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SUMMARY

Membrane surface charge is critical for the transient,
yet specific recruitment of proteins with polybasic
regions to certain organelles. In eukaryotes, the
plasma membrane (PM) is the most electronegative
compartment of the cell, which specifies its identity.
As such, membrane electrostatics is a central param-
eter in signaling, intracellular trafficking, and polarity.
Here, we explore which are the lipids that control
membrane electrostatics using plants as a model.
We show that phosphatidylinositol-4-phosphate
(P14P), phosphatidic acidic (PA), and phosphatidyl-
serine (PS) are separately required to generate
the electrostatic signature of the plant PM. In addi-
tion, we reveal the existence of an electrostatic
territory that is organized as a gradient along the
endocytic pathway and is controlled by PS/PI4P
combination. Altogether, we propose that combi-
natorial lipid composition of the cytosolic leaflet of
organelles not only defines the electrostatic territory
but also distinguishes different functional compart-
ments within this territory by specifying their varying
surface charges.

INTRODUCTION

An evolutionarily conserved feature of cellular organelles is the
distinct phospholipid composition of their membranes, which is
essential to specify their identity and function. Within the endo-
membrane system of animal cells, the existence of two major lipid
territories has been postulated, one characterized by mem-
branes with loose lipid packing, and the other defined by mem-
brane surface charges (Bigay and Antonny, 2012). These two lipid
territories correspond roughly to two dynamic membrane-recy-
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cling systems; one centered on the ER and that includes mem-
branes from the ER, the nuclear envelope, and the cis-Golgi,
and the other centered on the plasma membrane (PM) and that
comprises the trans-Golgi, the trans-Golgi network (TGN), the
PM and endosomes (Bigay and Antonny, 2012). In the latter,
referred to as the electrostatic territory, negative charges carried
by anionic phospholipids recruit proteins with polybasic regions
and as such participate in the localization of a large number of
cellular factors along the endocytic pathway (Bigay and Antonny,
2012). A second characteristic of the electrostatic territory lays in
the finding that it is not uniformly organized across all PM-derived
organelles (Bigay and Antonny, 2012; Yeung et al., 2006). Rather,
the inner leaflet of the PM is the most electronegative cytosolic-
facing membrane across eukaryotes, including yeasts, animals,
and plants (Moravcevic et al., 2010; Simon et al., 2016; Yeung
et al.,, 2006). This PM electrostatic signature is critical for
cell signaling, as it enables to specifically recruit proteins to the
PM, such as, e.g., small GTPases, kinases, or kinase regulators
(Noack and Jaillais, 2017).

Anionic phospholipids are minor lipids in membranes and
include phosphatidylinositol phosphate (also known as phos-
phoinositides, PIPs), as well as phosphatidic acid (PA) and phos-
phatidylserine (PS). The respective importance of these lipids in
powering the membrane electrostatic field is not strictly propor-
tional to the respective amount of this lipid in a given membrane.
Indeed, cellular membranes are highly asymmetric and have very
different lipid composition in their cytosolic and luminal/outer
leaflets (Bigay and Antonny, 2012). This is notably relevant for
PS, which is produced in the luminal leaflet of the ER and has
to be flipped into the cytosolic leaflet to contribute to membrane
electrostatics (Fairn et al., 2011; Xu et al., 2013). In addition,
different anionic lipids have different net negative charges.
In particular, phosphoinositides are polyanionic lipids and have
a larger impact on the local electrostatic field as compared
to PAand PS (Li et al., 2014). Furthermore, anionic phospholipids
have different pKa values and their negative charges may
vary depending on their local environment. Finally, at any given
time, many anionic lipids are in complex with endogenous
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proteins in cells. Since ionic protein-lipid interactions directly
involve the negative charge of anionic lipid head groups, these
interactions mitigate the net contribution from these lipids to
the electrostatic field. As such, the lipids that are important to
power membrane electrostatics in vivo may not be simply
the most abundant anionic lipids, and cannot be determined
by direct biochemical measurement of lipid accumulation. To
bypass this complexity, we opted to use an in planta biosensor
approach. Indeed, lipid sensors preferentially reveal the pool of
lipids that are facing the cytosol and available for the probes,
while lipids that are tightly bound to endogenous proteins will
be masked.

We recently established that PI4P is the main phosphoinosi-
tide required to power the high electrostatic field of the plant
PM, while PI(4,5)P, is dispensable for PM surface charges
(Simon et al., 2016). Here, we addressed whether an electro-
static territory exists beyond the PM in plant cells. To do so,
we studied the contribution of PA and PS to membrane surface
charge and how they may cooperate with PI4P to establish the
electrostatic territory. We demonstrate that PA and PS act in
concert with PI4P to generate the distinctively high PM electro-
static field. In addition, we reveal the existence of an electrostatic
gradient along the endocytic pathway, which is highest at the
PM, intermediate in early endosomes/trans-Golgi network
(EE/TGN), and lowest in late endosomes (LE). We further show
that PS, in combination with PI4P, organizes this intracellular
electrostatic gradient. Finally, we find that the coincident
detection of membrane curvature and electrostatics provides a
signal for EE/TGN targeting. To conclude, each PM-derived
organelle has a distinct electrostatic signature that is set up by
a combinatorial code of various anionic phospholipids. We pro-
pose that this “electrostatic code” may represent a fundamental
patterning principle of the endomembrane system and acts as a
key determinant of protein subcellular targeting.

RESULTS

PA Sensors Accumulate at the PM Cytosolic Leaflet in
Arabidopsis Root Epidermis

PA is an anionic phospholipid, which accumulates in the subapi-
cal region of the PM cytosolic leaflet in tobacco pollen tubes (Po-
tocky et al., 2014). To analyze whether PA could also localize at
the PM in Arabidopsis sporophytic tissues, and thereby may
contribute to PM electrostatics, we raised transgenic Arabidopsis
lines stably expressing mCITRINE (mCIT)-tagged variants of the
recently developed “PA biosensor with superior sensitivity”
(MCIT-1xPASS and mCIT-2xPASS) (Zhang et al., 2014) under
the control of the ubiquitous promoter of the UBIQUITIN10
(UBQ10) gene. This PA probe is based on the PA-binding motif
of the yeast Spo20p protein, with an extra nuclear export signal
(NES) to exclude the fusion protein from the nucleus and increase
the accessibility of the probe to the cytoplasm (Zhang et al.,
2014). Both mCIT-1xPASS and mCIT-2xPASS sensors were tar-
geted to the PM in Arabidopsis, including root and shoot tissues
(Figure 1A, Figures S1A and S1B). We noticed that these PA
probes localized early at the cell plate (Video S1), where it colo-
calized with the endocytic dye FM4-64 (Figure S1C). Further-
more, mCIT-2xPASS localized on the flank region of growing
root hairs (Video S2), in a pattern resembling the localization of
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PA sensors in growing tobacco pollen tubes (Potocky et al.,
2014). While both PA sensors localized at the PM, mCIT-1xPASS
was also cytosolic, while mCIT-2xPASS accumulated in the
nucleus (Figure 1A). This suggests that in mCIT-2xPASS, the
NES is not as efficient as in the mCIT-1xPASS probe. Consis-
tently, the mCIT-1xPASS probe for which the NES is mutated
(1XPASSNES™Y |ocalized at the PM, the cytosol, and in the nu-
cleus (Figure 1A). Itis unclear what the significance of the nuclear
localization of the probe is. Indeed, it might reflect uncontrolled
diffusion from the cytosol into the nucleus or trapping of the probe
in the nucleus by nuclear PA. Of note, for all three transgenic
lines (MCIT-1xPASS, mCIT-1xPASSNES™ ' mCIT-2xPASS), we
observed some variability in the intensity of PM labeling between
different roots. Although the cause of this variability is currently
unknown, it might arise from different stress status of individual
roots or cells since PA metabolism is well known to be under tight
environmental control (Testerink and Munnik, 2011). Accordingly,
cold treatment, which is known to trigger PA synthesis (Testerink
and Munnik, 2011), promoted the localization of mCIT-1xPASS at
the PM (Figure S1E). Nonetheless, the three aforementioned
probes are targeted to the PM of root meristematic cells (Fig-
ure 1A), suggesting local enrichment of PA in this membrane
even in normal growing conditions (i.e., non-stressed).

In order to validate the PA sensor specificity in planta, we first
expressed mCIT-1xPASS mutant versions (L67P single mutant,
K66E-K68E double mutants [2K > E] and K66E-K68E-K71E-
K73E quadruple mutants [4K > E]), which were previously shown
to impair PA binding (Potocky et al., 2014; Zhang et al., 2014).
mCIT-1xPASS?E retained a faint PM labeling, while mCIT-
1xPASS“"P and mCIT-1xPASS*>E were fully soluble, suggest-
ing that lipid binding is required for the PM localization of the
1xPASS probe (Figure 1A). Diacylglycerol kinases (DGK) are
the major PA-producing enzymes at the PM of animal cells
with constitutively elevated PA level (Bohdanowicz et al.,
2013). To test the importance of DGKs in producing PA at the
PM of unstressed plants, we used R59949 and R59022, two
inhibitors of DGK activity. R59022 was previously validated as
an inhibitor of plant DGKs both in vitro and in vivo (Gomez-
Merino et al., 2005; Ruelland et al., 2002). In addition, we found
that both DGK inhibitors reduced bulk PA levels by about
50%-60%, while having minor effects on bulk PC, PI, and PS
content (Figure 1B). Both inhibitors induced the release of
mCIT-1xPASS and mCIT-2xPASS PA probes from the PM into
the cytosol and nucleus, respectively (Figures 1C and S1D). To
confirm that the dissociation of mCIT-1xPASS was caused by
inhibition of PA production in R59949-treated seedlings, we
performed add-back experiments by supplementing the root
with exogenous lysophosphatidic acid (lyso-PA) or lysophos-
phatidylserine (lyso-PS) as control. We used lysophospholipids
since they have identical head groups as PA/PS but are more
soluble than phospholipids and as such are more likely to reach
the cytosolic leaflet of cellular membranes (Maeda et al., 2013;
Moser von Filseck et al., 2015). We found that upon inhibition
of endogenous PA production by R59949, mCIT-1xPASS was
maintained at the PM in presence of an exogenous supply of
lyso-PA but not in the presence of lyso-PS (Figure 1E). Moreover,
in the presence of either R59949 or R59022, reporters for PI4P,
Pl4,5P,, and PS anionic phospholipids (mCIT-1xPH™PPT,
mMCIT-1xPH™°, and mCIT-C2-%°, respectively [Simon et al.,
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Figure 1. DAG Kinase-Dependent Accumulation of Phosphatidic Acid at the PM Is Required to Maintain the Electrostatic Field of the PM
Cytosolic Leaflet

(A) Confocal images of Arabidopsis root epidermis expressing mCIT-tagged PA reporters.

(B) Quantification of bulk phosphatidylcholine (PC), phosphatidylinositol (Pl), PS, and PA in mock, R59022, and R59949 (12.5 uM, 60 min) treated seedlings.
Results are expressed as the ratio of each lipid species in the mock and treated condition.

(C) Confocal images of plants expressing mCIT/GFP-tagged reporters in mock conditions, 12.5 uM R59022 or 12.5 uM R59949 for 60 min. Arrows highlight the
presence of spots.

(D) Quantification of the mCIT-KA1MARKT and mCIT8K-Fa™M (84) dissociation index (mean + SEM), upon R59022 and R59949 treatment (n = 150 cells 12.5uM, 60 min).
(E-G) Confocal images of Arabidopsis root epidermis expressing mCIT-1xPASS (E) or mCIT-KA1ARKT (F) upon concomitant lyso-PA or lyso-PS and R59949
(12.5 uM) treatment (60 min) and (G) quantification of related mCIT-KA1MARK! dissociation index (mean = SEM) (n = 150). Different letters indicate significant
differences among means (p value = 0.05, Kruskal-Wallis bilateral test). Scale bars, 5 pm.

