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ABSTRACT

Phospholipase CB (PLCp)-induced depletion of phosphatidylinositol-(4,5)-bisphosphate
(P1(4,5)P,) transduces a plethora of signals into cellular responses. Importance and diversity
of P1(4,5)P,-dependent processes led to strong need for biosensors of physiological PI(4,5)P,
dynamics applicable in live-cell experiments. Membrane PI(4,5)P, can be monitored with
fluorescently-labeled phosphoinositide (PI) binding domains that associate to the membrane
depending on PI(4,5)P; levels. The pleckstrin homology domain of PLC51 (PLCs1-PH) and
the C-terminus of tubby protein (tubbyct) are two such sensors widely used to study PI(4,5)P,
signaling. However, certain limitations apply to both: PLC31-PH binds cytoplasmic inositol-
1,4,5-trisphosphate (IP3) produced from PI(4,5)P, through PLCB, and tubbyct responses do
not faithfully report on PLCpB-dependent P1(4,5)P, dynamics. In searching for an improved
biosensor, we fused N-terminal homology domain of epsinl (ENTH) to GFP and examined
use of this construct as genetically-encoded biosensor for P1(4,5)P, dynamics in living cells.
We utilized recombinant tools to manipulate Pl or Gq protein-coupled receptors (G4PCR) to
stimulate PLCP signaling and characterized Pl binding properties of ENTH-GFP with total
internal reflection (TIRF) and confocal microscopy. ENTH-GFP specifically recognized
membrane P1(4,5)P, without interacting with IP3, as demonstrated by dialysis of cells with the
messenger through a patch pipette. Utilizing Ci-VSP to titrate PI(4,5)P; levels, we found that
ENTH-GFP had low PI(4,5)P, affinity. Accordingly, ENTH-GFP was highly sensitive to
PLCp-dependent P1(4,5)P, depletion, and in contrast to PLCS1-PH, overexpression of ENTH-
GFP did not attenuate G4PCR signaling. Taken together, ENTH-GFP detects minute changes
of PI(4,5)P;, levels and provides an important complementation of experimentally useful
reporters of P1(4,5)P, dynamics in physiological pathways.

Keywords: epsin N-terminal homology, G, protein-coupled receptor, phosphatidylinositol-
(4,5)-bisphosphate, phospholipase C, tubby protein, PLC31-PH, pleckstrin homology, signal
transduction, phospholipids, Ci-VSP



1. INTRODUCTION

Stimulation of G protein-coupled receptors (G4PCR) activates phospholipase CB (PLCB),
thereby inducing enzymatic hydrolysis of phosphatidylinositol-(4,5)-bisphosphate (P1(4,5)P>)
into diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3). Membrane-associated
P1(4,5)P, not only serves as precursor of the cellular messengers DAG and IP3, but also
directly controls activity of many ion channels and transporters, modulates protein trafficking
and coordinates membrane association of the cytoskeleton [1-5]. Accordingly, depletion of
P1(4,5)P, through receptor-triggered activation of PLCP couples a plethora of extracellular
stimuli to cellular physiology.

P1(4,5)P, dynamics can be monitored with phosphoinositide (PI) recognition domains fused to
fluorescent proteins [1, 6, 7]. These reporters associate to the plasma membrane, when
PI(4,5)P, levels are high, and translocate into the cytoplasm upon PI(4,5)P, depletion.
Consequently, changes of fluorescence intensities at the plasma membrane or in the
cytoplasm report on PI(4,5)P, concentration dynamics [6, 7]. Established sensors of
membrane P1(4,5)P, are based on the pleckstrin homology (PH) domain of PLCs1 (PLCo1-
PH) [8, 9] and the C-terminal domain of PI(4,5)P,-binding protein tubby (tubbyct) [10-13].
Although many studies have employed PLC31-PH or (less frequently) tubbycr to monitor
cellular PI(4,5)P,, certain drawbacks of both sensors need consideration. PLC51-PH not only
binds PI(4,5)P, but also IPs;, and thus dissociates from the plasma membrane because of
competitive binding to cytoplasmic IP3. Depending on the actual P1(4,5)P,/IP; ratio resulting
from PLC activation, this may lead to overestimation of PLCB-mediated PI(4,5)P, depletion
[12, 14-17]. Accordingly, PLCo1-PH can rather be considered as a biosensor of PLC activity
during stimulation of G4PCR than a reporter for actual P1(4,5)P, depletion. Furthermore, as
due to its high P1(4,5)P, affinity PLC31-PH competes for PI(4,5)P, binding with endogenous
proteins, overexpression of this construct interferes with P1(4,5)P,-dependent processes. E.g.,
overexpression of PLCS1-PH abrogated PI(4,5)P,-mediated contacts between plasma
membrane and cytoskeleton, thereby altering the morphology of transfected cells [3].
Similarly, overexpression of both PLC31-PH and tubbycr attenuated PLCpB-mediated Ca*'-
transients during stimulation of G4,PCRs, likely by shielding P1(4,5)P, from PLCp, and in case
of PLCd1-PH also through chelation of 1P3 [12, 13]. On the other hand, membrane association
of tubbyct was largely insensitive to conditions expected to result in substantial depletion of
P1(4,5)P,, i.e. tubbycr did not dissociate from the plasma membrane despite massive
activation of PLCpB under various experimental conditions [11-13]. Based on this very low
sensitivity, it has been proposed that the PI(4,5)P, binding affinity of tubbycr is relatively



high such that residual PI(4,5)P, suffices to keep tubbycr at the plasma membrane during
stimulation of G4PCR and PLCP [11-13]. However, gradual titration of membrane P1(4,5)P,
with the voltage-sensitive Pl phosphatase of Ciona intestinalis (Ci-VSP) rather indicated that
tubbycr actually has a lower PI(4,5)P, binding affinity than PLCS1-PH [18]. Therefore,
additional yet unknown interactions apart from PI(4,5)P, binding may determine the
responses of tubbycr to stimulation of GPCR/PLCB.

Recently, the epsinl N-terminal homology (epsinl-ENTH) domain was introduced as
alternative sensor for cellular P1(4,5)P, [19]. Yoon and colleagues covalently labelled epsinl-
ENTH with a fluorophore sensitive to the lipid environment (termed DAN-eENTH) allowing
for quantitative analysis of PI(4,5)P, dynamics by monitoring changes of the fluorophore’s
spectral properties [19]. However, applicability of this approach may be limited, as besides
chemical modification, introduction of DAN-eENTH into living cells, e.g. by microinjection,
is technically demanding, may be restricted to certain cell types and may even affect cell
viability. We reasoned that despite elegant design and quantitative nature of the DAN-eENTH
approach, usage of GFP-fused epsin1-ENTH as a genetically-encoded P1(4,5)P, translocation
sensor may be more straightforward in many experimental settings. Moreover, since epsinl-
ENTH is structurally not related to PLC31-PH and tubbycr [10, 19, 20], its use as a live-cell
sensor may not be compromised by the abovementioned problems associated with these
P1(4,5)P, binding domains. We thus fused green fluorescent protein (GFP) to epsin1-ENTH
and characterized Pl binding characteristics of this reporter (ENTH-GFP) in living cells.
ENTH-GFP specifically recognized P1(4,5)P, and did not interact with other membrane PI nor
cytoplasmic IP;. ENTH-GFP exhibited low apparent affinity for PI(4,5)P, and reported on
G4PCR-triggered activation of PLCP even at very low agonist concentrations. Consistent with
its low PI1(4,5)P, affinity, overexpression of the sensor did not affect P1(4,5)P, dynamics or
G4PCR signaling. We conclude that ENTH-GFP is a highly sensitive biosensor and a valuable
complement of the available set of reporters for monitoring physiological P1(4,5)P, dynamics
in cellular pathways.

