
ganic fluorophores. These fluorophores benefit from vastly im-
proved brightness and photostability compared with fluorescent
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proteins and allow for the detection of minor phosphoinositide
pools. Importantly, the use of a unifying fixation and per-
meabilization protocol for the detection of distinct subcellular
pools allows for multiplex staining. This protocol is adapted
from Hammond et al. (2009), where it was used for immuno-
cytochemical detection of PI(4)P and PI(4,5)P, using commercial
antibodies. However, these antibodies detect different phos-
phoinositide pools depending on the staining protocol. As
such, after permeabilization with saponin, they detect PI(4)P at
the plasma membrane but not at the Golgi. Conversely, per-
meabilization using Digitonin enabled the visualization of PI(4)
P at the Golgi but abolished staining of PI(4)P and PI(4,5)P, at
the plasma membrane (Hammond et al., 2009). Importantly,
the recombinant biosensors that we have presented here allow
visualization of all of these distinct phosphoinositide pools with
the same saponin-based, staining protocol. Still, to reach all
subcellular compartments, their surrounding membranes have to
be disrupted using detergents, which might introduce artifacts. To
address this concern, we directly observed the membrane orga-
nization of cells prior to, and after, our staining protocol, as well as
using super-resolution STED microscopy. In each approach, we
could confirm that subcellular organelles retain their structure.
Therefore, these recombinant biosensors offer a clear advance for
the subcellular detection of phosphoinositides.

However, it is also important to clearly outline the limitations
of this approach. Perhaps most importantly, phosphoinositides
will be partially occupied by effector proteins which occlude
their detection to a certain extent, as we have directly demon-
strated by high overexpression of fluorescently labeled effectors.
Thus (as with genetically encoded biosensors), this approach is
only able to detect free phosphoinositides, and the absence of
evidence must not be confused with the evidence of absence.
Minor phosphoinositide pools might always escape detection
due to being highly occupied by endogenous effectors. Fur-
thermore, when used for multiplex staining, the distinct spectral
properties of various fluorophores means that their signal can-
not be directly used to measure their relative quantities without
careful prior calibrations. Finally, we caution against the over-
interpretation of the nuclear staining using most of these bio-
sensors. The probes against PI, PI(3)P, PI(5)P, PI(3,5)P,, PI(4,5)
P,, and PI(3,4,5)P; all show nuclear staining patterns, and we
believe that this is most likely unspecific due to the negative
charge and the high availability of phosphate groups in open
DNA. Importantly, the probes against PI(3)P, PI(3,5)P,, and
PI(3,4,5)P5 show strong nuclear localization, which is completely
unaffected by treatment with well-characterized lipid kinase
inhibitors. While the role of nuclear phosphoinositides is an
important field of research (Shah et al., 2013), it is unlikely that
this staining approach is able to reliably detect them.

Out of this toolkit of biosensors, the probe to detect PI(5)P is
the only one that is challenging to produce recombinantly. The
only established probe to detect this elusive phosphoinositide is
based on the zinc finger domain of ING2 (Gozani et al., 2003)
and has shown promising results in overexpression-based ap-
proaches (Pendaries et al., 2006; Vicinanza et al., 2015). How-
ever, it is highly unstable as a recombinant protein and requires
supplementation of Zn?* and aggregates at high concentrations,
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although it can be separated from its aggregates in low con-
centrations using size-exclusion chromatography. Disappoint-
ingly though, even after careful biochemical purification, the
recombinant probe shows little specificity toward PI(5)P in vitro
and only shows unspecific staining of the nucleolus when used
to stain cells. Therefore, we do not recommend the use of this
probe as a recombinant biosensor and have not included it in the
Addgene deposition. Further work will have to be carried out to
identify a reliable probe that works as a recombinant biosensor
to detect PI(5)P.

Using this toolkit enables several advances in phosphoinosi-
tide biology. Especially, their nanoscale organization is crucial
for the recruitment of effector proteins and the downstream
regulation of cellular function. To shed more light on this,
we made use of the development of inorganic fluorophores
in combination with super-resolution STED microscopy and
stained cells with recombinant biosensors against PI(3)P and
PI(4)P. The organization of PI(3)P in microdomains on endo/
lysosomes has been well described for over two decades (Gillooly
et al., 2003); however, their precise organization has been
somewhat unclear. By using STED, we could show that these
domains are indeed nano tubulations and smaller vesicles in
agreement with correlative light and electron microscopy of
small GTPases on early endosomes (Franke et al., 2019). This
nanoscale organization is supported by the role of PI(3)P as an
effector for EEAL in the tethering of early endosomes (Murray
et al., 2016), as well as in the recruitment of ESCRT-0 in the
formation of multivesicular bodies (Banjade et al., 2022) and in
the regulation of the CCC complex in WASH-mediated recycling
(Singla et al., 2019). Similarly, PI(4)P is a crucial identity de-
terminant of the Golgi and regulates secretion (Waugh, 2019).
The nanoclusters we have observed here are consistent with the
clustering of this lipid through multiple effectors in the forma-
tion of AP1 and COPI coats (Lorente-Rodriguez and Barlowe,
2011; Tan and Brill, 2014) and opens up new avenues for future
research. We believe that this approach of staining for phos-
phoinositides in combination with STED microscopy will reveal
further insights into the nanoscale organization of phosphoi-
nositides in the years to come.