See also Figure S1, Videos S1 and S2.

2014, 2016]), were still localized at the PM (Figure 1C). In addi- largely driven by DGK-synthesized PA, and suggest that PA

tion, both R59949 and R59022 treatments had no impact on
the localization of EGFP-Lti6b (Figure 1C), a control protein
with two transmembrane segments and very short cytosolic
tails, whose localization is not regulated by anionic lipids (Cutler
et al., 2000). Altogether, these results indicate that the PM local-
ization of the mCIT-1xPASS and mCIT-2xPASS probes are

accumulates in the cytosolic leaflet of the plant PM.

PA Contributes to PM Cytosolic Leaflet Surface Charges

We next asked whether PA could participate in the electrostatic
property of the PM. We took advantage of DGK inhibitors to
reduce the level of PA at the PM and analyzed the impact of
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this pharmacological inhibition on the localization of membrane
surface charge reporters. We used two types of membrane
charge reporters that we previously validated in planta (Simon
et al., 2016). The first probe, mCIT®<~Fa™ corresponds to two
mCITRINE fluorescent proteins fused in tandem, which localize
in electrostatic membranes thanks to the combinatorial effects
of a polycationic region (with eight net positive charges, +8)
and an adjacent farnesyl lipid anchor, which provides hydropho-
bic anchoring (Simon et al., 2016; Yeung et al., 2006). The sec-
ond probe corresponds to the KA1 domain of the human protein
MARK1, which is a folded unit known to interact non-stereospe-
cifically with all anionic phospholipids (Moravcevic et al.,
2010). We found that in PA-depleted condition, charge sensors
(MCITEK-Fam and mCIT-KATMARKT probes) were released into
the cytosol and endosomes (Figures 1C and 1D). Endosome la-
beling was more prominent with R59022 than R59949 treatment
and correlated with the concomitant accumulation of mCIT-
1xPASS in similar compartments (see arrows, Figure 1C). To
test whether the loss of the PM localization of our membrane
surface charge markers was primarily due to loss of negative
charges carried by the PA head group or by modifications of
other membrane properties due to the lack of PA, we conducted
lyso-PA and lyso-PS add-back experiments. Consistent with the
finding that lyso-PA add-back was able to rescue the localization
of the mCIT-1xPASS PA sensor in R59949-treated seedlings
(Figure 1E), this treatment also complemented the PM localiza-
tion of mCIT-KA1MARKT charge sensor (Figures 1F and 1G). How-
ever, in contrast to mCIT-1xPASS, whose localization upon
R59949 treatment was not rescued by lyso-PS add-back (Fig-
ure 1E), the localization of mCIT-KA1MARKT was complemented
by this treatment (Figures 1F and 1G). This experiment showed
that addition of negative charges via lyso-PS treatment was
able to substitute the negative charges normally carried by PA.
Therefore, the loss of charges induced by PA depletion rather
than changes in other membrane properties is likely causal to
the loss of PM electrostatics induced by the R59949 treatment.
Together, our results suggest that PA contributes to the electro-
static properties of the plasmalemma cytosolic leaflet.

PS Sensors Accumulate on the Cytosolic Leaflet of PM
and PM-Derived Organelles

To evaluate the potential function of PS in membrane electro-
statics, we studied its subcellular distribution using genetically
encoded biosensors that report the localization of PS in inner
membrane leaflets. We used the stereospecific PS-binding C2
domain of bovine Lactadherin (C2-°T) and the pleckstrin homol-
ogy (PH) domain of human EVECTIN2 (PHEVCT), These probes
were extensively validated as calcium-independent PS reporters
(Chung et al., 2015; Moravcevic et al., 2010; Moser von Filseck
et al.,, 2015; Uchida et al., 2011; Yeung et al., 2008) (Figures
S2A and S2B). We raised transgenic Arabidopsis plants that sta-
bly express fluorescent fusions with either C2-CT, or 2xPHEVCT2
under the control of the UBQ70 promoter. As we previously re-
ported for mCIT-C2"*°T in root epidermis (Simon et al., 2016),
we found that the C2"*°T domain was localized at the PM
and in multiple intracellular compartments in all cell types
analyzed, including both shoot and root tissues (Figures 2A
and S2C-S2J). We noticed that in tip-growing cells, such as
root hairs and pollen tubes, C2“"°T was localized to the shank re-
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gion of the PM and intracellular compartments and accumulated
in the inverted cone region at their very tip (Videos S3 and S4,
respectively), a region known for active endocytic and exocytic
activities (Noack and Jaillais, 2017). In addition, the mCIT-
2xPHEVCT™2 reporter showed a similar localization pattern as
mCIT-C2"°T and, consistently, tdTOMATO-2xPHEVCT? exten-
sively colocalized with mCIT-C2"°T (Figure S2C). However,
similarly to animal cells (Chung et al., 2015; Uchida et al., 2011;
Yeung et al., 2008), we noticed that mCIT-C2“*°T PM localiza-
tion was more pronounced than that of mCIT-2xPHEVCT%/
tdTOMATO-2xPHEYCT2 (Figure S2C).

Next, we analyzed in which endomembrane structures the
C2Y“"CT probe localized. We crossed the mCIT-C2“"°T reporter
line with various red-fluorescent membrane marker lines or
imaged it in conjunction with red-fluorescent dyes (Figure 2A).
mCIT-C2"°T colocalized with the plasmalemmal marker Lti6b-
2xmCHERRY (mCh) (Elsayad et al., 2016), confirming that this
PS sensor accumulates at the PM (Figure 2A). We also found
that mCIT-C2"°T was localized along the endocytic pathway,
as it colocalized with the endocytic tracer FM4-64 and its
localization was sensitive to both the fungal toxin brefeldin A
(BFA) and wortmannin (Wm, Figure 2A), two drugs that affect
the morphology of early and late endocytic compartments,
respectively (Bayle et al., 2017; Geldner et al., 2009). Finally,
we observed in few meristematic cells (14.3% SEM =+ 2.73,
n = 458 cells) that mCIT-C2"°T colocalized with the tonoplast
marker VHA-A3-mRFP1 (Figure 2A) (Dettmer et al., 2006). We
also found that mCIT-C2“"°T |ocalized on forming cell plate dur-
ing cytokinesis, together with FM4-64 and PI4P (Figure S2K and-
Video S5). Therefore, PS accumulation at the cell plate together
with PA and PI4P correlates with the acquisition of the cell plate
electrostatic identity (Simon et al., 2016). Together, our results
suggest that PS accumulates at the PM and cell plate, as well
as in PM-derived organelles.

PS Is Sufficient to Maintain Negative Surface Charges
on the PM Cytosolic Leaflet

Next, we addressed whether PS contributes to PM electro-
statics. Because there is no chemical compound known to
directly inhibit PS production, we tested whether PS could be
involved in PM electrostatics by depleting all other anionic phos-
pholipids from this membrane through chemical inhibition. We
previously validated the use of PAO, a Pl4-Kinase inhibitor, to
interfere with PM phosphoinositides production (Simon et al.,
2016). We showed that short-term treatment (15-30 min) signif-
icantly depleted PI4P but not PI(4,5)P, pools, while longer treat-
ment (>60 min) affected the synthesis of both lipids (Simon et al.,
2016). In order to concomitantly deplete the plant PM from PA,
PI4P and PI(4,5)P,, leaving PS as the sole anionic lipid in this
membrane, we used a combination of R59949 or R59022
(60 min, as described in Figure 1) and prolonged PAO treatment
(120 min). This treatment efficiently displaced PI4P, PI(4,5)P,,
and PA sensors from the PM to the cytosol, while the PM local-
ization of EGFP-Lti6b and mCIT-C2"°T were largely unaffected
by this treatment (Figure 2B). As expected, a proportion of
mCITE=FaM and mCIT-KATMARK! charge reporters were found
in the cytosol in this condition (Figure 2B). However, both charge
reporters retained a degree of PM localization that can be attrib-
uted to PS, the only remaining anionic lipid in this membrane.
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Figure 2. Phosphatidylserine Accumulates at the PM and along the Endocytic Pathway and Is Sufficient to Maintain Negative Charges at the
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(A) Confocal images of Arabidopsis root epidermis co-expressing a red fluorescence marker (magenta), mCIT-C2““°T (PS, green), and corresponding merge. Top
images: Lti6b-2xmCH (PM marker), FM4-64 (endocytic tracer, 1 uM, 60 min), VHA-A1-mRFP (EE/TGN marker) in the presence of brefeldin A (BFA, 25 uM, 60 min),
W7R (LE marker) treated with 30 uM wortmannin (Wm, 30 uM, 90 min), VHA-A3-mRFP (tonoplast marker).

(B) Confocal images of plants expressing mCIT/GFP-tagged reporters in mock conditions, plants pre-treated with 30 uM PAO for 60 min and then 12.5 uM
R59022 and 30 uM PAO for 60 min, plants pre-treated with 30 uM PAO for 60 min and then 12.5 uM R59949 and 30 uM PAO for 60 min. Scale bars, 5 um.

See also Figure S2, Videos S3, S4, and S5.

Therefore, in this condition, PS appears to be sufficient to main-
tain a certain degree of surface charges at the PM.

Phosphatidylserine Synthase1 Mutants Do Not Produce
Any PS but Are Viable

In order to analyze the impact of PS depletion on membrane
surface charges, we characterized mutants in the
PHOSPHATIDYLSERINE SYNTHASE1 (PSS1) gene (Yamaoka
et al.,, 2011). We isolated three pss7 alleles that we named
pss1-3, pss1-4, and pss1-5 (Figure 3A). These three alleles ex-
pressed no detectable full-length PSS7 cDNA (Figure S3A), and
segregated as single recessive mutants without any distorted
segregation (Figure S3B). All three alleles showed the same sporo-
phytic phenotype, the pss1 mutants being severely dwarfed both
at the shoot and root levels (Figures 3B and S3F-S3I). In addition,

these mutants were sterile and had to be propagated as heterozy-
gous. Introduction of a wild-type copy of the PSS7 gene fully
complemented the pss7-3 shoot phenotype (Figures 3B, S3D,
and S3F). High-performance thin-layer chromatography (HPTLC)
and liquid chromatography-tandem mass spectrometry (LC-MS/
MS) lipidomic analyses showed that pss7-3 and pss7-4 did not
produce any PS (Figures 3C and 3D and Table S1). Importantly,
these analyses suggested that both alleles led to only minor
changes in their overall phospholipid content (Figures 3C and
S3C). To confirm these biochemical analyses, we introgressed
mCIT-C2"*°T and mCIT-2xPHEV®™ into the pss7-3 mutant.
In contrast to the wild-type situation, we could detect only a
faint signal for mCIT-C2“"°T in pss7-3, suggesting that in the
absence of PS, mCIT-C2"°T is unstable in plant cells (Fig-
ure 3E). Consistently, exogenously treating mCIT-C2“*“T/pss1-3
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2641 Figure 3. PSS1 Is Required for PS Biosyn-
thesis and Plant Growth

(A) Schematic representation of transfer DNA in-
sertions in PSS1. LB, left border; RB, right border;
numbers indicate the position of border/PSS71
junctions.

(B) Rosette phenotype of pss7 mutants compared
with the wild-type (WT). Scale bar, 2 cm.

(C) HPTLC assay showing a representative quan-
tification of phosphatidylethanolamine (PE), PS,
Pl, and PC in WT and pss7-3 seedlings.