2. MATERIAL AND METHODS

2.1 Cell Culture, Transfection and Mutagenesis
Chinese hamster ovary/dhFr- cells (CHO) were kept in MEM Alpha Medium supplemented
with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin (all Invitrogen GmbH,
Darmstadt, Germany). In preparation of experiments presented in Figure 3A, cells were kept
in serum free media for 24 h prior to experiments (serum-starved). Cells were transfected with

jetPEI (Polyplus Transfection, IlIkirch, France) and all experiments were performed 24 h-48 h
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after transfection at room temperature (22-25°C). Cells were perfused throughout experiments
with extracellular solution containing (mM) 144 NaCl, 5.8 KCI, 1.3 CaCl,, 0.9 MgCl,, 0.7
NaH,PO,4, 10 HEPES and 5.6 D-glucose, pH 7.4 (with NaOH), 305-310 mOsm/kg. The
expression vectors used were: epsinl-ENTH-pEGFP-N1 (amino acids 1-158; UniProt
accession: 088339;[19]), PLCs1-PH-pEGFP-N1 (1-170; P51178), tubbycr-pEGFP-C1 (243-
505; P50586), Btk-PH-pEGFP-N1 (1-177; Q06187), P4M-SidM-pEGFP-C1 (1x; Q5ZSQ3
[21]), Ci-VSP-pRFP-C1 (Q4W8A1), human muscarinic receptor 1 (hm1R)-pSGHVO
(Q96RH1), KCNQ2-pBK-CMV (K,7.2, 043526), KCNQ3-pBK-CMV (K,7.3, 043525),
Lyn11-FRB-pRFP-N1 (1-10; P07948), CFP-FKBP-Inp54p (1-331; Q08227), CFP-FKBP-
PIPK (070161), pEGFP-C1 (transfection control; Addgene, Teddington, UK). In experiments
presented in Figure 5, cells were transfected with equal amounts of plasmid DNA encoding
KCNQ2 channels (co-expression of free EGFP served as control). Point mutations
(tubbyct(R332H)-GFP and ENTH(S4W)-GFP) were introduced with the QuickChangell XL
Site-Directed mutagenesis kit (Stratagene, Santa Clara, CA).

2.2 Confocal Microscopy
Confocal imaging was performed with an upright LSM 710 - Axio Examiner.Z1 microscope
equipped with a W Plan/Apochromat 20x/1.0 DIC M27 75 mm water immersion objective
(Zeiss, Jena, Germany) [22]. Red fluorescent protein (RFP) was excited at 561 nm with a
DPSS 561-10 laser (Zeiss) and fluorescence emission was sampled at 582-754 nm. The
sample interval for time series was 4 s. Green fluorescent protein (GFP) was excited at 488

nm with an argon laser and fluorescence emission was recorded at 493-597 nm.

2.3 Total Internal Reflection Fluorescence (TIRF) Microscopy
The majority of TIRF experiments was carried-out on an upright BX51WI microscope with a
TIRF-condenser (numerical aperture of 1.45; both Olympus, Hamburg, Germany) and a
488 nm laser (20 mW; Picarro, Sunnyvale, CA) [23]. Fluorescence was imaged with a
LUMPIanFI/IR 40X/0.8 water immersion objective (Olympus), and sampled with an
IMAGO-QE cooled CCD camera controlled by TILLviSION software (TILL Photonics,
Grafelfing, Germany). CHO cells co-expressing Ci-VSP (Figure 3D-G) and cells dialyzed
with IP3 (Figure 2; Sigma-Aldrich, Munich, Germany) were imaged and voltage-clamped
simultaneously. Cells expressing Ci-VSP were chosen based on membrane RFP fluorescence
associated with expression of Ci-VSP-pRFP-C1. Sample interval for imaging time series was
4 s. F/Fq traces were calculated pixel-wise from the background-corrected TIRF signal (F) and
basal fluorescence intensity (Fo), averaged over the footprint of a cell excluding cell margins

to prevent movement artifacts.



For experiments shown in Figure 3D, a custom-built inverted TIRF setup was used: a Nikon
Eclipse Ti inverted microscope was equipped with an Apo TIRF 100x/1.49 oil immersion
objective, a 488 nm laser (200 mW, iBeam smart; Toptica Photonics AG, Gréfelfing,
Germany) and a TIRF condenser (Rapp OptoElectronic, Wedel, Germany). TIRF images
were acquired with a CoolSnap HQ2 camera (Photometrics, Tuscon, AZ, USA) that also
controlled the laser shutter (nmLaser Products Inc., San José, CA, USA). Image acquisition

was performed with p-Manager software [24].

2.4  Electrophysiological Experiments

Whole cell KCNQ (K,7) currents were recorded with an Axopatch 200B amplifier (Molecular
Devices, Union City, CA) in voltage-clamp mode [25]. Data were sampled with an ITC-18
interface and controlled by PatchMaster software (both HEKA Elektronik, Lambrecht,
Germany). Currents were low-pass filtered at 2 kHz, sampled at 5 kHz and normalized to the
cell capacitance (current density; pA/pF). Patch pipettes were pulled from borosilicate glass
(Sutter Instrument Company, Novato, CA, USA) and had an open pipette resistance of 2-3
MQ after back-filling with intracellular solution containing (mM) 135 KCI, 2.41 CaCl,, 3.5
MgCl,, 5 HEPES, 5 EGTA, 2.5 Na,ATP, 0.1 NasGTP, pH 7.3 (with KOH), 290-295
mOsm/kg. Series resistance (Rs) typically was below 6 MQ and compensated for throughout
the recordings (80-90%). Liquid junction potentials (approx. -4 mV) were not compensated.
For IP3 dialysis and fluorescence voltage curves, cells were whole cell voltage-clamped with
an EPC-10 amplifier controlled by PatchMaster software (both HEKA). IP; was added at 5
UM to the internal solution, and cells were kept in the whole cell configuration at -60 mV for
at least 5 minutes. To ensure rapid dialysis of the cells with IP3, Rs was kept below 5 MQ in
these experiments.

For steady-state fluorescence-voltage (F-V) relations, Ci-VSP was activated by voltage steps
from -60 mV (-80 mV for ENTH(S4W)-GFP) to +80 mV (+20 mV increments for 60 s each).
Data obtained from single cells were fitted with a Boltzmann function F=Fin+(Fmax-Fmin)/[1 +
exp((V-Vy)/s))], where F was the recorded TIRF intensity, V was the holding potential, Vj,
was the voltage at the half-maximal response, and s described the steepness of the curve [18,
23]. Data were normalized as follows: Fnin was subtracted from the data and the result was
normalized t0 Fmax-Fmin: Frorm=(F-Fmin)/(Fmax-Fmin)- Fmin @and Fnax Were derived from the fit for
each individual cell before averaging. Thus, Fnom approaches unity as V approaches negative
infinity (phosphatase activity approaches zero), and Fnom approaches zero for large positive
voltages (phosphatase activity approaches maximum).

2.5 Reagents and dose-response relations



Human insulin-like growth factor 1 (Sigma), rapamycin (solution in Me,SO, Merck KGaA,
Darmstadt, Germany), oxotremorine-M (Oxo-M; Biotrend Chemikalien GmbH, Kaoln,
Germany), and GSK-A1 (SYNKkinase, Parkville, Australia) were applied via a custom-built
gravity-based application system. Dose-response relations were derived from I/lp KCNQ
(Ky7) currents at 0 mV and from F/F, TIRF signals at increasing Oxo-M concentrations.
Responses were fitted with a Hill equation with F/Fy = Fo+(Fmax-Fb)/(1+(ECso/[S])"), where F
is the normalized current/TIRF signal, F, and Fnya.x denote the minimal and maximal
current/ TIRF signal at low and high agonist concentration, ECs is the concentration at the
half maximal effect, [S] is the oxo-M concentration and n is the Hill coefficient [26]. Curves
were normalized t0 Imax-Imin for current recordings and Fmax-Fmin for TIRF recordings as

derived from fits of individual cells.

2.6  Statistical Analysis
Data were analyzed using TILLviSION (TILL Photonics), Zen2009 (Zeiss, Jena, Germany),
ImageJ (National Institute of Health, Bethesda, USA), Igor Pro (Wavemetrics, Lake Oswego,
OR) and PatchMaster (HEKA). Statistical analysis was performed with two-tailed Student’s,
Wilcoxon signed, Dunnett or Scheffé test. Statistical significance was assigned at P < 0.05 (*
P < 0.05, ** P < 0.01, *** P < 0.001). All data are presented as mean + SEM. In
electrophysiological experiments, n represents the number of individual cells recorded from at
least three independent experiments (independent transfections, i.e. biological replicates). In
imaging experiments, n represents the number of individual cells obtained from at least four
independent experiments. Data presented in Figure 3D were obtained in three independent

experiments

3. RESULTS

We evaluated applicability of Epsinl-ENTH-GFP (termed ENTH-GFP) as a genetically-
encoded reporter for G,PCR-triggered P1(4,5)P, dynamics in comparison to PLC31-PH-GFP,
tubbycr-GFP, and two mutants, tubbycr(R332H)-GFP and ENTH(S4W)-GFP, that
presumably exhibit lower P1(4,5)P, binding affinities compared to the wild type domains [11,
19].