The ability to reliably stain for phosphoinositides enables the
investigation of these crucial lipids across scales and model
systems. In addition to super-resolution microscopy, the versa-
tility of the SNAP tag makes differential labeling and multiplex
imaging possible. As proof of principle, we have performed
triple staining of the most abundant phosphoinositides: PI(3)P,
PI(4)P, and PI(4,5)P, in 2D as well as 3D cell culture. This
highlights the close interactions between these membranes, as
has been shown for the role of PI(4)P-containing membranes in
regulating the scission of PI(3)P-positive endosomes (Boutry
et al., 2023; Gong et al.,, 2021). To further highlight the versa-
tility of our approach, we stained Drosophila pupal wing tissue
against PI(4,5)P, and PI(4)P in combination with Phalloidin to
visualize F-actin. This approach clearly detects high levels of
both PI(4)P and PI(4,5)P, at cellular junctions throughout the
whole tissue. We noticed that the levels of PI(4)P at junctions
seemed to increase from 2D to 3D cell culture and tissue. While
warranting further research, this increase in negatively charged
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phospholipids in polarized systems is in good agreement with
the recruitment of polarity proteins through electrostatic in-
teractions (Dong et al., 2015; Lu et al., 2022). Importantly, the
ability to visualize phosphoinositides in model systems that are
difficult to genetically modify has the potential to reveal novel
insights into their functions on the tissue scale and furthermore
opens up the possibility to investigate these conserved lipids in
eukaryotes across the evolutionary tree.

Multiplex staining also enables the investigation of phos-
phoinositide conversion cascades, as we have shown for the
generation of PI(3,5)P, following inhibition of different lipid
kinases. Unexpectedly, this also revealed the presence of resid-
ual PI(3,5)P, positive membranes in the lumen of swollen ly-
sosomes following PIKfyve inhibition using Apilimod. While the
formation of these swollen lysosomes is well known (Cai et al.,
2013), the nature of these intraluminal vesicles is less clear.
Importantly, these intraluminal vesicles are inaccessible to cy-
tosolic kinases and phosphatases. Thus, since PIKfyve is the only
known kinase that generates PI(3,5)P,, these pools must be
present prior to Apilimod treatment and sequestered into these
terminal lysosomes where they cannot be broken down. Fur-
ther, PIKfyve forms a constitutive complex with the scaffolding
protein Vacl4 and the lipid phosphatase Fabl that catalyzes 5’
dephosphorylation of PI(3,5)P, back to PI(3)P (Lees et al., 2020).
This indicates an intricate crossregulation of the PIKfyve:Vacl4:
Fabl complex to avoid futile phosphorylation cycles. In this
context, it is tempting to speculate that the inhibition of PIKfyve
might also indirectly influence the activity of Fabl. Further work
into this regulation is underway, and the ability to stain for
phosphoinositides and visualize intraluminal membranes will be
crucial toward its progress.

Taken together, we believe that this toolkit is a valuable ad-
dition to the repertoire of cell biologists to investigate phos-
phoinositide biology. Finally, this approach has the potential to
reveal novel insights related to health and disease, especially in
cell types and models that cannot be transfected, such as patient-
derived primary cells and tissue sections.

Materials and methods

Constructs and cloning

DNA for all biosensors was optimized for bacterial expression,
synthesized, and cloned into standard ITPG-inducible bacterial
expression vectors containing Kanamycin resistance. Following
the N-Terminal 6xHis tag, an HRV3C cleavage site was added
upstream of the SNAP tag for the optional removal of the 6xHis
tag. All constructs (apart from the PI(5)P biosensor) are available
through Addgene (https://Addgene.org/Hannes_Maib).

Purification and labeling of recombinant biosensors

All recombinant biosensors were expressed in BL21 bacterial
cells using standard approaches. In our hands, recombinant
probes expressed strongly and 4L of bacteria were sufficient to
generate ~1 ml of ~20-50 uM recombinant protein, generating
enough material for several hundred stainings (at 100 ul per
coverslip at 500 nM final concentration). Transfected bacteria
were grown in LB containing 1.75 wt/vol % lactose and antibiotic
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at 37°C to OD600 = 0.8, whereupon temperature was lowered to
18°C for 10-12 h. Alternatively, expression can be induced by the
addition of 0.5 mM ITPG at OD600 of ~0.8 and grown at 18°C
overnight. Cells were pelleted, resuspended in standard buffer
(20 mM HEPES, 250 mM NaCl, and 0.5 mM TCEP), lysed using
ultrasound sonication, and clarified by centrifugation at 55,000
x g for 1h at 4°C. Cleared lysates were passed through a 0.45-uM
filter (Sartorius), and protein was purified by Ni%>* affinity
chromatography using 5 ml His-Trap HP column (Cytiva)
against an increasing gradient of standard buffer containing
250 mM Imidazole. Peak fractions were pooled and re-
suspended in a buffer containing 20 mM HEPES and 0.5 mM
TCEP, resulting in a final NaCl concentration of ~50 mM, and
further purified by anion exchange on a 5-ml Capto-Q or Capto-
S column (Cytiva) (depending on the pI of the biosensor)
against a gradient of 20 mM HEPES and 0.5 mM TCEP con-
taining 1 M NaCl. Peak fractions were pooled and purified by
size-exclusion chromatography using a Superdex 200 16/60 pg
column (Cytiva) in a standard buffer. All proteins were ali-
quoted, frozen in liquid nitrogen, and stored at -80°C. Aliquots
were labeled with SNAP-Surface Alexa Fluor 488, 546, or 647
(NEB) or JF650 (Janelia Fluor) in a 2:1 M excess for 2-3 h on ice in
a standard buffer. Excess dye was removed by dialysis against
standard buffer at 4°C overnight. Note that the removal of excess
dye improves the signal-to-noise of cellular staining but is not a
strict necessity as it gets washed out during the staining process.
For cleavage of the 6xHis tag, peak fractions were incubated with
recombinant PreScission protease for 1 h at 4°C.