(D) Table showing the percentage of the four major
PS species in WT, pss1-3, and pss7-4 quantified
by LC-MS/MS. n.d., non-detected.

(E) Confocal images of Arabidopsis root epidermis
expressing mCIT-C2“4°T and mCIT-2xPHEVCT2,
in WT, pss1-3, pss71-3 supplemented with 54uM
lyso-PS or lyso-PA for 60 min. Scale bars, 5 um.
See also Figure S3 and Table S1.
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seedlings for 1 hour with lyso-PS, but not lyso-PA, fully comple-
mented mCIT-C2““T fluorescence signal intensity and localiza-
tion at the PM and intracellular compartments (Figure 3E).
In addition, the mCIT-2xPHEV®™ probe was fully cytosolic in
pss1-3, as expected for a PS-depleted mutant and this localiza-
tion was rescued by 1 hour lyso-PS but not lyso-PA treatment
(Figure 3E). Furthermore, both root and shoot phenotypes were
partially rescued by exogenous treatment with lyso-PS (Figures
S3E-S3I). Together, our biochemical, cell biological, and pheno-
typical analyses suggest that pss7-3 and pss7-4 mutants do not
produce any PS, which seems dispensable for gametogenesis
and embryonic development but is absolutely required for normal
post-embryonic plant development and sporophyte fertility.
In addition, the pss7 mutant further validates the specificity of
our PS-binding probes C2"°T and 2xPHEVCT2,
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found in intracellular compartments (Fig-
ures 4A and 4C). Quantification showed
that the PM dissociation of mCIT-
KATMARKT \was weaker in pss7-3 than
upon PI4P depletion (i.e., PAO treatment),
and similar as upon PA depletion (i.e.,
R59949) and was fully restored by short-
term (1 hour) lyso-PS treatment (Figures
4A and 4C). Since we previously showed
that PI4P and PA regulate PM electro-
statics (Simon et al., 2016; Figure 1), we
next asked whether loss of PS might affect
PM anionic phospholipid subcellular dis-
tribution. Interestingly, the PM localization
of PI(4,5)P,, Pl4P, and PA sensors were
not affected in pss7-3 (Figure 4D). In addi-
tion, by introgressing in pss7-3 various control fluorescent
markers of the PM (Figure 4B), and intracellular compartments
(Figure S4), we could not detect any phenotype suggesting
general defects in PM protein localization, membrane organiza-
tion, and/or compartments morphogenesis. Taken together,
our data indicate that loss of PS is the primary cause behind the
PM electrostatic defects observed in pssT.

As described above, PS is presumably the last remaining
anionic phospholipid at the PM following depletion of cellular
PI4P/PI(4,5)P,/PA using a combination of PAO and R59949 treat-
ment. If this assumption is correct, the vast majority of anionic
phospholipids should be removed from the PM in the pss?
mutant following this treatment, which should therefore trigger
a full dissociation from the PM of our mCIT-KATMARKT mem-
brane charge reporter. Concomitant PAO/R59949 treatment in
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pss1-3, indeed induced a complete loss of PM localization
of mCIT-KATMARKT “\which became fully soluble in the cytosol
(Figures 4E and 4F). This experiment demonstrates that PM local-
ization of mCIT-KAT1MARKT i wild-type plants following concom-
itant PAO/R59949 treatment can be attributed to PS. Altogether,
our results show that PS is not directly involved in the PM
localization of other anionic lipids, but contribute to PM surface
charges.

PS Sensor Localization Correlates with That of
Electrostatic Compartments

We next asked whether PS could also participate in membrane
surface charges of intracellular compartments. To this end, we
mapped PS intracellular localization using quantitative colocali-
zation analyses (see Figure S5 for a description of the method).

(F) Quantification (mean + SEM) of the percentage
of cells with mCIT-KATMARKT at the PM in WT
(n = 887cells) and pss7-3 (n = 806 cells) (same
treatment as in E). Statistical analysis was per-
formed using the non-parametric Wilcoxon-Mann-
Whitney test (p value = 0.05). Scale bars, 5 um.
See also Figure S4.

In accordance with the BFA and Wm
sensitivity (Figure 2A), both the mCIT-
C2CT and mCIT-2xPHEVC™  probes
localized in post-Golgi (p-G) compart-
ments (Figures 5A and 5B). Interestingly,
we found that both PS probes accumu-
lated according to a concentration
gradient, which is higher in early endo-
cytic compartments (including EE/TGN
and TGN-derived secretory vesicles
[SV]), intermediate in the Golgi apparatus
(Golgi) and lower in LEs (Figure 5B). Note
that if there is a gradient of PS in endo-
cytic compartments, the relative signal from the EE/TGN
compartments should be greater than that of the LE compart-
ments. Indeed, if a particular compartment has more available
binding sites than another, it should not only increase the
respective percentage of colocalization between the two
markers, but also have higher signal intensity of the yellow
marker in the red-labeled compartments with more binding sites.
We therefore calculated the average fluorescence intensity of
mCIT-C2““°T in TGN/EE, SV, and LE, which confirmed that
TGN/EE and SV contained quantitatively more mCIT-C2“ACT
than LE (Figure 5C).

Next, we addressed which intracellular compartments were
electronegative. To this end, we used charge reporters that are
hydrophobically anchored to membrane via a farnesyl moiety
and that have an adjacent unstructured peptide of net varying
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charges (from +0 to +8) (Simon et al., 2016). A neutral version of
the probe (+0, 8Q-Farn) is localized only by the intrinsic proper-
ties of the farnesyl lipid anchor, independently of membrane
electrostatics. The gradual addition of positive charges by sub-
stitution of neutral glutamines into cationic lysines gradually in-
creases the avidity of the probes for anionic membranes. As a
result, a probe with intermediate charges (e.g., 4K4Q-Farn, 4+)
resides in compartments that are electronegative indistinctively
of whether they are highly negatively charged or not (Yeung
et al., 2006). By contrast, a probe that is strongly cationic (e.g.,
8K-Farn, 8+) is greatly stabilized in highly anionic membranes
such as the PM and is not found on compartments of inter-
mediate electronegativity. We therefore reasoned that if PS
contributes to the electrostatic properties of intracellular com-
partments, it should accumulate in compartments that are
electronegative. Consistently, mCIT*4@-Fam (41) preferentially
accumulated in EE/TGN and SV rather than LE (Figure 5D), and
extensively colocalized with the 2xmCH-C2"CT PS sensor (Fig-
ure 5E). In addition, 2xmCH-C2“"“T colocalized preferentially
with mCIT#“4Q-Fam 41y (which labels electrostatic compart-
ments) rather than mCIT®@=Fa™ (04) (the localization of which
is charge independent) (Figure 5F). We next performed quantita-
tive colocalization assays between intracellular compartment
markers and charge reporters containing a gradual increase in
net positive charges (0+, 2+, and 4+) in order to test the relative
contribution of their positive charges on their intracellular distri-
bution. Addition of positive charges gradually increased the pro-
portion of the probes in EE/TGN and SV at the expense of their
Golgi and LE localization (Figure 5G). Therefore, the endomem-
brane system is organized according to an electrostatic gradient
that is the highest at the PM, intermediate in early endocytic
compartments, and low in the Golgi and LEs. This electrostatic
gradient correlates with the PS concentration gradient, which
suggests that PS might be involved in defining this electrostatic
territory.

Membrane Surface Charge Probes Relocalize to EE/
TGN upon Disruption of PM Electrostatics

Next, to test whether intracellular PS could control the electro-
static properties of intracellular membrane compartments, we
inhibited PI4P synthesis using a 30-min PAO treatment (Simon
et al., 2016) and asked where the mCIT®<~Fa™ (84) relocalized in-

side the cell. Interestingly, following PAO treatment, mCITK-Fam

was observed on the surface of PS-bearing organelles (Fig-
ure 6A), being mainly localized in EE/TGN and SV (Figures 6B
and S6A-S6C). As an alternative to PAO treatment, we also spe-
cifically depleted PI4P at the PM using a PM-targeted 4-phos-
phatase (i.e., the catalytic domain of the yeast Sac1p PI4P phos-
phatase) in Nicotiana benthamiana leaves (Simon et al., 2016).
Pl4P depletion at the PM triggers the redistribution of the
2xmCH-KA1MARKT charge sensor in PS-bearing compartments,
as determined by the presence of mCIT-C2*°* and mCIT-
2xPHEVTC2 (Figures 6C and S6D). These results suggest that in
the absence of PI4P, which is required for the distinctively high
PM electrostatic signature (Simon et al., 2016), strongly cationic
membrane surface charge reporters (such as the mCIT8<-Fam of
mCIT-KATMARKT reporters) localize inside the cell according to
the PS concentration gradient.

We previously noticed that Pl4-kinase inhibition by PAO
affects PS intracellular distribution (Simon et al., 2016). We
therefore analyzed quantitatively PS subcellular localization in
the absence or presence of PAO. PAO treatment attenuated
the gradient of PS as visualized by mCIT-C2"°T (Figure 6F).
In particular, it increased the localization of mCIT-C2X°T in LE
(Figures 6E and 6F). Strikingly, the electrostatic gradient, as
visualized by the mCIT*K4@=Fam (44) charge reporter was simi-
larly affected by PAO treatment, with an increased localization
of the reporter in LE (Figures 6G, 6H, and S6E-S6H). These re-
sults confirm that charge reporter localization coincides with the
presence of PS at the surface of intracellular membranes. In
addition, we also noticed that PAO treatment decreased the
accumulation of the mCIT*“A=Fam (4.) probe in EE/TGN (Fig-
ure 6H), while PS localization in this compartment was only
mildly affected by this treatment (Figure 6F). PAO affects PI4P
production, a lipid that is present in EE/TGN albeit to a lower
extent than the PM (Simon et al., 2016). Loss of PI4P may there-
fore impact the electrostatic properties of EE/TGN and may
explain the decreased accumulation of the mCIT*K4Q-Fam (4.)
probe in this compartment. As such, PI4P likely acts in combi-
nation with PS to specify the intermediate electronegativity
of EE/TGN. Accordingly, 2xmCH-KA1MARKT relocalizes to
PI4P-containing endosomes upon PI4P depletion at the PM
in N. benthamiana, as visualized by its colocalization with the
PI4P reporter, mCIT-P4MSPM (Figure 6D).

Figure 5. A PS Gradient along the Endocytic Pathway Correlates with a Gradient of Electrostatics

(A) Merged confocal images of Arabidopsis root epidermis of plants co-expressing mCIT-C2"°T (PS, green) with tdTOMATO-2xPHEYCT2 (PS), W25R post-Golgi
marker (p-G), W13R early endosomal marker (EE/TGN), W24R SV marker (SV), W18R Golgi marker, W7R late endosomal marker (LE) in magenta.

(B) Quantification of the percentage of compartments labeled by PS sensors that also contain compartment markers (same as above-mentioned), n = (387, 602)
cells (mean + SEM, percentage of colocalization). Different letters indicate significant differences among means (p value = 0.05, Kruskal-Wallis bilateral test).
(C and D) Quantification (mean + SEM) of the fluorescence intensity of mCIT-C24°T (C) and mCIT#4@-Fam D) which colocalize with W13R (EE/TGN), W24R (SV),
and W7R (LE) and normalized over the total fluorescent intensity of each picture, n = (1405; 7264) colocalizing spots. Different letters indicate significant
differences among means (p value = 0.05, Kruskal-Wallis bilateral test).

(E) Confocal images of plants co-expressing mCIT*4Q-Fam (4, green) and 2xmCH-C2*°T (PS, magenta).