3.1 ENTH-GFP exhibits low degree of membrane association
Using confocal microscopy, we first characterized subcellular localization of ENTH-GFP in
transiently transfected CHO cells. In these experiments, we co-expressed Lyn11-RFP [27] to
visualize the plasma membrane together with GFP-labelled PI binding domains. Membrane
association of both ENTH-GFP and ENTH(S4W)-GFP was low, and we always detected a
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large fraction of the associated GFP fluorescence in the cytoplasm of resting cells (Figure 1A,
B). Cells expressing ENTH-GFP appeared healthy and the sensor was not bound to
intracellular membranes in most cells (Figure 1A, B). However, in approximately one third of
all cells ENTH-GFP labelled rod-like structures in the cytoplasm (Figure 1B). Figure 1A
shows that in comparison to established PI(4,5)P, sensors membrane association of ENTH-
GFP and ENTH(S4W)-GFP was lower than that of PLC31-PH-GFP and tubbyct-GFP, but
more similar to mutant tubbyct(R332H)-GFP.

3.2 ENTH-GFP and ENTH(S4W)-GFP reliably detect receptor-triggered activation of

PLCp
We then set out to analyse whether ENTH-GFP qualifies as translocation sensor of PLCp-
dependent P1(4,5)P, depletion. To this end, we overexpressed Gq-coupled muscarinic receptor
type 1 (m1R) in CHO cells and activated these receptors by extracellular application of a
saturating concentration of oxotremorine-M (Oxo-M; 10 pM) [28]. Overexpression of m1R
reconstitutes G4PCR signalling in cultured cells, serving as an accepted model for this
signalling pathway [28-32]. Membrane association of Pl-binding domains was measured with
total internal reflection fluorescence (TIRF) or confocal microscopy [23, 33].
As observed with TIRF microscopy, membrane association of ENTH-GFP and ENTH(S4W)-
GFP readily decreased upon activation of m1R through Oxo-M (10 uM), and both sensors
returned to the membrane within few minutes after wash-out of the agonist (Figure 1C).
Relative changes in membrane association of ENTH-GFP(S4W) were smaller than that of the
wild type sensor domain (P<0.001; Figure 1E). During activation of m1R, we detected a
corresponding cytoplasmic increase of ENTH-GFP- and ENTH(S4W)-GFP-associated
fluorescence, when using confocal microscopy to measure location of the sensors in the
cytoplasm (Figure 1F). Both observations are consistent with P1(4,5)P,-dependent reversible
membrane association during G4PCR activation and in particular with dissociation from the
membrane as result of PLCB-mediated PI(4,5)P, depletion. To verify PI(4,5)P, depletion
under the specific experimental conditions, we utilized PI1(4,5)P,-dependent KCNQ (K,7)
potassium (K™) ion channels, as GGPCR-mediated inhibition of these channels mainly depends
on PLCpB-dependent P1(4,5)P, depletion [30, 34-36]. We observed strong reduction of KCNQ-
mediated currents, when activating m1R (Supplemental Figure 1A) confirming the expected
P1(4,5)P, depletion. As shown previously, PLC51-PH-GFP [8, 9], but not tubbyct [11-13],
strongly and reversibly dissociated from the membrane during application of Oxo-M in cells
co-expressing m1R (Figure 1D). Paradoxically, tubbyct even exhibited a transient increase of

membrane association during activation of the GPCR (Figure 1D). However, in line with
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previous reports [11-13], the tubbyct(R332H)-GFP mutant translocated from the plasma
membrane during activation of m1R, likely due to reduced PI1(4,5)P, affinity, thus reporting

on PLCB-induced PI(4,5)P, depletion.
Leitner MG et al., Figure 1
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Figure 1. ENTH-GFP is a reliable biosensor of PLCp activity in living cells.

(A) Confocal images of CHO cells transiently expressing Lyn11-RFP (red) together with Pl
recognition domains fused to GFP (green). We detected large amounts of ENTH-GFP,
ENTH(S4W) and tubbyct(R332H)-GFP in the cytoplasm of resting cells (all scale bars 10
pm). (B) In some cells, ENTH-GFP labelled rod-like intracellular structures (see arrowheads;
images are the same as shown in (A); scale bar 10 um). (C) Stimulation of m1R with Oxo-M
(10 uM) induced robust and reversible membrane dissociation of ENTH-GFP (n=65) and
ENTH(S4W)-GFP (n=45). (D) Membrane-association of PLCS&1-PH-GFP (n=25) and
tubbycr(R332H)-GFP (n=39) reversibly decreased in response to m1R activation. Tubbyct-
GFP (n=46) displayed a transient increase of membrane association during activation of m1R.
Traces in (C+D) show mean time course of membrane binding recorded with TIRF
microscopy. (E) Measured with TIRF microscopy, relative changes of membrane association
of ENTH-GFP were bigger than for ENTH(S4W) (P<0.001) and for tubbyct (P<0.001),
similar to tubbycr(R332H)-GFP (n.s, not significant) and smaller than for PLC31-PH-GFP
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(P<0.001; changes of membrane association derived from experiments shown in (C) and (D)).
(F) We detected a cytoplasmic increase of ENTH-GFP (n=14) and ENTH(S4W)-GFP (n=26)
during activation of m1R using confocal microscopy to measure sensor location in the
cytoplasm. Grey insets in (C), (D) and (F) indicate application of Oxo-M (10 uM).

In these experiments, relative changes in membrane association of ENTH-GFP were similar
to tubbycr(R332H)-GFP (not significant; P>0.05), but smaller than of PLC&1-PH-GFP
(P<0.001; Figure 1E). Taken together, these experiments demonstrated that ENTH-GFP
responses reflect membrane PI(4,5)P, dynamics in a robust, although relatively small
translocation signal. We attribute the small signal to the low degree of membrane association
at rest, which must set the upper limit on the amount of fluorescent sensors that can

translocate to the cytosol.

3.3 ENTH-GFP localization is unaffected by cytoplasmic 1P3
We next analyzed whether ENTH-GFP translocation indeed selectively depends on P1(4,5)P;
depletion during activation of GPCRs. To test for potential influence of cytoplasmic 1P; on
membrane association of ENTH-GFP, we dialyzed cells with IP; through a patch pipette
(Figure 2A). Even in absence of IP3, membrane association of all sensors tested, including
ENTH (wild type and mutant), PLC31-PH-GFP and tubbycr, decreased upon establishment of
the whole cell configuration, presumably due to diffusion of sensors into the patch pipette
following rupture of the membrane patch (Figure 2B-D) [c.f. 22]. Membrane association of
PLCo1-PH-GFP decreased even further (P < 0.001; Figure 2B and D), when 5 pM IP3 was
supplied via the pipette solution. This result is explained by binding of PLC31-PH-GFP to IP3
[see also e.g. 15], competition of IP; with binding to P1(4,5)P, and hence dissociation of the
sensor from the membrane. In contrast, membrane localization of ENTH-GFP and tubbyct-
GFP was not affected by dialysis of cells with 5 uM IP3 (Figure 2B, C) [for tubbyCT c.f. 11].
This indicated that ENTH-GFP does not bind IP; in the living cell, consistent with lack of IP3

binding in vitro [19].
Leitner MG et al., Figure 2
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Figure 2. Membrane association of ENTH-GFP is not affected by cytoplasmic IPs.
(A) Membrane association of Pl recognition domains was recorded with TIRF microscopy in
cells dialyzed with intracellular solution containing 5 uM IP3 through a patch pipette (see
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“Material and Methods” for details). (B-D) Even in absence of IP3, membrane association of
all sensors decreased upon establishment of the whole cell configuration (black, cells dialyzed
with standard intracellular solution). The arrowhead in (B) and (C) indicates establishment of
the whole cell configuration. (B) Membrane association of PLC31-PH-GFP decreased even
further, when cells were dialyzed with pipette solution containing IP3 (red). (C) membrane
localization of ENTH-GFP was insensitive to cytoplasmic IP3. (D) shows a summary of
recordings as shown in (B) and (C). Membrane association of ENTH-GFP and tubbycr
constructs was not affected by dialysis of cells with 1P3. Upon dialysis of cells with IPs,
membrane association of PLCJOI-PH-GFP significantly decreased (P<0.001) and of
ENTH(S4W)-GFP surprisingly increased (P<0.05) (TIRF signals were analyzed after 5 min
of dialysis of cells with control solution or with solution containing 5 uM IP3 (red); numbers
in (D) represent numbers of cells recorded for each experimental condition).