In vitro lipid-binding experiments

1 mg liposomes, containing each of the eight different
phosphoinositides, were produced by mixing 95 mol % 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine with 5 mol% of
the respective phosphoinositides together with 0.1% Atto647N-
DOPE. The mixtures were evaporated under nitrogen and dried
overnight in a vacuum extruder. Dried lipids were resuspended
in 1 ml buffer containing 150 mM NaCl, 20 mM HEPES, and
0.5 mM TCEP and subjected to six freeze-thaws in liquid ni-
trogen. Liposomes of ~100 nm diameter were generated by
passing the lipid mixture 11 times through a 100-nm filter
(Whatman Nuclepore). Liposomes were aliquoted, snap-frozen,
and stored at -20°C.

Membrane-coated beads were generated by adding 10 pg of
liposomes to ~0.5 x 106 10-um silica beads (Whitehouse Scien-
tific) in 100 pl of 200 mM NaCl for 30 min rotation at room
temperature. Beads were washed twice and resuspended in a
buffer containing 150 mM NaCl, 20 mM HEPES, and 0.5 mM
TCEP and blocked with 200 pg/ml B casein. Drops of 10 pl beads
were added into the corners of uncoated p-Slide eight-well
chambers (Ibidi), and 10 pl of the purified biosensors was
added to 200 nM final concentration. Lipid-binding kinetics
were allowed to equilibrate for 30 min at room temperature
before imaging close to the equator of the beads.

Confocal images were acquired using a Leica SP8 Confocal
Microscope with a Leica HC PL APO CS2 63x/1.40 oil objective
at 0.75 base zoom with 1,024 x 1,024 pixels scan. Alexa488
and Atto647N-DOPE fluorescence were imaged simultaneously
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without any measurable bleed-through. Data were analyzed
using a custom ImageJ script that segments the Atto647N-DOPE
channel to create a mask around the outer circumference of each
bead. Segmented masks were then used to measure Alexa488
fluorescence around each bead.

Cell culture

HelLa cells and MIA-Paca2 cells were cultured in DMEM sup-
plemented with 10% FCS and penicillin/streptomycin and pas-
saged every 2-3 days. NMuMG cells were grown in DMEM with
4.5 g/liter glucose and 10 mcg/ml insulin and 10% FCS. For the
generation of 3D spheroids, single-cell suspensions were seeded
in eight-well glass bottom imaging chambers (Ibidi) on a cushion
of Matrigel (BD Bioscience) in 2% Matrigel containing growth
media for 5 days before being fixed and stained. HeLa cells
were transfected using PolyFect transfection reagent for over-
expression of genetically encoded biosensors and grown on ibidi
u-Dish 35 mm, high Grid-500 for relocalization. The HeLa cell
line was a kind gift from Prof. Elizabeth Smythe (University of
Sheffield, Sheffield, UK) and the Mia-Paca2 cell line was a kind
gift from Prof. Jason King (University of Sheffield, Sheffield,
UK). The NMUMG cell line was a kind gift from Dr Elena Rainero
(University of Sheffield, Sheffield, UK).

Cell staining using recombinant biosensors

Cells were grown in six-well dishes on 24 x 24 mm 1.5 glass
coverslips to ~80% confluence in full growth media. Media was
removed and 4% PFA with 0.2% Glutaraldehyde (both EM grade)
in PBS prewarmed to 37°C was added for 20 min at room tem-
perature followed by two quick washes and incubation with
50 mM NH,Cl in PBS for 20 min. Afterward, the six-well dishes
with coverslips were transferred onto ice, and the cells were
washed with ice-cold PIPES buffer. To make up the PIPES buffer,
3 g piperazine-N,N'bis[2-ethanesulfonic acid] was dissolved in
1 M NaOH, the volume was adjusted to 1 L with ddH,0, 0.58 g
NaCl and 0.2 g MgCl, hexahydrate were added, and the pH was
adjusted to 7.2. Cells were stained, blocked, and permeabilized at
the same time in 5% BSA + 0.5% (vol/wt) Saponin (S7900 from
quillaja bark; Sigma-Aldrich) in PIPES with the addition of
labeled biosensors to a final concentration of 500 nM for
45-60 min on ice. For staining, a standard metal heat block was
inverted and cooled down in an ice bucket. A small piece of
parafilm was added onto the inverted heat block, 100 pl drops of
the staining solution was applied to the parafilm, and the cov-
erslips were placed on top (with the cells facing the liquid).
Afterward, the coverslips were transferred back into the six
wells on ice and washed three times with ice-cold PIPES. Cells
were post-fixed with 2% PFA in PBS on ice for 10 min before
being returned to room temperature for another 10 min. Cells
were washed with 50 mM NH,CI in PBS at room temperature,
rinsed with ddH,0, mounted, and sealed using Prolong Gold.

Transferrin pulse-chase assay

HelLa cells were grown on coverslips and chilled on ice for
10 min in ice-cold PBS. Transferrin conjugated to Alexa568
(Thermo Fisher Scientific) was bound to the cell surface at 5 pug/
ml for 30 min in PBS on ice 5 pg/ml followed by three wash steps
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onice. Cells were transferred into prewarmed (37°C) full growth
media for indicated timepoints before being fixed and stained
against PI(3)P and PI(4)P using recombinant biosensors conju-
gated to either Alexa546 or Alexa488 as described above. Cells
were imaged using LSM980 Airyscan with a Plan Apochromat
63 x 1.4NA and processed using the joint deconvolution 3D
Airyscan processing. Data were analyzed by manually cropping
out single cells and measuring the signal overlap between
transferrin and PI(3)P or PI(4)P using the automated segmen-
tation pipeline Squassh (Rizk et al., 2014).