(F) Quantification (mean + SEM) of the percentage of compartments labeled by PS sensors (2xmCH-C2"°") that also contain membrane charge reporters
(mCITEA-Fam [04], 2xmCIT2KEQ-Fam 1241 and 2xmCIT*“4Q-Fam [41]) n = (387, 602) cells. Different letters indicate significant differences among means
(p value = 0.05, Kruskal-Wallis bilateral test),

(G) Merged confocal images (left) and colocalization quantification (mean + SEM) of plants co-expressing mCITE2-Fa™ (04), mCIT2X®A-Fam (o4)  and
mCIT#K4Q=Fam (4 1) in green, with W13R (EE/TGN), W24R (SV), W18R (Golgi), and W7R (LE) markers in magenta, n = (344, 688) cells. Different letters indicate
significant differences among means (p value = 0.15, Kruskal-Wallis bilateral test). In graphs (B), (F), and (G), “n” represents the estimated number of cells
sampled in each condition, in graphs (C) and (D), “n” represents the number of colocalizing spots analyzed in each condition. Scale bars, 5 um.

See also Figure S5.
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Membrane Electrostatics, Together with Curvature,
Acts as a Targeting Signal to EE/TGN Compartments

We next designed a new sensor able to report on the electro-
static properties of EE/TGN without the need to alter the PM lipid
composition. To this end, we fused mCIT to the +ALPS motif of
the yeast Ges1p protein (+ALPS®S'-mCIT) and expressed it
stably in Arabidopsis (Figures 7A and 7B). ALPS (Amphipathic
Lipid Packing Sensor) motifs are particular amphipathic o-heli-
ces with a weakly charged serine-threonine-rich polar face that
recognize packing defects that are found in curved membranes
(Bigay and Antonny, 2012). These motifs usually localize in ER or
Golgi membranes, known to have a higher occurrence of pack-
ing defects. However, a subset of ALPS motifs has an adjacent
stretch with few cationic residues (so-called +ALPS), that were
shown in the case of Gcs1p to drive its localization beyond the
Golgi into the TGN, in a charge-dependent manner (Xu et al.,
2013). Altogether, the localization of the +ALPS motifs relies on
the coincident detection of curved-electrostatic membranes
(Figure 7A). We found that +ALPS®CS1-mCIT extensively colo-
calized with 2xmCH-C2"%°! and 2xmCH-1xPH™FP! suggesting
that it resides in PS and PI4P-containing endosomes and there-
fore indeed localize to electrostatic compartments (Figure 7B).
To test the importance of the charges in +ALPSCCS'-mCIT
localization, we expressed a mutated version of the +ALPS
motif, +ALPSK21%_mCIT, in which K210, a critical lysine residue
for interaction with anionic membranes (Xu et al., 2013), was
substituted with a neutral glutamine (Figure 7A). Reducing the
charge of the +ALPS motif concomitantly diminished the locali-
zation of +ALPSCCS'-mCIT in the EE/TGN (more particularly
the SV subset of the EE/TGN) and increased its localization in
the Golgi apparatus, while having no effect on its weak associa-
tion with LEs (Figures 7C and 7D). In addition, inhibition of either
PI4P or PS biosynthesis, using PAO or the pss7 mutant, respec-
tively, reduced the colocalization between +ALPS®“S'-mCIT
and a marker of the SV subset of the EE/TGN (Figures 7E
and 7F). Together, these results support a role for electrostatic
interactions in targeting this +ALPS motif to the EE/TGN in planta
and confirm the importance of both PI4P and PS in driving the
electrostatic properties of this compartment.

Next, we asked whether the curved/electrostatic properties of
the EE/TGN could be important to target endogenous plant pro-
teins to this compartment. To this end, we mined the Arabidopsis
proteome for proteins that would contain both an ALPS maotif, as
well as an adjacent positive stretch of amino acids (Gautier et al.,
2008). We found that the Pl4-kinasef1 and PI4KB2, as well
as the ARF-GAP proteins AGD6 and AGD7, harbor a
putative +ALPS motif(s) (Figures 7G, 7H, and S7A-S7C).
PI4KB1 was shown to reside in the SV subset of the EE/TGN
(Kang et al., 2011; Preuss et al., 2006). In order to probe the
function of the +ALPS motif in PI4KB1 localization, we expressed
full-length mCIT-PI4KB1, as well as a mutated version without
the +ALPS motifs (MCIT-PI4KB12*ALPS) or the +ALPS motif alone
(MCIT + ALPSP€BYy in N. benthamiana leaves (Figure 71). Both
mCIT-PI4KB1 and mCIT+ALPSP#KP! |ocalized in intracellular
compartments in this system, while mCIT-PI4KB14+APS was
soluble (Figure 7I). These data suggest that the +ALPS motif
of PI4KB1 is necessary and sufficient to target this protein to
intracellular compartments and therefore likely contributes to
its localization into SV. Similarly, wild-type AGD6-mCIT was
targeted to intracellular compartments in N. benthamiana leaves
but not a mutant version in its +ALPS motif (Figure S7D).
Together, our results suggest that +ALPS-containing proteins
may rely on the coincident detection of both the electrostatic
and curvature properties of the EE/TGN compartment for
localization.

DISCUSSION

Here, we addressed which organelles comprise the electrostatic
territory in plants and what are the anionic lipids that control this
territory. Similar to previously published models, we find that
the plant electrostatic territory corresponds to PM-derived
organelles (Bigay and Antonny, 2012). However, interestingly,
we noticed that not all membranes in this territory are equally
anionic. Rather, we revealed the existence of an electrostatic
gradient, which is at its highest at the PM, intermediate in early
endosomes and low in LEs. This electrostatic gradient is set up
by various anionic phospholipid combinations. The concomitant

Figure 6. PS and PI4P Cooperate to Control Endosome Electrostatics

(A) Confocal images of plants co-expressing mCIT®K-Fam 8+, green) with mCh-C2“ACT (PS, magenta) in mock and PAO (60pM, 30 min) conditions.

(B) Quantification (mean + SEM) of the percentage of compartments labeled by mCIT®<~F™ (8.) that also contain W25R (p-G), W24R (SV), and W7R (LE) in the
presence or absence of PAO (60 uM, 30 min) n = (478, 1,204) cells.

(C) Confocal images of mCIT-C2-%° (PS, green), 2xmCH-KA1MARKT (charges, magenta), and corresponding merge in N. benthamiana epidermal cell
transiently co-transfected with MAP-Sac1-mTURQUOISE2 or MAP-Sac1P#AP-mTURQUOISE2. Orange arrowheads indicate colocalization between C2-2° and
KATMARKT_containing endosomes in the presence of MAP-Sac1, and white arrowheads indicates endosomes containing only C2-2° but not KA1MARKT i the
presence of MAP-Sac1PEAP,

(D) Confocal images of mCIT-P4MSPM (PI4P, green), 2xmCH-KA1MARKT (charges, magenta) and corresponding merge in N. benthamiana epidermal cell
transiently co-transfected with MAP-Sac1-mTURQUOISE2 or MAP-Sac1P®AP-mTURQUOISE2. Orange arrows indicate colocalization between P4MSPM and
KA1MARKT_containing endosomes in the presence of MAP-Sac.

(E) Confocal images of plants co-expressing mCIT-C2"°T (PS, green) with W7R (LE, magenta) in mock and PAO (60uM, 30 min) conditions.

(F) Quantification (mean + SEM) of the percentage of compartments labeled by mCIT-C2"4°T that also contain W25R (p-G), W13R (EE/TGN), W18R (Golgi), and
W7R (LE) in the presence or absence of PAO (60 uM, 30 min), n = (860, 1,376 cells).

(G) Confocal images of plants co-expressing mCIT*<4Q-Fam (4. green) with W7R (LE, magenta) in mock and PAO (60 M, 30 min) conditions.

(H) Quantification (mean + SEM) of the percentage of compartments labeled by mCIT*<4?-Fam (4.) that also contain W25R (p-G) W13R (EE/TGN), W18R (Golgi),
and W7R (LE) in the presence or absence of PAO (60 1M, 30 min), n = (602, 1,075) cells. In graphs (B), (F), and (H), different letters indicate significant differences
among means (normal letters for DMSO comparison and letters with a prime symbol for PAO comparison, p value = 0.05, Kruskal-Wallis bilateral test). Statistical
difference between each sample is indicated by the p value at the top of each compared conditions (p value = 0.05, non-parametric Wilcoxon-Mann-Whitney test,
non-significant [n.s]). “n” represents the estimated number of cells sampled in each condition. Scale bars, 5 pm.

See also Figure S6.
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accumulation of PI4P, PA, and PS drives the very high electro-
static field of the PM. However, PS accumulation extends
beyond the PM as it accumulates along the endocytic pathway
according to a concentration gradient, suggesting that PS is
likely instrumental in setting up the electrostatic territory. In this
scenario, PS and PI4P, which are found in the EE/TGN, drive
the intermediate electrostatic properties of this compartment.

An Electrostatic Gradient along the Plant Endocytic
Pathway Contributes to Protein Localization

The existence of this electrostatic gradient may have several
consequences on the organization of the plant endomembrane
system. First, electrostatic membranes seem to be a hallmark
of PM-derived organelles (Bigay and Antonny, 2012). As such,
proteins with polybasic regions or cationic domains are likely
to localize in this territory. Furthermore, because it is organized
as a concentration gradient, membrane electrostatics may also
contribute to the specific targeting of proteins to different organ-
elles within the electrostatic territory. For example, proteins that
have highly cationic motifs (net positive charges of 6 or more)
are likely to be specifically targeted to the plant PM, because it
is by far the most electronegative cellular membrane (Simon
et al., 2016). This is, for example, the case of the BRI1 KINASE
INHIBITOR1 (BKI1) or the AGC kinases PINOID and D6-
PROTEIN KINASE (D6PK), which are involved in brassinosteroid
and polar auxin transport regulation, respectively (Barbosa et al.,
2016; Simon et al., 2016). By contrast, proteins with slightly less
cationic regions might be targeted to additional organelles, in
particular EE/TGN, as exemplified by the 4K4Q-Farn (+4) charge
reporter. For example, in animal cells, c-Src localizes to both the
PM and endosomes and has a polybasic stretch of +5 adjacent
to its myristoylation anchor (Yeung et al., 2008). In addition, we
propose that the coincident detection of negative charges and
curvature at the EE/TGN acts as a determinant of +ALPS-con-
taining protein localization. Importantly, the net positive charges
adjacent to the ALPS motifs only range from +1 to +3, which by
itself would not be sufficient for membrane targeting by electro-
static interactions. However, in the context of coincident detec-
tion with curved membranes, these few positive charges are
enough to contribute to localization specificity. In addition,
proteins may be targeted to EE/TGN by a combination of non-

specific electrostatic interactions with anionic membranes and
concomitant binding with a specific protein or lipid in a given
compartment. Altogether, we propose that the electrostatic
gradient found along the endocytic pathway may be one of
the fundamental properties that localizes soluble proteins to
PM-derived organelles in plants.

Role of the Different Anionic Lipids in the Electrostatic
Landscape of Plant Membranes

In mammalian cells, PS is enriched in PM-derived organelles and
was proposed to act as a landmark of the electrostatic territory
(Bigay and Antonny, 2012; Yeung et al., 2008). Here, we com-
bined pharmacological and genetic approaches to demonstrate
that in plants, PS is both necessary to establish the PM electro-
static signature, and sufficient to maintain a certain degree of
surface charges at the PM. In addition, we show that PS does
not act alone in this process but rather do so in concert with
PI4P and PA. With this respect, our work exemplifies the non-
linear relationship between anionic lipid quantity and their
respective impact on membrane electrostatics. Indeed, while
PS is present in much higher quantity than PI4P, we found
that the latter has a stronger impact on the PM electrostatic
signature. On the other hand, PS seems to have a relatively
modest effect on PM electrostatics, and to be more important
for the definition of the electrostatic territory overall.