3.4 ENTH-GFP exhibits high PI1(4,5)P, binding specificity and low affinity in living

cells
In vitro, Epsin1-ENTH binds to PI(4,5)P,, but also to PI(3,4,5)P; and PI(3,4)P, [19, 20].
Because specificity of Pl binding domains in vitro can differ substantially from their behavior
in the living cell [37, 38], we next aimed at characterizing Pl binding of ENTH-GFP in cells.
First, we investigated potential binding of ENTH-GFP to 3-phosphorylated P1(3,4,5)P3; and
P1(3,4)P,. Because cellular resting concentrations of these Pls are low [1], we increased levels
of PI(3,4,5)P3; and PI(3,4)P, experimentally to address interaction with ENTH-GFP. To this
end, we treated serum-starved CHO cells with insulin-like growth factor (IGF-1; 0.4 pug/ml) to
activate PI3-kinases through endogenous IGF receptors [18, 39]. Stimulation of IGF receptors
increased cellular P1(3,4,5)P3 levels within a couple of minutes as monitored by membrane
recruitment of PI(3,4,5)Ps-specific probe Btk-PH-GFP during IFG-1 application
(TIRF Figr-1/Fo 1.32 £0.03; n=31; Figure 3A) [18, 40]. In analogous experiments, membrane
association of ENTH-GFP increased by only about 3% during IGF-1 treatment (Figure 3A,
TIRF Figr-1/Fo 1.03 £0.01, n=64). These findings demonstrated that in contrast to in vitro
binding assays, ENTH-GFP binds only weakly to PI(3,4,5)P3 in living cells. As treatment
with IGF-1 has been shown to also increase PI(3,4)P, levels in CHO cells [39], these
experiments also indicated that ENTH-GFP does not relevantly bind to PI(3,4)P; in living
cells.
We additionally utilized genetically-encoded tools for experimental manipulation of other Pl
species. A rapamycin-induced dimerization strategy was employed to recruit enzymes to the
plasma membrane that metabolize PI1(4,5)P, and PI(4)P [41, 42]. As shown in Figure 3B,
rapamycin-induced membrane recruitment of 5-phosphatase Inp54p that specifically
dephosphorylates P1(4,5)P, to PI(4)P caused strong membrane dissociation of ENTH-GFP
(TIRF Finpsap/Fo 0.79 £0.02; n=35). Noteworthy, the extent of Inp54p-induced translocation of
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ENTH-GFP was similar to its membrane dissociation during stimulation of m1R (c.f. Figure
1C) and qualitatively similar to PLC31-PH-GFP responses previously published with the
same Inp54p/rapamycin system [41-43]. When we recruited PI(4)P-5-kinase (PI(4)P-5K) to
the membrane that synthesizes PI(4,5)P, from PI1(4)P [41], membrane association of ENTH-
GFP increased (Figure 3C; ENTH-GFP TIRF Fpj@p-sx/Fo: 1.09 +0.01, n=42) demonstrating
that ENTH-GFP also recognizes an increase of PI(4,5)P, in the plasma membrane. This
P1(4)P-5K-induced increase of membrane association of ENTH-GFP was significantly higher
than that of PLC31-PH-GFP in analogous experiments (Figure 3C; PLC61-PH-GFP TIRF
Fpi@yp-sk/Fo: 1.06 £0.01, n=27; P<0.05; TIRF F/F, values after 100 s of rapamycin application
were compared). As both enzymes (Inp54p and P1(4)P-5K) interconvert PI(4,5)P, and P1(4)P
stoichiometrically [41, 42], these findings demonstrate that ENTH-GFP strongly prefers
PI1(4,5)P, over PI(4)P. To further scrutinize potential binding of ENTH-GFP to PI(4)P, we
used GSK-AL [44-47], a specific inhibitor of type-l1I Pl 4-kinases (P14111K) that mediate
synthesis of PI(4)P [1]. Application of GSK-Al (10 nM) induced rapid membrane
dissociation of PI(4)P-specific reporter PAM-SidM-GFP [21] (TIRF Fgsk-a1/Fo: 0.84 +0.02,
n=14; P<0.001 compared to baseline; Figure 3D). In contrast, membrane association of
PLC41-PH-GFP was not significantly changed through treatment with GSK-A1 (TIRF Fgsk-
a/Fo: 0.96 £0.02, n=11; not significant change compared to baseline; Figure 3D). Thus
consistent with previous reports [45, 47], GSK-Al caused depletion of PI(4)P without
changing PI1(4,5)P, levels in CHO cells (Figure 3D). Membrane association of ENTH-GFP
was also not affected by inhibition of PI411IK through GSK-A1 (10 nM) (TIRF Fgsk-a1/Fo:
0.99 £0.01, n=11; not significant change compared to baseline; Figure 3D), unequivocally
demonstrating that ENTH-GFP does not bind to PI(4)P in the plasma membrane.

To quantitatively define PI(4,5)P, binding of ENTH-GFP in living cells, we then turned to
voltage-sensitive Pl 5-phosphatase from Ciona intestinalis (Ci-VSP) that is rapidly activated
by membrane depolarization [48]. Upon voltage-dependent activation, Ci-VSP reversibly
eliminates P1(4,5)P, and PI(3,4,5)P; from the membrane by dephosphorylation to PI(4)P and
PI(3,4)P,, respectively [18, 49]. We utilized Ci-VSP for titration of plasma membrane
PI(4,5)P, levels to determine apparent affinities of the Pl recognition domains [18, 23, 50].
This was done by gradual activation of Ci-VSP through depolarizing voltage steps under
whole cell voltage clamp control, which sets PI(4,5)P, to distinct equilibrium concentrations
at any given membrane potential [18, 23, 51]. Simultaneously, we measured membrane
association of the PI binding domains in TIRF microscopy and obtained characteristic
sigmoid fluorescence-voltage (F-V) curves (Figure 3E-G and Supplemental Figure 1B), as
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previously reported for PLC1-PH-GFP and tubbycr-GFP [18, 23]. From Boltzmann fits to
these F-V curves, we calculated voltages of half-maximal sensor translocation (V) as
quantitative measure for apparent PI(4,5)P, affinities of the Pl binding domains [18]. Since
stronger depolarization and correspondingly pronounced PI1(4,5)P, depletion is required to
induce sensor translocation, more positive V} values represent higher P1(4,5)P, affinity in
such experiments [18]. We compared apparent P1(4,5)P, affinities of ENTH-GFP (wild type,
S4W mutant) with PLC81-PH-GFP and tubbyct-GFP (wild type, R332H mutant). Vy values
and apparent P1(4,5)P, affinities of ENTH-GFP were similar to tubbyct-GFP (Figure 3E, H)
and lower than that of PLC31-PH-GFP. Thus, PI(4,5)P; affinity of tubbycr-GFP was lower
than that of PLCo1-PH-GFP [c.f. 18]. Introduction of a point mutation into ENTH-GFP and
tubbyc7-GFP significantly shifted V}, to hyperpolarized membrane potentials demonstrating
lower PI(4,5)P, affinity of the mutants (ENTH(S4W)-GFP: P<0.05; Figure 3F, H;
tubbycT(R332H)-GFP:  P<0.001; Figure 3G, H). Accordingly, as suggested earlier,
introduction of a single amino acid exchange indeed suffices to reduce the P1(4,5)P, binding

affinity of these Pl binding domains [11, 13].
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A 0.4 pg/ml IGF-1 Rapamycin c Rapamycin
_ 1401 1.05 112 +PIA)P.5K
= i 1.00 = 1104
- Btk-PH - dnpsdp W
o o 0.95 Il—: 1.08 -
= ~
% o % 1.06-
. ) Q 4 04-
: »
= =z 5 YT u
3 ENTH Hnesdp @ R
. E F
D _ SR 1.007 ENTH-GFP 1.001 AENTH
W 1. Control AENTH(S4W)
o L 0.801 - L 0.80 (=2
T 0. = 060 = =
N PLC31-PH B Y g 30
& 090 § 0.401 E 0.40
% 0.85 2 0.204=PLC&1-PH ngw 2 0.20
3 . otubby,., g
0.804 P4M-SidM 0004 AENTH 0.00-
200s 80 -40 0 40 80 80 -40 0 40 80
mV mVv
G 1.001 H |
: 6
] PLCB1-PH
4 0.801 o tubby,. ;’g_ ST 2001
= 060 o tubby.(R332H) 0 % 150
pe] B — 1 - = e
$ T ood b 12...... N
= - s kK o
g 040 = 4ol B = o 100
2020 201 A 12 < 50 Dy A ENTH
0.00 =307 0 B 0
80 -40 0 40 80 wt S4WPLCBH1 wt R332H 20 0 20
mv ENTH  PH tubby,, V,, (mV)