Staining of Drosophila pupal wings

Wings were dissected from w[1118] (FlyBase: FBal0018186) pu-
pae and aged for 28 h after prepupa formation. These were fixed
for 30 min in 4% paraformaldehyde/0.2% glutaraldehyde in PBS
at room temperature, the outer cuticle was removed, and then
quenched for 15 min in 50 mM NH,Cl in PBS.

Subsequent staining steps were carried out on ice or at 4°C.
Wings were blocked and permeabilized for 45 min in 5% BSA/
0.5% Saponin in PIPES buffer. Recombinant biosensors were
diluted in 0.1% Saponin in PIPES buffer (PI(4)P biosensor at a
final concentration of 150 nM and PI(4,5)P, biosensor at 500
nM) with 1:200 Alexa488-conjugated Phalloidin (Invitrogen)
and incubated with the wings for 1 h. Wings were then washed
12 times in 0.1% Saponin in PIPES buffer, post-fixed for 10 min
in 2% PFA, washed a further four times with 0.1% Saponin in
PIPES buffer, and mounted in 2.5% DABCO with 10% glycerol in
PBS. The wings were imaged on a Nikon AIR GaAsP confocal
microscope using a 60x NA1.4 apochromatic lens within 1 week of
mounting. Images were acquired posterior to longitudinal vein 4
with a pixel size of 110 nm and z-sections spaced by 150 nm.

Microscopy
Single-color staining using the recombinant biosensors conju-
gated with Alexa488 (Fig. 3) was carried out using LSM880
Airyscan confocal microscope with a Plan Apochromat 63x 1.4 NA
followed by standard 2D Airyscan processing. Multiplex staining
using recombinant biosensors conjugated with Alexa488, 546, or
647 was carried out in full Z-Stacks of 150 nm step size using
LSM980 Airyscan with a Plan Apochromat 63 x 1.4NA and pro-
cessed using the joint deconvolution 3D Airyscan processing.
STED imaging was performed on a commercial expert line
Abberior STED microscope equipped with 485, 561, and 645 nm
excitation lasers and an Olympus Objective UPlanSApo 100x
1.40 NA. For two-color STED of Arfl-Halo and PI(4)P, cells were
seeded on a glass-bottom dish (3.5 cm diameter, no. 1.5 glass;
Cellvis) coated with fibronectin (Sigma-Aldrich). Labeling with
Halo substrate JF571 was carried out for 1 h using 1 pM stocks.
After the staining, cells were washed three times with growth
medium to get rid of the excess dye and left for 1 h in an incu-
bator at 37°C and 5% CO,. Cells were then fixed and stained with
biosensors against PI(4)P as described above. The 775-nm de-
pletion laser was used to deplete dyes in two-color STED ex-
periments. Two-color images were recorded sequentially line by
line. Detection was carried out with avalanche photodiodes with
detection windows set to 571-630 nm and 650-756 nm. The
acquisition was carried out with Instruments Development
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Team, Imspector Image Acquisition & Analysis Software
v16.3.16118 (https://www.imspector.de). The pixel size was set
to 20 nm, and Raw STED images were deconvolved to reduce
noise using Richardson-Lucy deconvolution from the Python
microscopy PYME package (https://python-microscopy.org/).

Electron microscopy

MIA-Paca2 cells were grown in media containing 10% FCS,
treated with 1 uM Apilimods in DMSO for 1 h, fixed in 4%PFA
with 0.2% glutaraldehyde, pelleted, and embedded in a resin
according to standard protocols. Pellets were stained with 1%
osmium for 1 h and 0.5% uranyl acetate overnight, embedded in
epon resin, cut into 70-nm sections, and stained en bloc with
uranyl acetate and lead citrate before imaging using an FEI
Tecnai T12 Spirit at 80 kV.

Online supplemental material

Fig. S1 shows the staining using recombinant biosensors of cells
ectopically overexpressing biosensors. Fig. S2 shows the staining
using recombinant biosensors following the inhibition of lipid
kinases. Fig. S3 shows the staining processes using the biosensor
against PI(4,5)P, following the removal of the His tag as well as a
one-step purification protocol.

Data availability
The data are available from the primary corresponding author
(Hannes Maib h.maib@sheffield.ac.uk) upon request.

Acknowledgments

We acknowledge the Wolfson Light Microscopy Facility for the
use of the LSM 980 Airyscan 2 supported by the Medical Re-
search Council grant MR/X012077/1 and Christopher J. Hill from
the University of Sheffield Faculty of Science EM facility for
support with this section electron microscopy. We thank Anja
Heuhsen for help with sample preparation for STED.

H. Maib is supported by a Wellcome Trust early Career award
225528/Z/22/Z. We further thank Prof. Jason King and Prof
Elizabeth Smythe for their helpful comments on the manuscript.
R. Hunton is supported by BBSRC DTP studentship (BB/
MO11151/1) and DS is supported by a Wellcome Trust Senior
Fellowship (210630/Z/18/Z). D.H. Murray is supported by the
Wellcome Trust grant 211193/Z/18/Z. P. Adarska is supported
by the Forschungsgemeinschaft (German Research Foundation)
grant SFB/TRR186 (Project A20). Open Access funding provided
by University of Sheffield.