We also found an unexpected role for PA in PM electrostatics,
which was not previously reported in other organisms. In ani-
mals, most cells have a minute amount of PA at the PM, and
PA sensors are not recruited to the PM in resting conditions
(Bohdanowicz et al., 2013). Interestingly, in the present study,
we show that the plant PM has significant PA levels, as visualized
by the recruitment of PA-binding sensors, even when plants are
grown in optimal conditions (i.e., independent of stress-induced
PA production). This finding is in line with the high levels of PA
found by direct biochemical measurements in PM fraction of
several plant species, including Arabidopsis, which were shown
to range from 3% to 20% of total phospholipid (Moreau et al.,
1998; Uemura et al., 1995). It was recently shown that PA plays
a role in the PM targeting of D6PK (Barbosa et al., 2016). The
localization of D6PK is dependent on PI4P, PI(4,5)P,, and PA,
suggesting that a combination of phosphoinositides and PA is

Figure 7. Endosome Electrostatics Is Required to Promote + ALPS-Containing Protein Localization at the EE/TGN

(A) Schematic representation of the coincident detection of membrane electrostatics and curvature by +ALPS motif and sequence of polybasic stretch adjacent
to the ALPS motif of the yeast Gcs1p protein. *: critical lysine residue for interaction with anionic lipids.

(B) Confocal images of plants co-expressing +ALPS®CS'-mCIT (green) with 2xmCH-C2"°T (PS, magenta) or 2xmCH-1xPH™PP! (PI4P, magenta).

(C and D) Quantification (mean + SEM) of the percentage of compartments labeled by +ALPS®CS'-mCIT or +ALPS*?'°®-mCIT, that also contain W13R (EE/TGN),
W24R (SV), W18R (Golgi), and W7R (LE), n = (430, 774) cells and (D), corresponding merged confocal pictures with +ALPSES'-mCIT and +ALPSK?1°Q-mCIT in
green and compartment markers in magenta.

(E) Quantification (mean = SEM) of the percentage of compartments labeled by +ALPS®S'-mCIT that also contain W24R (SV) in the mock and PAO (30 min,
30 uM) treated conditions, n = (946, 989) cells.

(F) Quantification (mean + SEM) of the percentage of compartments labeled by +ALPSE®S'-mCIT that also contain W24R (SV) in the WT and pss7-3 mutant,
n = (731, 1,075) cells.

(G) Schematic representation of PI4KB1 protein structural organization with the corresponding sequence of its C-terminal +ALPS motif. SCOP, SCOP domain; IR,
internal repeat.

(H) Helical wheel representation the PI4KB1 ALPS motif.

() Confocal images of mCIT-PI4KB1, mCIT-PI4KB14+APS and mCIT + ALPS™*K*" in N. benthamiana leaf epidermal cells. In graphs (C) and (E), statistical
difference between each sample is indicated by the p value at the top of each compared conditions (p value = 0.05, non-parametric Wilcoxon-Mann-Whitney test,
non-significant [n.s]). “n” represents the estimated number of cells sampled in each condition. Scale bars, 5 pm, except in (I), 50 pm.

See also Figure S7.
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responsible for its localization rather than a single phospholipid
species (Barbosa et al., 2016). Here, we obtained similar results
with several independent generic membrane surface charge re-
porters, suggesting that the requirement for multiple anionic
phospholipids may not be an intrinsic property of D6PK but
rather a more general feature of the electrostatic field of the plant
PM. In addition, this further suggests that our results are not
limited to our synthetic charge reporters, but are relevant for
the localization of endogenous Arabidopsis proteins, and point
toward a more general requirement of PI4P/PA/PS combination
for the localization of many proteins in plants. However, it is
worth mentioning that the localization of D6PK is not identical
to that of generic membrane surface charge sensors. Indeed, un-
like these sensors (Simon et al., 2016), D6PK localizes at the
basal pole of the cell (Barbosa et al., 2016). It is therefore likely
that D6PK localization is regulated by additional factors, which
might include PI(4,5)P, as well as other, yet unknown regulators.

In plants, we found that the individual loss of PI4P, PA, and PS
directly impacts PM electrostatics. One may speculate that
spatiotemporal variations in PI4P, PA, and/or PS may directly
impact PM surface charges. As such, PM electrostatics in plants
may be particularly prone to responding to developmental and
environmental cues. It will be an exciting future direction to
understand how these different signals may impact membrane
electrostatics, what are the contributions of individual lipid spe-
cies in these variations, and how this might regulate signaling,
intracellular trafficking, and cellular polarity.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENTS and RESOURCES SOURCE IDENTIFIER
Bacterial and Virus Strains

DH5a Competent Cells ThermoFisher Scientific Cat#18265017
Agrobacterium tumefaciens: C58 GV3101 strain Jaillais’s lab N/A

Antibodies

Anti-HA www.boehringer-ingelheim.com  RRID: AB_2532070

Anti-mouse HRP-conjugated www.gelifesciences.com RRID: AB_772209

Chemicals, Peptides, and Recombinant Proteins

FM4-64 ThermoFisher Scientific T13320
Wortmannin Sigma-Aldrich W1628
Brefeldin A (BFA) Sigma-Aldrich B7651
R59022 Sigma-Aldrich D5919
R59949 Sigma-Aldrich D5794
Phenylarsine oxide (PAO) Sigma-Aldrich P3075
BSA fatty acyl free Sigma-Aldrich A8806
HA-C2-ACT this study N/A
Lyso Phosphatidylserine 18:1 Avanti Polar Lipids 858143
Lyso Phosphatidic acid 18:1 Avanti Polar Lipids 857130

Experimental Models: Organisms/Strains

A. thaliana: Col 0

S. cerevisiae: (BY4743)

S. cerevisiae: Acho1 (YSC6275-201917366 )
A. thaliana:
PUBQ10::mCITRINE-1xPH™PP" (P5Y)
A. thaliana:
PUBQ10::mCITRINE-2xPH™FP" (P21Y)
A. thaliana:
pUBQ10::mCITRINE-P4MS"M

A. thaliana:
pUBQ10::mCITRINE-1xPH"-C (P14Y)
A. thaliana:
pUBQ10::mCITRINE-2xPH"-C (P24Y)
A. thaliana:
pUBQ10::mCITRINE-tubbyc (P15Y)
A. thaliana:
pUBQ10::mCITRINE-C2-4CT

A. thaliana:
pPUBQ10::2xmCHERRY-C2-4CT

A. thaliana:

PDF1::mCITRINE-C2"4°T

A. thaliana:
PUBQ10::mCITRINE-2xPHECT2

A. thaliana:

PUBQ10::tdTOMATO -2xPHEVCT2

A. thaliana:
pUBQ10::mCITRINE-1xPASS

A. thaliana:
pUBQ10::mCITRINE-1xPASSNES™Ut

NASC

ThermoFisher Scientific
ThermoFisher Scientific

(Simon et al., 2014)

(Simon et al., 2014)

(Simon et al., 2016)

(Simon et al., 2014)

(Simon et al., 2014)

(Simon et al., 2014)

(Simon et al., 2016)

This study

This study

This study

This study

This study

This study

NASC# N1092
YSC1050

37756

NASC# N2105607

NASC# N2105612

NASC# N2107346

NASC# N2105609

NASC# N2105613

NASC# N2105610

NASC# N2107347

N/A

N/A

N/A

N/A

N/A

N/A

(Continued on next page)
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Continued

REAGENTS and RESOURCES SOURCE IDENTIFIER

A. thaliana: This study N/A
pUBQ10::mCITRINE-1xPASS"-6"F

A. thaliana: This study N/A
pUBQ10::mCITRINE-1xPASSK66E-K68E

A. thaliana: This study N/A
pUBQ10::mCITRINE-1xPASS K66EK6EERTIEK7SE

A. thaliana: This study N/A
pUBQ10::mCITRINE-2xPASS

A. thaliana: (Simon et al., 2016) NASC# N2107345
PUBQ10::mCITRINE-KA1MARK

A. thaliana: (Simon et al., 2016) NASC# N2107342
pUBQ10::2xmCITRINE-8K-Farn (8+)

A. thaliana: (Simon et al., 2016) NASC# N2107343
pUBQ10::2xmCITRINE-4K4Q-Farn (4+)

A. thaliana: (Simon et al., 2016) N/A
pUBQ10::2xmCITRINE-2K6Q-Farn (2+)

A. thaliana: (Simon et al., 2016) NASC# N2107344
PUBQ10::2xmCITRINE-0K8Q-Farn (0+)

A. thaliana: (Cutler et al., 2000) NASC# N84726
35S::EGFP-Lti6b

A. thaliana: (Elsayad et al., 2016) N/A
pUBQ10::Ltieb-2xmCHERRY

A. thaliana: (Cutler et al., 2000) NASC# N84725
35S::EGFP-aqPIP2a

A. thaliana: (Simon et al., 2016) N/A
pUBQ10::myri-2xmCITRINE

A. thaliana: (Geldner et al., 2009) NASC# N781672
W7R - mCHERRY-RABF2a

A. thaliana: (Geldner et al., 2009) NASC# N781675
W13R - mCHERRY-VTI12

A. thaliana: (Geldner et al., 2009) NASC# N781676
W18R - mCHERRY-Got1p

A. thaliana: (Geldner et al., 2009) NASC# N781678
W24R - mCHERRY-RABA5d

A. thaliana: (Geldner et al., 2009) NASC# N781683
W34R - mCHERRY-RABA1e

A. thaliana: (Geldner et al., 2009) NASC# N781679
W25R - mCHERRY-D1

A. thaliana: (Dettmer et al., 2006) N/A
VHA-A1-mRFP1

A. thaliana: (Dettmer et al., 2006) N/A
VHA-A3-mRFP1

A. thaliana: (Samalova et al., 2006) NASC# N799370
Sec-RFP

A. thaliana: This study N/A
PUBQ10:+ALPSECS"-mCITRINE

A. thaliana: This study N/A
PUBQ10:+ALPS 2" mCITRINE

A. thaliana: GABI_166G10, (Kleinboelting NASC#

pss1-3 et al., 2012) N415922

A. thaliana: GABI_613C03, (Kleinboelting NASC#

pss1-4 et al., 2012) N458779
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REAGENTS and RESOURCES SOURCE IDENTIFIER

A. thaliana: GABI_217D10, (Kleinboelting NASC#
pss1-5 et al., 2012) N420782

A. thaliana: This study N/A
pPSS1::PSS19g/pss1-3

Oligonucleotides

For primers used in genotyping, RT-PCR N/A N/A

and cloning see Table S2, related to

STAR Methods

Recombinant DNA

Empty gateway entry vector: pDONR221 thermofisher cat# 12536017
Empty gateway entry vector: pDONR P4P1R thermofisher cat# 12537023
Empty gateway entry vector: pDONR P2RP3 thermofisher cat# 12537023

Empty gateway destination vector: pB7m34GW
Empty gateway destination vector: pH7m34GW

Empty gateway destination vector: pAG425GPD-
EGFP-ccdb

Empty gateway destination vector: pTNT-HA-ccdb

Cloning vector:

PWEN240

Gateway entry vector (promoter): UBQ10prom/
PDONR P4P1R

Gateway entry vector (promoter): PDF1prom/
PENTRS5’