13



Figure 3. Specific binding of ENTH-GFP to PI1(4,5)P, with low affinity in living cells.

(A) In CHO cells, Stimulation of endogenous receptors with IGF-1 (0.4 pg/ml, grey inset)
increased membrane association of PI(3,4,5)Ps-specific probe Btk-PH-GFP (n=31). In
contrast, membrane localization of ENTH-GFP (n=64) was not affected by application of
IGF-1.

(B) Rapamycin-dependent recruitment of Inp54p to the plasma membrane induced membrane
dissociation of ENTH-GFP (+Inp54p; n=35). Note slight rapamycin-induced translocation of
ENTH-GFP independent on Inp54p (-Inp54p; n=71). (C) Membrane recruitment of PI1(4)P-
5K through application of rapamycin increased membrane association of ENTH-GFP (red,
n=42) and PLC31-PH-GFP (black; n=27). This increase of membrane association was
significantly pronounced for ENTH-GFP compared to PLC51-PH-GFP (P<0.05; values after
100 s of rapamycin application were compared). Grey inserts in (B) and (C) indicate
extracellular application of 5 uM rapamycin to cells transfected with ENTH-GFP, Lyn11-
FRB and (B) Inp54p-FKBP or (C) PI1(4)P-5K-FKBP. (D) Application of GSK-A1 (10 nM)
induced rapid membrane dissociation of PI(4)P-specific probe P4M-SidM-GFP (n=14;
P<0.001 compared to base line; paired Student’s test). Membrane association of PLC31-PH-
GFP (n=11) and ENTH-GFP (n=11) was not affected by treatment of cells with GSK-A1 (10
nM). (E-H) Titration of membrane PI(4,5)P, using Ci-VSP to quantify apparent PI(4,5)P,
affinities of Pl binding domains. Relative TIRF intensity was measured in response to
stepwise depolarization of cells from -60 mV to +80 mV co-expressing RFP-labelled Ci-VSP
and PI binding domains (see also Supplemental Figure 1B). (E, F, G) show steady-state F-V
relations for cells co-expressing Ci-VSP together with GFP-labelled (E) PLC31-PH (n=6),
tubbycr (n=12) or ENTH (n=6),
(F) ENTH or ENTH(S4W) (n=6) and (G) tubbycr or tubbycr(R332H) (n=12). Data for ENTH
and tubbycr are reproduced in panels (E+F) and (E+G), respectively. Data were normalized as
described in “Material and Methods”. Continuous lines represent a Boltzmann fit calculated
from averaged parameters derived from single recordings. For parameters of fits see Table 1.
(H) shows summarized Vj, values calculated from Boltzmann fits to F-V recordings shown in
(E-G). (1) Apparent PI(4,5)P, binding affinities for PLC81-PH-GFP, ENTH-GFP and
ENTH(S4W)-GFP deduced from Ci-VSP experiments correlated well with recently reported
P1(4,5)P, K4 (nM) values (in vitro data from [19]).

Based on these findings, the rank order of apparent PI1(4,5)P, binding affinities of the PI
recognition domains was: PLC81-PH-GFP > ENTH-GFP ~ tubbycr-GFP > ENTH(S4W)-
GFP = tubbyct(R332H)-GFP (Figure 3H). Thus, PLC81-PH-GFP displayed highest V}, values
and highest apparent PI(4,5)P, affinity of all sensors tested. As shown in Figure 3l, apparent
P1(4,5)P, affinities of ENTH-GFP, ENTH(S4W)-GFP and PLC41-PH-GFP obtained by
utilizing Ci-VSP to titrate P1(4,5)P, levels in living cells correlated well with previously
reported binding properties derived from in vitro assays [in vitro data from 19].

Table 1: Summarised parameters of Boltzmann fits presented in Figure 3E-G (mean +SEM)

PI recognition domain Vi (MV) s (mV) nur?etilesr of
PLC51-PH-GFP 26.05 +3.84 27.46 +2.53 6
ENTH-GFP -6.42 +3.76 29.13£7.10 6
ENTH(S4W)-GFP -20.56 +6.50 33.27 £5.73 6
tubbycr -5.68 +6.03 12.63 £1.07 12
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| tubbycr(R332H) | 26541414 | 15.81£3.18 | 12 |

3.5 ENTH-GFP reports on stimulation of PLCp at low G4PCR agonist concentrations

The observed low PI1(4,5)P, affinity of ENTH-GFP in living cells should translate into high
sensitivity of this biosensor to physiological PI(4,5)P, dynamics. To test this prediction, we
again made use of m1R/PLC signaling as experimental model taking Oxo-M dose-response
relations as measure for sensor sensitivity towards G4PCR stimulation (Figure 4). We found
that dissociation of ENTH-GFP was already apparent at low Oxo-M concentrations and half-
maximal translocation occurred at an agonist concentration (ECsg) of about 0.1 pM (0.096
+0.102 uM, n=35; Figure 4A-C). In agreement with the higher apparent P1(4,5)P, binding
affinity, the ECso for Oxo-M of PLCS1-PH-GFP was significantly higher (ECs,=0.453
+0.096 UM, n=44; P<0.01; Figure 4A-C) than that of ENTH-GFP. Notably, PLC81-PH-GFP
responded to GPCR stimulation at similarly low Oxo-M concentrations. However, the
PLC31-PH-GFP response is likely to reflect an IP; increase rather than actual P1(4,5)P,
dynamics.
We additionally compared ENTH-GFP and PLC81-PH-GFP with KCNQ ion channels as
well-studied examples of PI(4,5)P,-dependent proteins. Under the same experimental
conditions, the Oxo-M sensitivity of homomeric KCNQ2 channels, known as particularly
low-affinity P1(4,5)P,-effectors [34, 36, 51], was very similar to the sensitivity of ENTH-GFP
(EC50=0.164 £0.050 uM; n=5; Figure 4C; Supplemental Figure 1A). In comparison,
m1R/Oxo0-M sensitivity of heteromeric KCNQ2/3 channels characterized by higher PI(4,5)P,
affinity was comparable to PLC51-PH-GFP responses (Figure 4C; Supplemental Figure 1A).
In conclusion, the low effective P1(4,5)P, affinity makes ENTH-GFP a sensor particularly
useful for moderate — yet probably physiologically relevant — P1(4,5)P, depletion through
stimulation of G4PCR.

Leitner MG et al., Figure 4
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Figure 4. High sensitivity of ENTH-GFP to physiological PI(4,5)P, dynamics.
(A) Membrane association of PI(4,5)P, sensors was measured in TIRF microscopy during
stimulation of m1R with increasing Oxo-M concentrations. The panel shows mean time
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course of membrane association of ENTH-GFP (n=35) and PLC31-PH-GFP (n=44) in these
experiments. (B+C) Fluorescence intensity responses in experiments as shown in (A) were
fitted to a Hill equation (solid lines) to calculate ECsy values for Oxo-M application as
quantitative measure for sensor sensitivity to stimulation of m1R. (C) Summary of ECs
values (Oxo-M) for ENTH-GFP and PLC41-PH-GFP in comparison to mlR-induced
inhibition of homomeric KCNQ2 (n=5) and heteromeric KCNQ2/3 (n=5) K* channels (c.f.
Supplemental Figure 1A for KCNQ channel recordings). ENTH-GFP exhibited significantly
lower Oxo-M ECs values than PLC61-PH-GFP (P<0.01) that were comparable to KCNQ2
channels.