Author contributions: H. Maib conceived the project and
designed and performed the experiments. P. Adarska and F.
Bottanelli performed and supervised the STED imaging. R.
Hunton and D. Strutt performed and supervised the imaging of
Drosophila pupal wing. J. Vines performed the live imaging of
PI(3,5)P,. D.H. Murray supervised the cloning, purification,
and in vitro verification of recombinant biosensors. H. Maib and
D.H. Murray prepared the manuscript, which was edited and
approved by all other authors.

Disclosures: The authors declare no competing interests exist.

Maib et al.

Recombinant biosensors to stain phosphoinositides

TR
(: k(J
IV

Submitted: 23 October 2023
Revised: 16 February 2024
Accepted: 11 March 2024

References

Araki, N., Y. Egami, Y. Watanabe, and T. Hatae. 2007. Phosphoinositide
metabolism during membrane ruffling and macropinosome formation
in EGF-stimulated A431 cells. Exp. Cell Res. 313:1496-1507. https://doi
.org/10.1016/j.yexcr.2007.02.012

Banjade, S., L. Zhu, J.R. Jorgensen, S.W. Suzuki, and S.D. Emr. 2022. Re-
cruitment and organization of ESCRT-0 and ubiquitinated cargo via
condensation. Sci. Adv. 8:eabm5149. https://doi.org/10.1126/sciadv
.abm5149

Boutry, M., L.F. DiGiovanni, N. Demers, A. Fountain, S. Mamand, R.J. Botelho,
and P.K. Kim. 2023. Arfl-PI4KIIIB positive vesicles regulate PI(3)P
signaling to facilitate lysosomal tubule fission. J. Cell Biol. 222:
€202205128. https://doi.org/10.1083/jch.202205128

Burd, C.G., and S.D. Emr. 1998. Phosphatidylinositol(3)-phosphate signaling
mediated by specific binding to RING FYVE domains. Mol. Cell. 2:
157-162. https://doi.org/10.1016/S1097-2765(00)80125-2

Cai, X., Y. Xu, AK. Cheung, R.C. Tomlinson, A. Alcizar-Roman, L. Murphy, A.
Billich, B. Zhang, Y. Feng, M. Klumpp, et al. 2013. PIKfyve, a class III PI
kinase, is the target of the small molecular IL-12/IL-23 inhibitor apili-
mod and a player in Toll-like receptor signaling. Chem. Biol. 20:912-921.
https://doi.org/10.1016/j.chembiol.2013.05.010

Dolinsky, S., I. Haneburger, A. Cichy, M. Hannemann, A. Itzen, and H. Hilbi.
2014. The Legionella longbeachae Iem/Dot substrate SidC selectively
binds phosphatidylinositol 4-phosphate with nanomolar affinity and
promotes pathogen vacuole-endoplasmic reticulum interactions. Infect.
Immun. 82:4021-4033. https://doi.org/10.1128/IAI.01685-14

Dong, W., X. Zhang, W. Liu, Y.J. Chen, J. Huang, E. Austin, A.M. Celotto, W.Z.
Jiang, M.J. Palladino, Y. Jiang, et al. 2015. A conserved polybasic domain
mediates plasma membrane targeting of Lgl and its regulation by hy-
poxia. J. Cell Biol. 211:273-286. https://doi.org/10.1083/jcb.201503067

Dooley, H.C., M. Razi, H.E. Polson, S.E. Girardin, M.I. Wilson, and S.A. Tooze.
2014. WIPI2 links LC3 conjugation with PI3P, autophagosome forma-
tion, and pathogen clearance by recruiting Atgl2-5-16L1. Mol. Cell. 55:
238-252. https://doi.org/10.1016/j.molcel.2014.05.021

Edwards-Hicks, J., P. Apostolova, J.M. Buescher, H. Maib, M.A. Stanczak, M.
Corrado, R.I. Klein Geltink, M.E. Maccari, M. Villa, G.E. Carrizo, et al.
2023. Phosphoinositide acyl chain saturation drives CD8* effector T cell
signaling and function. Nat. Immunol. 24:516-530. https://doi.org/10
.1038/541590-023-01419-y

Franke, C., U. Repnik, S. Segeletz, N. Brouilly, Y. Kalaidzidis, ].M. Verbavatz,
and M. Zerial. 2019. Correlative single-molecule localization micros-
copy and electron tomography reveals endosome nanoscale domains.
Traffic. 20:601-617. https://doi.org/10.1111/tra.12671

Fukuda, M., T. Kojima, H. Kabayama, and K. Mikoshiba. 1996. Mutation of the
pleckstrin homology domain of Bruton’s tyrosine kinase in immu-
nodeficiency impaired inositol 1,3,4,5-tetrakisphosphate binding
capacity. J. Biol. Chem. 271:30303-30306. https://doi.org/10.1074/jbc
.271.48.30303

Garcia, P., R. Gupta, S. Shah, A.]. Morris, S.A. Rudge, S. Scarlata, V. Petrova, S.
McLaughlin, and M.]. Rebecchi. 1995. The pleckstrin homology domain
of phospholipase C-delta 1 binds with high affinity to phosphatidylinositol
4,5-bisphosphate in bilayer membranes. Biochemistry. 34:16228-16234.
https://doi.org/10.1021/bi00049a039

Gillooly, DJ., I.C. Morrow, M. Lindsay, R. Gould, N.J. Bryant, ].M. Gaullier,
R.G. Parton, and H. Stenmark. 2000. Localization of phosphatidylino-
sitol 3-phosphate in yeast and mammalian cells. EMBO J. 19:4577-4588.
https://doi.org/10.1093/emboj/19.17.4577