Gateway entry vector (fluorescent protein):
mCITRINEnoSTOP/pDONR221

Gateway entry vector (fluorescent protein):
2xmCHERRYnoSTOP/pDONR221

Gateway entry vector (fluorescent protein):
tdTOMATOnoSTOP/pDONR221

Gateway entry vector (lipid binding domain):
1XPASS/pDONR P2RP3

Gateway entry vector (lipid binding domain):
2xPASS/pDONR P2RP3

Gateway entry vector (lipid binding domain):
1XPASSNES™Ut /b DONR P2RP3

Gateway entry vector (lipid binding domain):
1XPASS“¢"F/pDONR P2RP3

Gateway entry vector (lipid binding domain):
1xPASSK6CE-KSEE/HDONR P2RP3

Gateway entry vector (lipid binding domain):
1XPASSK66E,K68E,R71E,K73E /pDONR P2RP3
Gateway entry vector (lipid binding domain):
1XPHEYC™2/jpDONR P2RP3

Gateway entry vector (lipid binding domain):
1XPHEVC™2/pDONR 221

Gateway entry vector (lipid binding domain):
2XPHEYCT2/1pDONR P2RP3

Gateway entry vector (lipid binding domain):
1xC2"°T/oDONR P2RP3

Gateway entry vector (lipid binding domain):
1xC2°T/oDONR 221

Gateway entry vector (PSS1 promotor and gDNA):
promPSS1-PSS19/pDONR 221

(Karimi et al., 2007)
(Karimi et al., 2007)
(Alberti et al., 2007)

(Simon et al., 2016)
(Potocky et al., 2014)

(Jaillais et al., 2011)

(Stanislas et al., 2018)

(Simon et al., 2014)

(Simon et al., 2014)

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

(Simon et al., 2016)

(Simon et al., 2016)

This study

N/A
N/A
addgene clone #14322

N/A
N/A

NASC# N2106315

N/A

NASC# N2106287

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

(Continued on next page)
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Continued

REAGENTS and RESOURCES SOURCE IDENTIFIER
Gateway entry vector (+ALPS domain from This study N/A
GCS1) +ALPS%°S"/oDONR 221

Gateway entry vector (+ALPS domain from GCS1 This study N/A
mutated + motif) +ALPS*?"°%/pDONR 221

Gateway entry vector (Pl4Kbeta1) Pl4Kbetal/ This study N/A
pDONR P2RP3

Gateway entry vector (Pl4Kbeta1 ACter) This study N/A
Pl4Kbeta1ACter/pDONR P2RP3

Gateway entry vector (+ALPST/#Kbetal) This study N/A
(+ALPSP#KbetaT/ hDONR P2RP3

Gateway destination vector (for N. benthamiana This study N/A
transformation):

pUBQ10::AGD6-mCITRINE/pB7m34GW

Gateway destination vector (for N. benthamiana This study N/A
transformation):

pUBQ10::AGD62"E-mCITRINE/pB7m34GW

Gateway destination vector (for N. benthamiana (Simon et al., 2016) N/A
transformation):

PUBQ10::mCITRINE-C2-°"/pB7m34GW

Gateway destination vector (for plant transformation): This study N/A
PDF1::mCITRINE-C2-°T/pB7m34GW

Gateway destination vector (for plant transformation This study N/A

and for N. benthamiana transformation):
pUBQ10::mCITRINE-2xPHE "2 /pB7m34GW

Gateway destination vector (for plant transformation): This study N/A
pUBQ10::mCITRINE-1xPASS/pB7m34GW

Gateway destination vector (for plant transformation): This study N/A
pUBQ10::mCITRINE-1xPASSNES™/pB7m34GW

Gateway destination vector (for plant transformation): This study N/A
pUBQ10::mCITRINE-1xPASS"6"F/pB7m34GW

Gateway destination vector (for plant transformation): This study N/A
pUBQ10::mCITRINE-1xPASSKCEK6E InB7m34GW

Gateway destination vector (for plant transformation): This study N/A
pUBQ10::mCITRINE-1xPASS KCoEKESERTIEKTSE,

pB7m34GW

Gateway destination vector (for plant transformation): This study N/A
pUBQ10::mCITRINE-2xPASS/pB7m34GW

Gateway destination vector (for plant transformation): This study N/A
promPSS1-PSS1g/ pB7m34GW

Gateway destination vector (for plant transformation): This study N/A
pUBQ10::+ALPSSCS"-mCITRINE/pB7m34GW

Gateway destination vector (for plant transformation): This study N/A
PUBQ10:+ALPS 2" mCITRINE/pB7m34GW

Gateway destination vector (for N. benthamiana This study N/A
transformation):

pUBQ10::mCITRINE-PI4KBetal /pB7m34GW

Gateway destination vector (for N. benthamiana This study N/A
transformation):

pUBQ10::mCITRINE-PI4KBeta1ACter/pB7m34GW

Gateway destination vector (for N. benthamiana This study N/A
transformation):

pUBQ10::mCITRINE-+ALPS™#KBe1 1o B7m34GW

Gateway destination vector (for N. benthamiana (Simon et al., 2016) N/A
transformation): 2x35S::MAP-mTU2-SAC1 /pK7m34GW

(Continued on next page)
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Continued

REAGENTS and RESOURCES SOURCE IDENTIFIER
Gateway destination vector (for N. benthamiana (Simon et al., 2016) N/A
transformation): 2xp35S::MAP- mTURQUOISE2-

SAC1PEAPIpK7m34GW

Gateway destination vector (for N. benthamiana (Simon et al., 2016) N/A
transformation): pUBQ10:mCITRINE- P4MS "/

pB7m34GW

Gateway destination vector (for N. benthamiana This study N/A
transformation): pUBQ10:2xmCHERRY- KA1MARK1;

PH7m34GW

Gateway destination vector (for yeast transformation): (Simon et al., 2016) N/A
PAG425GPD-EGFP-C2-4CT

Gateway destination vector (for yeast transformation): This study N/A
PAG425GPD-EGFP-1xPHEC™?

Gateway destination vector (for in vitro This study N/A
transcription/translation):

HA-C2CT/oTNT

Pollen transformation vector (for transient transformation): ~ This study N/A
Lat52::YFP-C2"°T/p WEN240

Vector used as PCR template: (Yeung et al., 2006) Addgene #22853
Lact-C2-GFP-p416

Vector used as PCR template: (Zhang et al., 2014) N/A
PEGFP-C1-1xPASS

Vector used as PCR template: (Zhang et al., 2014) N/A
2XPASS-pEGFP-C1

Vector used as PCR template: (Uchida et al., 2011) N/A
PEGFP-C1-1xPHEYCT?

Vector used as PCR template: (Xu et al., 2013) N/A
pRS416-ADH-Gcs1(186-285)-GFP

Vector used as PCR template: (Xu et al., 2013) N/A

PRS416-ADH-Gcs1(186-285)K210Q-GFP

Software and Algorithms

FlJI (Schindelin et al., 2012) https://fiji.sc/

RootTrace (French et al., 2009) http://www.plant-image-analysis.org/
software/roottrace

JACoP (Bolte and Cordelieres, 2006) https://imagej.nih.gov/ij/plugins/track/
jacop.html

SiCE SpotDetectorV3 Jaillais’s lab http://www.ens-lyon.fr/RDP/SiICE/METHODS _
files/SiCE%20SpotDetectorV3.ijm

RootgrowthrateMacro Jaillais’s lab N/A

ColocalizationMacro Jaillais’s lab N/A

SpotdescriptorMacro Jaillais’s lab N/A

ColocalizationmapMacro Jaillais’s lab N/A

IntensitycolocalizationspotMacro Jaillais’s lab N/A

Other

Invitrogen™ SuperScript™ VILO™ cDNA Synthesis Kit Fischer Scientific 11754-050

Spectrum™ Plant Total RNA Kit Sigma-Aldrich STRN250

Corning® Costar® TC-Treated Multiple Well Plates Sigma-Aldrich CLS3513

Gibson Assembly® Cloning Kit NEB E5510S
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yvon
Jaillais (yvon.jaillais@ens-lyon.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Growth Condition and Plant Materials

Arabidopsis thaliana Columbia-0 (Col0) accession was used as wild type (WT) reference background throughout this study.
Arabidopsis thaliana and Nicotiana benthamiana plants were grown in soil under long-day conditions at 21°C and 70% humidity
and in vitro on Murashige and Skoog (MS) Basal Medium supplemented with 0.8% plant agar (pH 5.7) in continuous light conditions
at 21°C. Tobacco (Nicotiana tabacum cv. Samsun) pollen was cultivated on the rich medium solidified with 0.25% (w/v) phytagel
according to Potocky et al. (2014).

Plant Transformation and Selection

Each construct was transformed into C58 GV3101 Agrobacterium tumefaciens strain and selected on YEB media (5g/L beef extract;
1g/L yeast extract; 5g/L peptone; 5g/L sucrose; 15g/L bactoagar; pH 7.2) supplemented with antibiotics (Spectinomycin,
Gentamycin). After two days of growth at 28°C, bacteria were collected using a single-use cell scraper, re-suspended in about
200 mL of transformation buffer (10mM MgCI2; 5% sucrose; 0.25% silweet) and plants were transformed by dipping. Plants from
the Columbia-0 (Col0) accession were used for transformation.

Primary transformants (T1) were selected in vitro on the appropriate antibiotic/herbicide (glufosinate for mCITRINE, hygromycin for
mCHERRY-tagged proteins). Approximately 20 independent T1s were selected for each line. In the T2 generation at least 3 indepen-
dent transgenic lines were selected using the following criteria when possible: i) good expression level in the root for detection by
confocal microscopy, ii) uniform expression pattern, iii) single insertion line (1 sensitive to 3 resistant segregation ratio) and, iv) line
with no obvious abnormal developmental phenotypes. Lines were rescreened in T3 using similar criteria as in T2 with the exception
that we selected homozygous lines (100% resistant). At this step, we selected one transgenic line for each marker that was used for
further analyses and crosses.

For transient assay analyses, A. tumefaciens strain GV3101 carrying the given construct was propagated on appropriate antibiotic
selection plates and let to grow for 48 h at 28°C. Cultures were then resuspended in 5 mL MES buffer (10 mM MgCI2, 10 mM MES,
150 uM acetosyringone) and the bacterial concentration was adjusted to obtain an OD600 nm between 0.1- 0.5. A. tumefaciens
strain GV3101 carrying the given construct was next syringe-infiltrate in 2.5- week-old N. benthamiana plants (2 leaves per plant).
Observations were conducted two days post infiltration, using spinning disk confocal microscopy.

The pollen expression vector was transferred into tobacco pollen grains germinating on solid culture medium by particle bombard-
ment as described previously (Potocky et al., 2014). Particles were coated with 1 pg of DNA.

Yeast

Both, WT strain BY4743 Ref. YSC1050 (Thermo scientific, http://www.thermoscientific.fr/) and cho14 Ref. YSC6275-201917366
clone ID 37756 (Thermo scientific, http://www.thermoscientific.fr/) were grown at 30°C with YPD media and transformed using
the Li-Ac mediated yeast transformation method described in (Gietz et al., 1995). Transformed yeasts were grown in YPD —Leu media
at 30°C for 3-5 days.