3.6 Overexpression of ENTH-GFP does not affect cellular PI signaling

Overexpression of tubbycr and PLC31-PH-GFP has been shown to affect cellular P1 signaling
by reducing accessibility of P1(4,5)P, to PLCP and thereby suppressing downstream signals
[3, 12, 13]. We thus tested whether ENTH-GFP also exhibited such limitations. Therefore, we
measured m1R-mediated suppression of KCNQ2 channels making use of the channel's
particularly high sensitivity to PI(4,5)P, changes [36, 41, 51]. The reduction in current
amplitude following sub-saturating activation of co-expressed m1R (stimulated with 100 nM
Oxo0-M) was our readout for efficacy of PLCP/PI(4,5)P, signaling, while basal current
amplitudes under resting conditions (and associated resting membrane potential) were used as
sensitive measure for availability of free P1(4,5)P..

As shown in Figure 5A, 100 nM Oxo-M caused reversible inhibition of homomeric KCNQ2
channels by about 50% in control cells in absence of co-expressed sensor domains [30, 36].
Co-expression of PLCS1-PH-GFP completely abolished inhibition of KCNQ2 channels
through m1R stimulated with 100 nM Oxo-M (n=5; P<0.001; Figure 5A). Furthermore, basal
current amplitudes were  significantly reduced in cells co-expressing PLCS1-PH-GFP
compared to control cells without co-expressed biosensor (-Sensor; Figure 5B; P<0.05), and
resting membrane potentials of cells expressing PLC31-PH-GFP were also significantly
depolarized compared to (-Sensor) controls (Figure 5C; P<0.01). These findings indicated that
overexpression of PLC81-PH-GFP reduced resting P1(4,5)P, levels available to KCNQ2
channels and attenuated PLCB-dependent PI(4,5)P, dynamics. In contrast, when ENTH-GFP
was co-expressed, KCNQ2 current suppression by receptor activation (n=7; Figure 5A), basal
KCNQ?2 currents (Figure 5B), and resting membrane potentials (Figure 5C) were unchanged
with respect to (-Sensor) controls (no significant difference). In analogous experiments, co-
expression with tubbyct(R332H)-GFP also did not affect PLCB-induced P1(4,5)P, dynamics

or KCNQ2-mediated currents and membrane potentials (Figure 5A-C).
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Figure 5. Overexpression of ENTH-GFP does not affect cellular PLCB/PI(4,5)P;
signaling.

(A) In cells co-expressing ENTH-GFP (n=7; red) or tubbycr(R332H) (n=8; blue) mlR-
mediated inhibition of homomeric KCNQ2 channels was comparable to control cells (n=6;
grey). In contrast, expression of PLCo1-PH-GFP completely abolished m1R-dependent
inhibition of KCNQ2 channels (n=5; black) (grey inset indicates application of 100 nM Oxo-
M). The panel shows the summarized time courses of mlR-induced KCNQ2 channel
inhibition. (B+C) In contrast to PLC31-PH-GFP, co-expression of ENTH-GFP or
tubbyct(R322H) did not alter (B) KCNQ2 current amplitudes and (C) resting membrane
potentials (statistical analysis was performed with Dunnett test in comparison with -Sensor
controls; *P<0.05, **P<0.01).

Thus, in addition to its high sensitivity to P1(4,5)P, concentration changes, the relatively low
affinity ENTH-PH endows this sensor with the advantage of minimal interference with

endogenous P1(4,5)P, signaling.

4. DISCUSSION

The importance and diversity of cellular processes regulated by P1(4,5)P; has led to a strong
need for sensors of PI(4,5)P, concentrations and concentration changes usable in live-cell
experiments. PLC31-PH and tubbycr are established experimental biosensors and have been
used successfully to address P1(4,5)P,-dependent processes [e.g. 3, 4, 8, 11, 13, 52]. However,
as PLCo1-PH and tubbycr responses do not necessarily report on PLC-dependent PI1(4,5)P,
dynamics and as both domains apparently interfere with cellular Pl metabolism [3, 11-13],
there is clear demand for more sensitive and reliable P1(4,5)P, reporters. Yoon and colleagues
introduced Epsinl-ENTH domain [20, 53-55] as live-cell reporter for P1(4,5)P, by labeling
this domain with a fluorophore that is sensitive to changes in lipid surrounding [19]. Whilst
this elegant approach allowed for quantitative analysis of P1(4,5)P, dynamics, its applicability
might be limited, since introduction of the probe via microinjection appears incompatible with

many experimental settings. Searching for a more general approach, we established ENTH
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fused to GFP as genetically-encoded biosensor. We found that in living cells ENTH-GFP (i)
specifically binds membrane PI1(4,5)P,, (ii) exhibits low apparent PI(4,5)P, affinity, (iii) does
not affect cellular PI signaling and (iv) is highly sensitive to activation of GGPCR and thus

physiological depletion of P1(4,5)Pa.

4.1 ENTH-GFP specifically recognizes membrane P1(4,5)P;

We characterized Pl binding properties of ENTH-GFP in living cells utilizing genetically-
encoded tools to experimentally manipulate Pl concentrations. The responses of ENTH-GFP
to the experimental interventions demonstrated specific binding of this biosensor to
membrane PI1(4,5)P,: ENTH-GFP translocated into the cytoplasm during rapamycin-induced
depletion of PI(4,5)P, through 5-phosphatase Inp54p and associated to the membrane during
recruitment of PI1(4)P-5K that produces PI(4,5)P, from PI(4)P [41, 42, 48]. Furthermore, the
reporter dissociated from the membrane during activation of Ci-VSP. It is worth noting that,
although the enzyme processes both PI(4,5)P, and PI1(3,4,5)P3 [18, 48], PI1(4,5)P, was the
main substrate of Ci-VSP in these experiments due to very low resting levels of P1(3,4,5)P;
[18, 51]. These data unequivocally demonstrated that ENTH-GFP recognizes membrane
P1(4,5)P,. Moreover, these results showed absence of relevant binding of ENTH-GFP to
PI(4)P and PI(3,4)P,, as recruitment of Inp54p and activation of Ci-VSP strongly increase
membrane PI(4)P and PI(4)P/PI(3,4)P, levels, respectively [18, 41, 42, 48, 56], without
inducing translocation of ENTH to the membrane. Furthermore, insensitivity to application of
GSK-A1, an inhibitor of PI411IK [44-47], confirmed that membrane association of ENTH-
GFP does not involve binding to PI(4)P. Likewise, ENTH-GFP was insensitive to IGF-1-
dependent stimulation of PI(3,4,5)P3; and PI1(3,4)P, signaling [39], indicating that interaction
with both PI(3,4,5)P3; and PI1(3,4)P, is negligible in living cells. It seems worth pointing out
that in vitro binding assays revealed some interaction of the ENTH domain with P1(3,4)P, and
PI1(3,4,5)P3 [19]. The present results therefore emphasize that such biochemical in vitro assays
do not necessarily reflect the binding behavior at more complex native plasma membranes in
living cells, as also shown for other PI recognition domains previously [20, 37, 38]. Based on
our findings, we thus conclude that in living cells ENTH-GFP specifically recognizes
membrane P1(4,5)P..

4.2 ENTH-GFP has low PI(4,5)P, affinity
Using Ci-VSP to titrate membrane PI(4,5)P, levels [18, 23], we found that the P1(4,5)P,
affinity of ENTH-GFP was similar to tubbycr, but lower than that of PLC31-PH-GFP. These
conclusions are supported by several other lines of evidence: (i) A recent study demonstrated
that in vitro the PI1(4,5)P, affinity of ENTH-GFP was lower than that of PLC31-PH [19].
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(if) Using confocal microscopy and TIRF imaging, we found that membrane association of
ENTH-GFP under resting conditions, and hence translocation amplitudes of ENTH-GFP in
response to PI(4,5)P, depletion were smaller than that of PLC31-PH-GFP. (iii) Membrane
association of ENTH-GFP during PI(4)P-5K-mediated PI(4,5)P, synthesis increased
significantly stronger than membrane localization of PLC81-PH-GFP. And (iv) in contrast to
PLCo1-PH-GFP, ENTH-GFP did not interfere with cellular P1(4,5)P; signaling indicating that
the construct did not significantly compete with cellular proteins for PI(4,5)P, binding. Taken
together, the behavior of ENTH-GFP in living cells can be fully explained by this low affinity
for membrane P1(4,5)P,.