Gillooly, D.J., C. Raiborg, and H. Stenmark. 2003. Phosphatidylinositol 3-
phosphate is found in microdomains of early endosomes. Histochem.
Cell Biol. 120:445-453. https://doi.org/10.1007/s00418-003-0591-7

Gong, B, Y. Guo, S. Ding, X. Liu, A. Meng, D. Li, and S. Jia. 2021. A Golgi-
derived vesicle potentiates PtdIns4P to PtdIns3P conversion for endo-
some fission. Nat. Cell Biol. 23:782-795. https://doi.org/10.1038/s41556
-021-00704-y

Goulden, B.D.,]. Pacheco, A. Dull, ].P. Zewe, A. Deiters, and G.R.V. Hammond.
2019. A high-avidity biosensor reveals plasma membrane PI(3,4)P, is
predominantly a class 1 PI3K signaling product. J. Cell Biol. 218:
1066-1079. https://doi.org/10.1083/jcb.201809026

Journal of Cell Biology
https://doi.org/10.1083/jcb.202310095

12 0f 13



Gozani, O., P. Karuman, D.R. Jones, D. Ivanov, J. Cha, A.A. Lugovskoy, C.L.
Baird, H. Zhu, S.J. Field, S.L. Lessnick, et al. 2003. The PHD finger of
the chromatin-associated protein ING2 functions as a nuclear
phosphoinositide receptor. Cell. 114:99-111. https://doi.org/10.1016/
S0092-8674(03)00480-X

Grimm, ].B., A.N. Tkachuk, L. Xie, H. Choi, B. Mohar, N. Falco, K. Schaefer, R.
Patel, Q. Zheng, Z. Liu, et al. 2020. A general method to optimize and
functionalize red-shifted rhodamine dyes. Nat. Methods. 17:815-821.
https://doi.org/10.1038/541592-020-0909-6

Grimm, ].B., L. Xie, ].C. Casler, R. Patel, A.N. Tkachuk, N. Falco, H. Choi, J.
Lippincott-Schwartz, T.A. Brown, B.S. Glick, et al. 2021. A general
method to improve fluorophores using deuterated auxochromes. JACS
Au. 1:690-696. https://doi.org/10.1021/jacsau.1c00006

Gulluni, F., L. Prever, H. Li, P. Krafcikova, I. Corrado, W.T. Lo, ].P. Margaria,
A. Chen, M.C. De Santis, S.J. Cnudde, et al. 2021. PI(3,4)P2-mediated
cytokinetic abscission prevents early senescence and cataract forma-
tion. Science. 374:eabk0410. https://doi.org/10.1126/science.abk0410

Hammond, G.R., and T. Balla. 2015. Polyphosphoinositide binding domains:
Key to inositol lipid biology. Biochim. Biophys. Acta. 1851:746-758.
https://doi.org/10.1016/j.bbalip.2015.02.013

Hammond, G.R., G. Schiavo, and R.F. Irvine. 2009. Immunocytochemical tech-
niques reveal multiple, distinct cellular pools of PtdIns4P and PtdIns(4,5)
P(2). Biochem. J. 422:23-35. https://doi.org/10.1042/BJ20090428

He, B, F. Xi, X. Zhang, J. Zhang, and W. Guo. 2007. Ex070 interacts with
phospholipids and mediates the targeting of the exocyst to the plasma
membrane. EMBO J. 26:4053-4065. https://doi.org/10.1038/sj.emboj
7601834

Highland, C.M., and J.C. Fromme. 2021. Arfl directly recruits the Pikl-Frql
PI4K complex to regulate the final stages of Golgi maturation. Mol. Biol.
Cell. 32:1064-1080. https://doi.org/10.1091/mbc.E21-02-0069

Jiménez, C., R.A. Portela, M. Mellado, ].M. Rodriguez-Frade, ]. Collard, A.
Serrano, C. Martinez-A, J. Avila, and A.C. Carrera. 2000. Role of the
PI3K regulatory subunit in the control of actin organization and cell
migration. J. Cell Biol. 151:249-262. https://doi.org/10.1083/jcb.151.2.249

Ketel, K., M. Krauss, A.S. Nicot, D. Puchkov, M. Wieffer, R. Miiller, D. Sub-
ramanian, C. Schultz, J. Laporte, and V. Haucke. 2016. A phosphoino-
sitide conversion mechanism for exit from endosomes. Nature. 529:
408-412. https://doi.org/10.1038/naturel6516

Kotani, K., K. Yonezawa, K. Hara, H. Ueda, Y. Kitamura, H. Sakaue, A. Ando, A.
Chavanieu, B. Calas, and F. Grigorescu. 1994. Involvement of phospho-
inositide 3-kinase in insulin- or IGF-1-induced membrane ruffling. EMBO
J. 13:2313-2321. https://doi.org/10.1002/].1460-2075.1994.tb06515.x

Lees, J.A., P. Li, N. Kumar, L.S. Weisman, and K.M. Reinisch. 2020. Insights
into lysosomal PI(3,5)P, homeostasis from a structural-biochemical
analysis of the PIKfyve lipid kinase complex. Mol. Cell. 80:736-743.e4.
https://doi.org/10.1016/j.molcel.2020.10.003

Lorente-Rodriguez, A., and C. Barlowe. 2011. Requirement for Golgi-localized
PI(4)P in fusion of COPII vesicles with Golgi compartments. Mol. Biol.
Cell. 22:216-229. https://doi.org/10.1091/mbc.e10-04-0317