METHOD DETAILS

Microscopy Setup

All imaging experiments were performed with the following spinning disk confocal microscope set up, except when indicated other-
wise (see bellow): inverted Zeiss microscope (AxioObserver Z1, Carl Zeiss Group, http://www.zeiss.com/) equipped with a spinning
disk module (CSU-W1-T3, Yokogawa, www.yokogawa.com) and a ProEM+ 1024B camera (Princeton Instrument, http://www.
princetoninstruments.com/) using a 63x Plan- Apochromat objective (numerical aperture 1.4, oil immersion). GFP was excited
with a 488 nm laser (150mW) and fluorescence emission was filtered by a 525/50 nm BrightLine® single-band bandpass filter
(Semrock, http://www.semrock.com/). YFP/mCITRINE were excited with a 515 nm laser (60mW) and fluorescence emission was
filtered by a 578/105 nm BrightLine® single-band bandpass filter (Semrock, http://www.semrock.com/), CHERRY/RFP were excited
with a 561 nm laser (80mW) and fluorescence emission was filtered by a 609/54 nm BrightLine® single-band bandpass filter
(Semrock, http://www.semrock.com/). 488 or 515 nm laser and 561 nm laser were used to excite GFP or YFP/mCITRINE and
RFP/mCHERRY, respectively. For quantitative imaging, pictures of epidermal root meristem cells were taken with detector settings
optimized for low background and no pixel saturation. Care was taken to use similar confocal settings when comparing fluorescence
intensity or for quantification. Yeasts were visualized by spinning disk microscopy using 100X objective (Plan-apochromatic,
numerical aperture 1.46) and 488nm laser.
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mMCITRINE-C2"°T imaging of shoot tissues were performed on a Leica SP8 up-right confocal microscope (Leica, Wetzlar,
Germany), with a water immersion objective (HCX IRAPO L 25x/0.95 W), and a 488 nm led laser. Fluorescence emission was detected
at 525-600 nm.

Colocalization between mCITRINE-C2“““T and VHA-A3-RFP, were acquired on an inverted Zeiss CLSM710 confocal microscope
as previously described (Simon et al., 2014).

For pollen tube live-cell imaging, 6-9-h-old pollen tubes were observed using a spinning-disc confocal microscope (Yokogawa
CSU-X1 on Nikon Ti-E platform) equipped with a 60X Plan Apochromat objective (WI; numerical aperture = 1.2) and an Andor
Zyla sCMOS camera. Laser excitation at 488 nm, together with a 542/27-nm single-band filter (Semrock Brightline) were used for
fluorescence collection of YFP.

Time Lapse Imaging

Time lapse imaging of cell division and root hair growth were performed as described (Doumane et al., 2017). In brief, five days old
Arabidopsis seedlings were transferred in a chambered cover glass (Lab-Tek I, www.thermoscientific.com), which contained 1.5 ml
of MS medium (pH 5.7) containing 0.8% plant agar (Duchefa, http://www.duchefa-biochemie.nl/) in the absence of sucrose.
Epidermal cells in the meristematic region of the root (to image cytokinesis) or growing root hairs were subjected to time-lapse
imaging with spinning disk confocal microscope. Two or three roots were observed simultaneously and images were collected at
different Z-positions every 3 min (cytokinesis) or every 5 minutes (root hair).

Shoot Apical Meristem Imaging

To access the inflorescence meristem, flowers and floral buds were dissected out and imaged on a Leica SP8 up-right confocal
microscope (Leica, Wetzlar, Germany). Fluorescence emission was detected at 525-600 nm in sequential line scanning mode
with a line average of 4 and stacks of serial optical sections were generated. Projections of the signal in the L1 layer were obtained
using MorphoGraphX software (http://www.mpipz.mpg.de/MorphoGraphX), according to parameter describe in MorphoGraphX
User manual (http://www.mpipz.mpg.de/4085950/MGXUserManual.pdf).

FM4-64, BFA, WM, PAO, R59022, R59949 and Cold Treatments

The plasma membrane and endosomes of 5 to 7-day old transgenic lines expressing mCITRINE-C2"°T were stained by incubating
roots with 1 pM FM4-64 (thermofisher scientific, www.thermofisher.com) liquid MS solution for 60 min. Lines co-expressing
mMCITRINE-C2"ACT and VHA-A1-RFP were incubated in wells containing 25 uM Brefeldin A (BFA, Sigma, www.sigmaaldrich.com,
BFA stock solution at 50 mM in DMSO) liquid MS solution for 60 min. Lines co-expressing mCITRINE-C2"*°T and W7R were
incubated in wells containing 30 uM Wortmannin (Sigma, www.sigmaaldrich.com, WM stock solution at 30 mM in DMSO) liquid
MS solution for 90 min. Lines co-expressing mMCITRINE-C2"°T with compartment markers (W25R, W13R, W18R, W7R) and
2xmCITRINEEK-FARN (8.4) with compartment markers (W25R, W34R W7R) and 2xmCITRINE*K4Q-FARN (41) with compartment markers
(W25R, W13R, W18R, W7R) were incubated in wells containing 60 uM PAO (Sigma, www.sigmaaldrich.com, PAO stock solution
at 60 mM in DMSO) liquid MS solution for 30 minutes. Lines expressing (Lti6b-GFP, mCITRINE-C2"*°T, mCITRINE-1xPH"-C,
MCITRINE-1xPH™PP! mCITRINE-1xPASS, mCITRINE-2xPASS, mCITRINE-KATMARK! oy mCITRINEZ<FARN (84)) were incubated
in wells containing 12.5 uM R59022 or R59949 (Sigma, www.sigmaaldrich.com, stock solution at 25 mM in DMSO) liquid MS solution.
For concomitant treatment (PAO and R599022) lines expressing (Lti6b-GFP, mCITRINE-C2“ACT, mCITRINE-1xPH™C, mCITRINE-
1xPHAPPT mCITRINE-1xPASS, mCITRINE-KATMARKT - oy mCITRINEB<FARN (84)) were incubated in wells containing first liquid
MS solution with PAO at 30 uM for 60 min and then were transferred into wells containing liquid MS solution with PAO at 30 uM
and R59949 at 12.5 uM for 60 min. For each treatment, the mock condition corresponds to incubation of plants in well supplemented
with a volume of DMSO equivalent to the highest drug concentration used and for the same time as the actual treatment. Previous to
cold treatment, 12-well plate loaded with liquid MS solution was placed on ice in a cold room at 4°C for 30 minutes. Then, 5 to 7-day
old transgenic lines expressing mCITRINE-1xPASS were incubated in wells placed on ice containing liquid MS solution between
4-6°C and at RT for control conditions for 1 hour. In all cases, roots were imaged within a 10-minute time frame window around
the indicated time.

Dissociation Index

The effects of PAO, R59022, R59949 and PS depletion (lyso-PS add-back in the pss7-3 and lyso-PS/lyso-PA add-back in R59949
treated plants) on the localization of our charge biosensors were analyzed by calculating the “dissociation index”. First, we calculated
“indexMock”: the ratio between the fluorescence intensity (Mean Grey Value function of Fiji software) measured in two elliptical
region of interest (ROls) from the plasma membrane region (one at the apical/basal PM region and one in the lateral PM region)
and two elliptical ROls in the cytosol in the mock condition. “IndexMock” was quantified in 150 cells over three independent repli-
cates (50 cells per replicate). Next, we measured a similar ratio in perturbed conditions (“indexExp”). “indexExp” was also quantified
in 150 cells over three independent replicates (50 cells per replicate). The dissociation index is the ratio of (indexMock)/(indexExp).
This dissociation index reveals the degree of relocalization of the fluorescent reporters from the plasma membrane to the cytosol,
between the mock and perturbed conditions (pharmacological treatment or mutant).
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In Figure 4F, the percentage of cell with mCITRINE-KA1MARKT gt the plasma membrane was counted by eye, by counting the
number of cell with visible plasma membrane labeling and the total number of cells in each condition. Triplicate experiments were
performed and at least 15 independent roots were analyzed.

Subcellular and Phenotype Complementation with Lysophospholipids

For complementation of the subcellular localization of PA sensor, 5 to 7-day old transgenic lines expressing mCITRINE-1xPASS were
concomitantly treated with R59949 and lysophosphatidic acid (lyso-PA, 54uM) or lysophosphatidylserine (lyso-PS, 54M) for 60 min
in 12-well plates. For complementation of the subcellular localization of PS sensors, 8 to 12-day old transgenic lines expressing
MCITRINE-C2"°T or mCITRINE-2xPHEYC™2 in pss7-3 were treated with lyso-PA or lyso-PS at 54pM for 60 min in 12-well plates.
For complementation of the root growth rate, plants grown for 8 days on MS plates were transferred to plate containing control media
(BSA only) or media supplemented with BSA + lyso-PS at 2.47uM for 3 days (lyso-PS:BSA molar ratio 4:1). Root size was quantified
each day following the procedure described below. For complementation of the rosette size, plants were grown for 8 days on MS
plates, transferred on control media (BSA only) or lyso-PS media (see above) for 6 days, and then transferred to soil for 8 days. Finally,
plants were imaged and rosette size was quantified (see bellow). 3-5 day old yeasts expressing mCITRINE-C2"T were treated with
lyso-PS with BSA (4:1) at 54uM for 60 min in 12-well plates.

Colocalization Analyses

For quantitative co-localisation, we used an object-based analysis method (OBA). OBA is used to determine the centroid of each spot
(intracellular compartment) and to compare their respective localization. Co-localization between the two structures is validated if the
distance between the two centroids is below the optical resolution (Bolte and Cordelieres, 2006). The OBA was performed as
followed; first the intracellular compartments were automatically detected in each channel applying a “DoG” filter with a sigma
of 3, and then a “Triangle” thresholding was applied (Bayle et al., 2017). Next, with the binary images obtained we used JACoP plugin
on Fiji (Bolte and Cordelieres, 2006) to acquire quantitative data of the co-localization with the following parameters: minimum size of
3 um? and maximum size of 20 pm?. To allow high throughput data processing, this analysis pipeline has been automatized on a
Fiji macro.

The percentage of colocalization always corresponds to the proportion of spots in the yellow channel that colocalize with spots
in the red channel, except when 2xmCHERRY-C2“"°T was used (Figure 5F), in which case the percentage of colocalization
corresponds to the proportion of spots in the red channel (2xmCHERRY-C2"°") that colocalize with spots in the yellow channel
(membrane charge reporters mCITRINE*<4QFARN (41) 'mCITRINEZXCQFARN (5.1) oxmCITRINESFARN (04)). In other words, the per-
centage of colocalization corresponds to the number of spot detected in the yellow channel (MCITRINE-C2"4°T, mCITRINE-PHEVCT2,
MCITRINESKFARN (84) mCITRINEH*“4QFARN (44) mCITRINEZXCQFARN (5.1)  oxmCITRINEZ®FARN (04)), colocalizing with spots de-
tected in the red channel (compartment markers) divided by the total number of spots detected in the yellow channel and multiplied
by hundred. In order to avoid artefacts due to low number of spots detected in one of the channels, a ratio was applied. This ratio
corresponds to the number of spots detected in “Image A” divided by the number of spots detected in “Image B”. If the ratio
was either above 2 or below 0.5 the corresponding results were discarded. This rule was not applied for colocalization with
2xmCITRINESK-FARN (84) that is massively localized at the PM and seldom in intracellular compartments (justifying a low number
of spots detected in yellow channel). Co-localization was quantified in at least 8 independent roots for untreated conditions in
duplicates (Figure 5). For treated conditions (Figure 6), triplicate experiments were performed and at least 15 independent roots
were analyzed for quantification in mock conditions and treated conditions. To estimate the approximate number of cell present
in one image, we counted the number of cells in 14 independent roots. We found an average of 43 cells per root image
(meristematic/elongation zone of root epidermal cells). This allowed us to estimate the number of cells that were used for each
colocalization analysis (Figures 5 and 6).

Quantification of Normalized Fluorescence Intensity in Colocalizing Spots

Binary images representing colocalizing spots (in white) between image A and image B (image A, mCTRINE-C and
mCITRINE-4+ and image B, red compartment makers) were obtained using JACoP as shown in Figure S5F. Colocalizing spots
were selected and reported on image A (MCITRINE-C2““CT or mCITRINE-4+) to quantify the average integrated density in
colocalizing spots. The average integrated density in colocalizing spot was divided by the average integrated density of the global
image in order to normalize the quantification. The normalized integrated density was compared between each sample. All this
process was automatized using two macros on Fiji, ColocalizationmapMacro and IntensitycolocalizationspotMacro.