4.3 A comparison of ENTH-GFP with established P1(4,5)P, biosensors

The most widely used biosensor for G4PCR signaling, PLC51-PH, is a general sensor of PLC
activity rather than a reporter of actual P1(4,5)P, depletion due to binding of IP3 [3, 8, 9, 15,
28], although it appears to faithfully follow P1(4,5)P, concentration dynamics in the absence
of IP3 production [18, 43]. ENTH-GFP recapitulates PI(4,5)P, binding specificity of PLCd1-
PH-GFP, but as an important advantage [e.g. 11, 12-14], the construct is not sensitive to
cytoplasmic IP3. Thus, ENTH-GFP may be highly useful as a complementary P1(4,5)P, sensor
to unequivocally correlate physiological processes to PI1(4,5)P, level changes, specifically
during activation of G4PCR.

As far as tubbycr is concerned, the PI(4,5)P, binding properties and the behavior in living
cells are not well understood. While tubbycr in vitro additionally binds PI(3,4)P, and
P1(3,4,5)P3 [10], in the cell, its membrane association seems to be largely independent of 3-
phosphorylated Pls. This may be explained by the much higher cellular P1(4,5)P, levels
compared to PI(3,4)P, and PI(3,4,5)P; [18, 57]. Conflicting evidence exists concerning
tubby's P1(4,5)P, affinity: under resting conditions, tubbyct exhibits even stronger membrane
association than PLCS81-PH [13], and tubbycr frequently does not dissociate from the
membrane upon activation of G4PCR under conditions that should result in substantial
P1(4,5)P, depletion (c.f. Figure 1 and [11-13]). These findings have been taken to estimate
that the P1(4,5)P, affinity of tubbyct was higher than that of PLC51-PH and in fact too high to
reliably detect physiological P1(4,5)P, changes [11, 13]. Accordingly and consistent with
lowered PI1(4,5)P, affinity, a single amino acid exchange (R332H) in the PI binding pocket
renders tubbycr responsive to G4PCR activity and reduces resting membrane association (Fig.
1 [11, 13]). However, present and previous data [see also 18, 57] obtained by titrating
P1(4,5)P, through Ci-VSP show that the apparent P1(4,5)P, affinity of tubbycr is actually low,
similar to ENTH-GFP and substantially lower than that of PLC31-PH. According to these
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live-cell assays, the PI(4,5)P, affinity of tubbycr cannot be too high to detect G4PCR-
triggered PI1(4,5)P, dynamics. In fact, activation of endogenous muscarinic receptors causes
robust translocation of tubbycr in organotypic and dissociated cultures of hippocampal
neurons [7, 12]. One tentative explanation for the contradictory observations concerning
tubbycr is that while its PI(4,5)P, affinity is low, membrane association is co-determined by
another interaction in a cell-type-specific manner, such that sensitivity to GqPCR activation
does not correspond to its actual PI(4,5)P, affinity. This line of thought is supported by the
early finding that tubby protein physically interacts with Gog proteins [10], and by the
transient increase of tubbycr membrane association during G,PCR stimulation observed in
our experiments (Figure 1D). Taken together, the reliability of tubbycr as a sensor for
P1(4,5)P, is questionable and further work is needed to elucidate the behavior of tubbycr
during stimulation of G4PCR. In contrast, ENTH-GFP. responses in living cells are fully
consistent with its P1(4,5)P, affinity and its membrane association reliably reports on PLCB-
mediated P1(4,5)P, depletion. We thus conclude that ENTH-GFP can be considered a reliable
and specific biosensor for membrane-associated P1(4,5)P, that offers important advantages
over PLC31-PH and tubbycr.

4.4 Usage of ENTH-PH as biosensor for P1(4,5)P, in physiological pathways
As for voltage-dependent KCNQ2 channels [36], low affinity and high specificity for
P1(4,5)P, facilitates high sensitivity of ENTH-GFP to stimulation of G;PCR even at lowest
agonist concentrations. Overexpression of ENTH-GFP does not interfere with cellular
P1(4,5)P; signaling, in contrast to PLC;,-PH-GFP that attenuated P1(4,5)P, levels at rest and
PLCB-dependent P1(4,5)P, dynamics [12, 13]. Just as for tubbyct(R332H), P1(4,5)P, affinity
of ENTH-GFP probably is too low to compete significantly for P1(4,5)P, binding with PLCJ
or other cellular proteins (such as KCNQ2 channels in our experiments). On top of desired
sensitivity of biosensors, this integrity is especially important when measurements of
physiological PI(4,5), dynamics are the experimental goal. Thus, ENTH-GFP appears suitable
as biosensor highly sensitive to alterations of PI(4,5)P, during minimal activation of the
receptor. ENTH-GFP indeed may be used to address small alterations of PI(4,5)P, through
minute activation of PLCP in physiological, possibly also native, settings. In this respect, our
work not only established ENTH-GFP as reliable biosensor, but also showed that stimulation
of m1R with Oxo-M at concentrations as low as 0.1 uM indeed caused substantial depletion
of membrane P1(4,5)P, (see Figure 4). Furthermore, our findings highlight that combinatorial
analysis of different PI(4,5)P, reporters under the same experimental condition constitutes a

very useful strategy to experimentally assess G4PCR-dependent PI1(4,5)P, dynamics. As
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responses of Pl sensors may not exclusively depend on PI(4,5)P, levels (c.f. tubbycr),
analysis of structurally-unrelated biosensors (e.g. ENTH-GFP and PLC$1-PH-GFP) that most
probably are not affected by the same P1(4,5)P,-independent mechanisms might reduce risk
for misleading interpretations of results.

We want to point out that low membrane association under resting conditions and the low
dynamic range of responses associated with its low PI(4,5)P, affinity constitute potential
drawbacks of ENTH-GFP. Low degree of membrane association might limit use of ENTH-
GFP under certain experimental conditions, as detectable translocation amplitudes depend on
initial amounts of sensor at the plasma membrane. Indeed, ENTH-GFP responses during
P1(4,5)P, depletion were small compared to PLCS1-PH-GFP. However, membrane
dissociation of ENTH-GFP during G,PCR stimulation was readily detectable in TIRF
microscopy, and a corresponding increase of sensor-associated fluorescence could be
measured in the cytoplasm even with confocal microscopy despite high basal sensor
abundance in the cytoplasm (c.f. Figure 1). Due to the small dynamic range of ENTH-GFP
(c.f. Figure 4), it may be experimentally challenging to detect gradual ENTH-GFP responses
and accordingly it may be difficult to monitor gradual changes of PI(4,5)P, depletion during
activation of PLCP using ENTH-GFP as read-out. However, GqPCR-dependent translocation
of ENTH-GFP was comparable to tubbyct(R332H) that has been utilized successfully in
several cell types [58-60]. Importantly, low membrane association of ENTH-GFP also offers
a relevant advantage, as the sensor is particularly suitable for detection of (local) increases in
membrane PI(4,5)P,. Indeed, ENTH-GFP was more sensitive to PI(4,5)P, synthesis than
PLC&1-PH-GFP (c.f. Figure 3C) proposing ENTH-GFP also as reliable reporter for P1(4,5)P,
level increases in the membrane, such as those associated with synaptic vesicle release or cell

migration [1].

4.5 Conclusion
We conclude that ENTH-GFP qualifies as reliable genetically-encoded biosensor of
physiological PI(4,5)P, dynamics that offers certain advantages over established biosensors.
As ENTH-GFP responses can be utilized to correlate physiological PI(4,5)P, dynamics to
cellular processes, the reporter constitutes important complementation of the available

repertoire of reporters to monitor P1(4,5)P, signaling.
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FIGURE LEGENDS

Figure 1. ENTH-GFP is a reliable biosensor of PLCp activity in living cells.