Lu, J., W. Dong, G.R. Hammond, and Y. Hong. 2022. Hypoxia controls plasma
membrane targeting of polarity proteins by dynamic turnover of PI4P
and PI(4,5)P2. Elife. 11:e79582. https://doi.org/10.7554/eLife.79582

Maekawa, M., and G.D. Fairn. 2014. Molecular probes to visualize the loca-
tion, organization and dynamics of lipids. J. Cell Sci. 127:4801-4812.
https://doi.org/10.1242/jcs.150524

Maib, H., F. Ferreira, S. Vassilopoulos, and E. Smythe. 2018. Cargo regulates
clathrin-coated pit invagination via clathrin light chain phosphoryla-
tion. J. Cell Biol. 217:4253-4266. https://doi.org/10.1083/jcb.201805005

Maib, H., and D.H. Murray. 2022. A mechanism for exocyst-mediated teth-
ering via Arf6 and PIP5K1C-driven phosphoinositide conversion. Curr.
Biol. 32:2821-2833.e6. https://doi.org/10.1016/j.cub.2022.04.089

Marat, A.L., A. Wallroth, W.T. Lo, R. Miiller, G.D. Norata, M. Falasca, C.
Schultz, and V. Haucke. 2017. mTORCI activity repression by late en-
dosomal phosphatidylinositol 3,4-bisphosphate. Science. 356:968-972.
https://doi.org/10.1126/science.aaf8310

Mesmin, B., J. Bigay, ]. Moser von Filseck, S. Lacas-Gervais, G. Drin, and B.
Antonny. 2013. A four-step cycle driven by PI(4)P hydrolysis directs
sterol/PI(4)P exchange by the ER-Golgi tether OSBP. Cell. 155:830-843.
https://doi.org/10.1016/j.cell.2013.09.056

Maib et al.

Recombinant biosensors to stain phosphoinositides

TR
(: k(J
IV

Murray, D.H., M. Jahnel, J. Lauer, M.J. Avellaneda, N. Brouilly, A. Cezanne, H.
Morales-Navarrete, E.D. Perini, C. Ferguson, A.N. Lupas, et al. 2016. An
endosomal tether undergoes an entropic collapse to bring vesicles to-
gether. Nature. 537:107-111. https://doi.org/10.1038/naturel9326

Pemberton, J.G., Y.J. Kim, ]J. Humpolickova, A. Eisenreichova, N. Sengupta,
D.J. Toth, E. Boura, and T. Balla. 2020. Defining the subcellular distri-
bution and metabolic channeling of phosphatidylinositol. J. Cell Biol. 219:
€201906130. https://doi.org/10.1083/jcb.201906130

Pendaries, C., H. Tronchére, L. Arbibe, . Mounier, O. Gozani, L. Cantley, M.].
Fry, F. Gaits-Iacovoni, P.J. Sansonetti, and B. Payrastre. 2006. PtdIns5P
activates the host cell PI3-kinase/Akt pathway during Shigella
flexneri infection. EMBO ]. 25:1024-1034. https://doi.org/10.1038/sj
.emb0j.7601001

Posor, Y., W. Jang, and V. Haucke. 2022. Phosphoinositides as membrane
organizers. Nat. Rev. Mol. Cell Biol. 23:797-816. https://doi.org/10.1038/
541580-022-00490-x

Pucadyil, T.J., and S.L. Schmid. 2010. Supported bilayers with excess mem-
brane reservoir: A template for reconstituting membrane budding and
fission. Biophys. ]. 99:517-525. https://doi.org/10.1016/j.bpj.2010.04.036

Rizk, A., G. Paul, P. Incardona, M. Bugarski, M. Mansouri, A. Niemann, U.
Ziegler, P. Berger, and LF. Shalzarini. 2014. Segmentation and quanti-
fication of subcellular structures in fluorescence microscopy images
using Squassh. Nat. Protoc. 9:586-596. https://doi.org/10.1038/nprot
.2014.037

Salim, K., M.J. Bottomley, E. Querfurth, M.J. Zvelebil, I. Gout, R. Scaife, R.L.
Margolis, R. Gigg, C.I. Smith, P.C. Driscoll, et al. 1996. Distinct specificity
in the recognition of phosphoinositides by the pleckstrin homology
domains of dynamin and Bruton’s tyrosine kinase. EMBO J. 15:
6241-6250. https://doi.org/10.1002/j.1460-2075.1996.tb01014.x

Schink, K.O., K.W. Tan, and H. Stenmark. 2016. Phosphoinositides in control
of membrane dynamics. Annu. Rev. Cell Dev. Biol. 32:143-171. https://doi
.org/10.1146/annurev-cellbio-111315-125349

Shah, Z.H., D.R. Jones, L. Sommer, R. Foulger, Y. Bultsma, C. D’Santos, and N.
Divecha. 2013. Nuclear phosphoinositides and their impact on nuclear
functions. FEBS J. 280:6295-6310. https://doi.org/10.1111/febs.12543

Singla, A., A. Fedoseienko, S.S.P. Giridharan, B.L. Overlee, A. Lopez, D. Jia, .
Song, K. Huff-Hardy, L. Weisman, E. Burstein, and D.D. Billadeau. 2019.
Endosomal PI(3)P regulation by the COMMD/CCDC22/CCDC93 (CCC)
complex controls membrane protein recycling. Nat. Commun. 10:4271.
https://doi,org/10.1038/s41467-019-12221-6

Tan, J., and J.A. Brill. 2014. Cinderella story: PI4P goes from precursor to key
signaling molecule. Crit. Rev. Biochem. Mol. Biol. 49:33-58. https://doi
.org/10.3109/10409238.2013.853024

Tremel, S., Y. Ohashi, D.R. Morado, ]. Bertram, O. Perisic, L.T.L. Brandt, M.K.
von Wrisberg, Z.A. Chen, S.L. Maslen, O. Kovtun, et al. 2021. Structural
basis for VPS34 kinase activation by Rabl and Rab5 on membranes. Nat.
Commun. 12:1564. https://doi.org/10.1038/541467-021-21695-2

Vicinanza, M., V.I. Korolchuk, A. Ashkenazi, C. Puri, F.M. Menzies, ].H.
Clarke, and D.C. Rubinsztein. 2015. PI(5)P regulates autophagosome
biogenesis. Mol. Cell. 57:219-234. https://doi.org/10.1016/j.molcel.2014
12.007

Vines, ].H., H. Maib, C.M. Buckley, A. Gueho, Z. Zhu, T. Soldati, D.H. Murray,
and J.S. King. 2023. A PI(3,5)P2 reporter reveals PIKfyve activity and
dynamics on macropinosomes and phagosomes. J. Cell Biol. 222:
€202209077. https://doi.org/10.1083/jcb.202209077

Watt, S.A., G. Kular, LN. Fleming, C.P. Downes, and ]J.M. Lucocq. 2002.
Subcellular localization of phosphatidylinositol 4,5-bisphosphate using
the pleckstrin homology domain of phospholipase C deltal. Biochem. ].
363:657-666. https://doi.org/10.1042/bj3630657

Waugh, M.G. 2019. The great escape: How phosphatidylinositol 4-kinases and
PI4P promote vesicle exit from the Golgi (and drive cancer). Biochem. J.
476:2321-2346. https://doi.org/10.1042/BCJ20180622

Wills, R.C., B.D. Goulden, and G.R.V. Hammond. 2018. Genetically encoded
lipid biosensors. Mol. Biol. Cell. 29:1526-1532. https://doi.org/10.1091/
mbc.E17-12-0738

Wong-Dilworth, L., C. Rodilla-Ramirez, E. Fox, S.D. Restel, A. Stockhammer,
P. Adarska, and F. Bottanelli. 2023. STED imaging of endogenously
tagged ARF GTPases reveals their distinct nanoscale localizations. J. Cell
Biol. 222:e202205107. https://doi.org/10.1083/jcb.202205107

Journal of Cell Biology
https://doi.org/10.1083/jcb.202310095



Supplemental material

Overexpression: eGFP-P4C Overexpression: eGFP-P4C Staining: SNAP,, -P4C
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Figure S1. Staining of cells ectopically overexpressing biosensors. Hela cells were transfected with plasmids for ectopic overexpression of eGFP-tagged
PAC to detect PI(4)P. Cells were seeded on a gridded glass coverslip and imaged live before being fixed, permeabilized, and stained against PI(4)P using a
recombinant biosensor labeled with Alexa647. The same cells were relocalized and imaged again. Inserts highlight cells with high and low expression levels of
the PI(4)P biosensor. Images are maximum intensity projection of whole z-stacks.

Maib et al. Journal of Cell Biology
Recombinant biosensors to stain phosphoinositides https://doi.org/10.1083/jcb.202310095

S1



PI-273
+GSK-A1
+PI4KIIIB-IN 10

PI4K
_>

B,
%,

A, =)

2 oum 4

PI4KIIIB-IN 10

@ DMSO LY294002

Fluorescence intesity (a.u.)

o T T T 1
0 5 10um 15 20
15000 j e DMSO LY294002

Fluorescence intesity (a.u.)

T 1 1
0 5 10 um 15 20

@== DMSO LY294002
1000
8001
6001

400

Fluorescence intesity (a.u.)

PI(3,4,5)Ps

200

T T 1
0 5 10 ym 15 20

Figure S2.  Phosphoinositide staining following inhibition of lipid kinases. (a) HeLa cells were treated with a kinase inhibitor cocktail of Wortmannin, PI-
273, GSK-AL, PI4KIIIB-IN 10, and Apilimod, each at 500 nM for 30 min before being fixed and stained using recombinant biosensors against Pl, PI(4)P and PI(3)P
conjugated to Alexa488, 546, or 647, respectively. Linescan shows the signal of Pl on the membrane of large vacuoles that can be found throughout the cell.
(b) Hela cells were treated with either GSK-A1, PI-273, or PI4KIIIB-IN 10 at 100 nM each for 30 min before being fixed and stained against PI(4)P using
recombinant biosensors against PI(4)P conjugated to Alexa488. (c) HeLa cells were treated with LY 294022 at 1 uM for 30 min, stimulated with 5 ng/ml human
EGF for 10 min, and fixed and stained using recombinant biosensors against PI(4,5)P,, PI(3,4)P,, and PI(3,4,5)P; conjugated to Alexa488, 546, or 647, re-
spectively. Linescans show signals of PI(4,5)P,, PI(3,4)P,, and PI(3,4,5)P5 in DMSO and LY294002 treated cells at membrane ruffles as well as the cytosolic
background.
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6xHis-SNAP-PLCo1 One step purification: SNAP,.-PLC31

Figure S3.  Staining using one step His purification. The recombinant biosensor against PI(4,5)P, (6xHis-SNAP-PLC81) was purified from BL21 E. coli using a
HisTrap column and eluted against an increasing gradient of 250 mM Imidazole. Peak fractions were pooled and either directly labeled with SNAP-Surface
Alexad88 or first incubated with recombinant PreScission Protease to cleave the 6xHis tag and used to stain Hela cells as previously described. Source data are

available for this figure: SourceData FS3.
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