(A) Confocal images of CHO cells transiently expressing Lyn11-RFP (red) together with PI
recognition domains fused to GFP (green). We detected large amounts of ENTH-GFP,
ENTH(S4W) and tubbyct(R332H)-GFP in the cytoplasm of resting cells (all scale bars 10
pm). (B) In some cells, ENTH-GFP labelled rod-like intracellular structures (see arrowheads;
images are the same as shown in (A); scale bar 10 um). (C) Stimulation of m1R with Oxo-M
(10 uM) induced robust and reversible membrane dissociation of ENTH-GFP (n=65) and
ENTH(S4W)-GFP (n=45). (D) Membrane-association of PLCS&1-PH-GFP (n=25) and
tubbyc1(R332H)-GFP (n=39) reversibly decreased in response to m1R activation. Tubbycr-
GFP (n=46) displayed a transient increase of membrane association during activation of m1R.
Traces in (C+D) show mean time course of membrane binding recorded with TIRF
microscopy. (E) Measured with TIRF microscopy, relative changes of membrane association
of ENTH-GFP were bigger than for ENTH(S4W) (P<0.001) and for tubbyct (P<0.001),
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similar to tubbyct(R332H)-GFP (n.s, not significant) and smaller than for PLC31-PH-GFP
(P<0.001; changes of membrane association derived from experiments shown in (C) and (D)).
(F) We detected a cytoplasmic increase of ENTH-GFP (n=14) and ENTH(S4W)-GFP (n=26)
during activation of m1R using confocal microscopy to measure sensor location in the
cytoplasm. Grey insets in (C), (D) and (F) indicate application of Oxo0-M (10 uM).

Figure 2. Membrane association of ENTH-GFP is not affected by cytoplasmic IPs.

(A) Membrane association of PI recognition domains was recorded with TIRF microscopy in
cells dialyzed with intracellular solution containing 5 uM IP3 through a patch pipette (see
“Material and Methods” for details). (B-D) Even in absence of IP3, membrane association of
all sensors decreased upon establishment of the whole cell configuration (black, cells dialyzed
with standard intracellular solution). The arrowhead in (B) and (C) indicates establishment of
the whole cell configuration. (B) Membrane association of PLC31-PH-GFP decreased even
further, when cells were dialyzed with pipette solution containing IP3 (red). (C) membrane
localization of ENTH-GFP was insensitive to cytoplasmic IP;. (D) shows a summary of
recordings as shown in (B) and (C). Membrane association of ENTH-GFP and tubbycr
constructs was not affected by dialysis of cells with 1P3. Upon dialysis of cells with IPs,
membrane association of PLCS1-PH-GFP significantly decreased (P<0.001) and of
ENTH(S4W)-GFP surprisingly increased (P<0.05) (TIRF signals were analyzed after 5 min
of dialysis of cells with control solution or with solution containing 5 uM IP3 (red); numbers

in (D) represent numbers of cells recorded for each experimental condition).

Figure 3. Specific binding of ENTH-GFP to PI1(4,5)P, with low affinity in living cells.

(A) In CHO cells, Stimulation of endogenous receptors with IGF-1 (0.4 pg/ml, grey inset)
increased membrane association of PI(3,4,5)Ps-specific probe Btk-PH-GFP (n=31). In
contrast, membrane localization of ENTH-GFP (n=64) was not affected by application of
IGF-1.

(B) Rapamycin-dependent recruitment of Inp54p to the plasma membrane induced membrane
dissociation of ENTH-GFP (+Inp54p; n=35). Note slight rapamycin-induced translocation of
ENTH-GFP independent on Inp54p (-Inp54p; n=71). (C) Membrane recruitment of PI(4)P-
5K through application of rapamycin increased membrane association of ENTH-GFP (red;
n=42) and PLCG41-PH-GFP (black; n=27). This increase of membrane association was
significantly pronounced for ENTH-GFP compared to PLC31-PH-GFP (P<0.05; values after
100 s of rapamycin application were compared). Grey inserts in (B) and (C) indicate
extracellular application of 5 uM rapamycin to cells transfected with ENTH-GFP, Lyn11-
FRB and (B) Inp54p-FKBP or (C) PI1(4)P-5K-FKBP. (D) Application of GSK-A1 (10 nM)
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induced rapid membrane dissociation of PI(4)P-specific probe P4M-SidM-GFP (n=14;
P<0.001 compared to base line; paired Student’s test). Membrane association of PLC51-PH-
GFP (n=11) and ENTH-GFP (n=11) was not affected by treatment of cells with GSK-A1 (10
nM). (E-H) Titration of membrane PI(4,5)P, using Ci-VSP to quantify apparent PI(4,5)P,
affinities of Pl binding domains. Relative TIRF intensity was measured in response to
stepwise depolarization of cells from -60 mV to +80 mV co-expressing RFP-labelled Ci-VSP
and PI binding domains (see also Supplemental Figure 1B). (E, F, G) show steady-state F-V
relations for cells co-expressing Ci-VSP together with GFP-labelled (E) PLC31-PH (n=6),
tubbycr (n=12) or ENTH (n=6),
(F) ENTH or ENTH(S4W) (n=6) and (G) tubbycr or tubbyct(R332H) (n=12). Data for ENTH
and tubbycr are reproduced in panels (E+F) and (E+G), respectively. Data were normalized as
described in “Material and Methods”. Continuous lines represent a Boltzmann fit calculated
from averaged parameters derived from single recordings. For parameters of fits see Table 1.
(H) shows summarized Vj, values calculated from Boltzmann fits to F-V recordings shown in
(E-G). (I) Apparent PI(4,5)P, binding affinities for PLCo1-PH-GFP, ENTH-GFP and
ENTH(S4W)-GFP deduced from Ci-VSP experiments correlated well with recently reported
P1(4,5)P, K4 (nM) values (in vitro data from [19]).

Figure 4. High sensitivity of ENTH-GFP to physiological PI(4,5)P, dynamics.
(A) Membrane association of PI(4,5)P, sensors was measured in TIRF microscopy during
stimulation of m1R with increasing Oxo-M concentrations. The panel shows mean time
course of membrane association of ENTH-GFP (n=35) and PLC31-PH-GFP (n=44) in these
experiments. (B+C) Fluorescence intensity responses in experiments as shown in (A) were
fitted to a Hill equation (solid lines) to calculate ECsy values for Oxo-M application as
guantitative measure for sensor sensitivity to stimulation of m1R. (C) Summary of ECsg
values (Oxo-M) for ENTH-GFP and PLC41-PH-GFP in comparison to mlR-induced
inhibition of homomeric KCNQ2 (n=5) and heteromeric KCNQ2/3 (n=5) K" channels (c.f.
Supplemental Figure 1A for KCNQ channel recordings). ENTH-GFP exhibited lower Oxo-M
ECso values than PLC61-PH-GFP that were comparable to KCNQ2 channels.

Figure 5. Overexpression of ENTH-GFP does not affect cellular PLCB/PI(4,5)P;
signaling.

(A) In cells co-expressing ENTH-GFP (n=7; red) or tubbyct(R332H) (n=8; blue) ml1R-
mediated inhibition of homomeric KCNQ2 channels was comparable to control cells (n=6;
grey). In contrast, expression of PLC41-PH-GFP completely abolished m1R-dependent
inhibition of KCNQ?2 channels (n=5; black) (grey inset indicates application of 100 nM Oxo-
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M). The panel shows the summarized time courses of mlR-induced KCNQ2 channel
inhibition. (B+C) In contrast to PLCS1-PH-GFP, co-expression of ENTH-GFP or
tubbycr(R322H) did not alter (B) KCNQ2 current amplitudes and (C) resting membrane
potentials (statistical analysis was performed with Dunnett test in comparison with -Sensor
controls; *P<0.05, **P<0.01).
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Highlights Leitner et al. (BBALIP-18-77)

* Fluorescently-labelled N-terminal homology domain of epsinl (ENTH-GFP) binds
membrane P1(4,5)P, with low affinity and high specificity

» ENTH-GFP membrane association can be monitored easily with standard microscopic
techniques

« ENTH-GFP translocates from the membrane into cytoplasm during activation of G, protein-
coupled receptors

* Overexpression of ENTH-GFP does not affect P1(4,5)P, metabolism and signalling

« ENTH-GFP is a reliable genetically-encoded reporter of physiological P1(4,5)P, dynamics
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