) LACT

ALPS Motif Detection and Representation
Detection and representation of ALPS motif were performed using HELIQUEST software on the following website (http://heliquest.
ipmc.cnrs.fr/, Gautier et al., 2008).

Genotyping and Characterization of pss7 T-DNA Insertion Lines

Characterization of pss1 T-DNA Insertions

pss1-3 (GABI_166G10), pss7-4 (GABI_613C03), pss7-5 (GABI_217D10) were produced by the GABI-KAT consortium (Kleinboelting
et al., 2012) and provided by the NASC (http://arabidopsis.info/BasicForm). genomic DNA was extracted from wild type, pss7-3,
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pss1-4, pssi1-5 plants using Edwards buffer and PCR and border sequencing were performed with primers starting by “Geno” in
Table S2 (related to STAR Methods).

PSS1 Transcript Expression by RT-PCR

total mMRNA was extracted from wild type, pss1-1, pss1-3, pss1-4 and pss1-5 using Sigma-Aldrich Spectrum™ Plant Total RNA Kit
and cDNA was produced using Invitrogen, SuperScript™ VILO™ cDNA Synthesis Kit. The expression of PSS7 and the ubiquitous
TCTP transcripts was tested by PCR using primers starting with “RT” in Table S2.

pss1 Segregation Analyses

In order to analyze the segregation of pss7-3, pss1-4, pss1-5 T-DNA lines; seeds from self-fertilized pss7-3, pss1-4, pss1-5
heterozygous plants were grown on plate containing the antibiotic sulfadiazine. Wild type plants (sulfadiazine sensitive plants)
were counted after 12 days and resistant plants (heterozygous and homozygous) were transferred to soil. 20 days later, homozygous
and heterozygous pss1 plants were identified based on their rosette phenotype and counted.

Quantification of the Root Length and Root Growth Rate

The root length was determined on stratified 12-day-old vertically grown seedlings and measured by hands using FIJI software. For
the root growth rate, plants were transferred in plates supplemented with BSA only or BSA+lyso-PS and scanned each day with an
EPSON scanner perfection V300 PHOTO at 800 dpi for the next three days. Images scanned at different time points were stacked
using “Images to stack” function of the Fiji software with the “Copy (Center)” method and analyzed using RootTrace (French et al.,
2009). To allow high throughput data analyses, the process has been automatized on a Fiji macro. The starting point for quantification
corresponds to the size of the root when the plants were transferred into media supplemented with lyso-PS. The corresponding root
growth rate represents the growth of the root for each day in millimeters.

Quantification of the Rosette Area

8 days after transferring plants into soil, rosettes were imaged using a CANON EOS 450D with a SIGMA DC 18-50 mm 1:2.8 EX
MACRO lens at 278 pixels/cm. Fiji was used to apply an auto threshold “Percentile white” on images to obtain white rosette on black
background. Then, the “wand (tracing) tool” on Fiji was used to identify the rosette rims, allowing measurement of the rosette area
with Fiji measure tools (Ctrl+M).

Cloning

Preparation of Gateway Compatible Entry Clones (Entry Vector)

Published are listed in the recombinant DNA table.

PA Biosensors

The 1xPASS and 2xPASS sequences were amplified from pEGFP-C1-1xPASS and 2xPASS-pEGFP-C1 plasmids (gift from Gangwei
Du) (Bohdanowicz et al., 2013; Zhang et al., 2014). Gateway compatible PCR products were introduced into pDONRP2R-P3 vectors
by BP recombination using the following primers: PASS-P2RP3_R and PASS-P2RP3wSTOP_R to give 1xPASS/pDONR P2RP3 and
PASS-P2RP3_R and 2xPASS-B3wstop_R to give 2xPASS/pDONR P2RP3.

Mutations in PASS were obtained by successive site directed mutagenesis using the following partially overlapping forward (FP)
and reverse (RP) primers:

NESmut_F and NESmut_R using 1XPASS/pDONRP2RP3 as template to give 1xPASSNES™/pDONR P2RP3

PASSmut(L67P)_F and PASSmut(L67P)_R using 1xPASS/pDONRP2RP3 as template to give 1xPASS-6""/pDONR P2RP3

PASSmMUut(K66E&KESE)_F and PASSmut(K66E&KB8E)_R using 1xPASS/pDONRP2RP3 as template to give 1xPASSKEOEKEEE),
pDONR P2RP3

PASSmMut(K71E&K73E)_F and PASSmut(K71E&K73E)_R using 1xPASSKECEKESE)/sDONRP2RP3 as template to give
1XPASS(K66E,K68E,K71 E,K73E)/pDONR P2RP3
PS Biosensors
The PHEVC™2 sequence was amplified from pEGFP-C1-1xPHEVC™ plasmid (gift from Tomohiko Taguchi) (Uchida et al., 2011).
Gateway compatible PCR products were introduced into pDONRP2R-P3 or pDONR221 vectors by BP recombination using
the following primers: EVECTIN2-P2RP3_F and EVECTIN2-P2RP3_R or 1xPH-EVCT2-p221wSTOP_F and 1xPH-EVCT2-
p221wSTOP_R to give 1xPHEVC™2/oDONRP2RP3 or 1xPHFY°"2/pDONR221, respectively.

To produce 2xPHEVC™2/obDONRP2RP3, the 1xPHEVC™2/pbDONR P2RP3 plasmid was amplified using BackBone_1xPH-EVECT_F
and BackBone_1xPH-EVECT_R primers and 1xPHEVC"2 was amplified using INSERT-PH-EVECT2_F and INSERT-PH-EVECT2_F
primers. Both PCR products were assembled by Gibson cloning (New England biolabs, https://www.neb.com/) to give
2xPHEYCT2/pDONRP2RP3.

For the cloning of Lat52:YFP-C2-ACT C2M4CT sequence flanked by NgoMIV/Apal sites was amplified from Lact-C2-GFP-p416
plasmid (Addgene #22853) by PCR using specific primers Lact-C2_F and Lact-C2_R. Amplified products were introduced into
the multiple cloning sites of pollen expression vectors pWEN240 using NgoMIV/Apal restriction enzyme sites. The pWEN240 vector
(Potocky et al., 2014) was kindly provided by Prof. Benedikt Kost (University of Erlangen-Nuremberg, Erlangen, Germany).

PSS1 Genomic Sequence
PSS1 (At1g15110) genomic sequence was amplified from genomic DNA extracted from Arabidopsis thaliana wild type plants
(Col0 ecotype) using Edwards buffer. The entire genomic fragment (promoter+gene) was amplified using gateway compatible
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primers promPSS1-p221_F and gPSS1-p221_R, and the corresponding PCR product was introduced into the pDONR221 vector by
BP recombination to give promPSS1::PSS1g/pDONR221.

+ALPS Sensor

The +ALPS®CS" and +ALPS*?7°Q sequence were amplified from pRS416-ADH-Gcs1(186-285)-GFP and pRS416-ADH-Gcs1(186-
285)K210Q-GFP plasmids, respectively (Xu et al., 2013), using the following primers: +ALPSE®S"_F and +ALPS®°S’_R. Gateway
compatible PCR products were introduced into pDONR221 vector by BP recombination to give +ALPS®CS'/pDONR221
and +ALPS*?1°%/sDONR221.

PI4K (31

PI4KB1 (At5964070), PI4K31ACter and +ALPS™*KfT were amplified by PCR from Col0 cDNA, using the following primers,
Pl4Kbetal_F and Pl4Kbetal_R or Pl4Kbetal_F and Pl4Kbetal-no+ALPS_R or +ALPSF#KPeial F and 1Al pSFH#Kbeal B respec-
tively. Gateway compatible PCR products were introduced into pDONR P2RP3, to give, PI4K31/pDONR P2RP3, PI4K(31ACter/
PDONR P2RP3 and +ALPS™*K¢1 ;o DONR P2RP3, respectively.

AGD6

AGD6 (At3g53710) was amplified by PCR from Col0 cDNA using the following primers, AGD6_F and AGD6_R. Gateway compatible
PCR products were introduced into pDONR221 to give, AGD6/pDON221. AGD627%F was obtained by site directed mutagenesis
using the following primers L216E_F and L216E_R.

Construction of Destination Clones (Destination Vector)

Published destination vectors are listed in the recombinant DNA table (Key Resource Table).

Binary destination vectors for plant transformation were obtained using the multisite LR recombination system (life technologies,
http://www.thermofisher.com/) using the pB7m34GW (basta resistant) and pH7m34GW (hygromycin resistant) (Karimi et al., 2007)
as destination vectors. All MCITRINE-containing clones are in pB7m34GW and all mCHERRY-containing clones are in pH7m34GW
to produce the following destination vectors: pPSS1::PSS1g9/pB7m34GW, pUBQ10::mCITRINE-2xPASS/pB7m34GW, pUBQT10::
2xmCHERRY-C2"°T/pH7m34GW, PDF1::mCITRINE-C2-°T/pB7m34GW, pUBQ10::mCITRINE-2xPHEC"2/pB7m34GW,
pUBQ10::tdTOMATO-2xPHEVC2jpH7m34GW, pUBQ10::mCITRINE-1xPASS/pB7m34GW, pUBQ10::mCITRINE-1xPASSNES™Y/
pB7m34GW, pUBQ10:mCITRINE-1xPASS-5"F/pB7m34GW,  pUBQ10::mCITRINE-1xPASSKEKSEE/hB7m34GW,  pUBQ10:
mCITRINE-1xPASSKOOEKOSERTIEKTSE nB7m34GW,  pUBQ10:+ALPSCS"-mCITRINE/pB7m34GW and  pUBQ10::+ALPSK?194-
mCITRINE/pB7m34GW, pUBQ10:: mCITRINE-PI4KBetal/pB7m34GW, pUBQ10::mCITRINE-PI4KBeta1 ACter/pB7m34GW,
pUBQ10::mCITRINE+ALPS™#KBe@1 InB7m34GW, pUBQ10:AGD6-mCITRINE/pB7m34GW, and pUBQ10::AGD62"%E-mCITRINE/
PB7m34GW. 1xPHEV°™ was recombined with pAG425GPD-EGFP-ccdb (addgene clone #14322, gift of Susan Lindquist, (Alberti
et al., 2007)) destination vector for N-terminal GFP tagging.

In vitro Assay

Recombinant Protein Expression and Lipid-Protein Overiay Assays

The expression plasmid (o TNT::HA-C2"4€T) was used as DNA template for in vitro transcription and translation using the TNT® SP6
High-Yield Wheat Germ Protein Expression System (Promega, www.promega.com), following manufacturer’s instructions. 5ul of the
total reaction were used to analyze protein expression levels by western-blot using 1:1000 anti-HA (www.boehringer-ingelheim.com)
primary antibodies and 1:5000 secondary anti-mouse (GE Healthcare Life Sciences, http://www.gelifesciences.com/) antibody. The
lipid overlay assays were performed as follow: nitrocellulose membranes containing immobilized purified lipids (PIPstrip P-6001,
Echelon Bioscience, http://echelon-inc.com/) were incubated for 1h in blocking solution (TBST (50 mM Tris, 150 mM NaCl, 0,05%
Tween 20, pH 7.6) + 3% BSA). Membranes were then incubated for 2h with 10 mL of blocking solution containing 40 pl of in vitro
synthesized proteins. After three washing steps using blocking solution, membranes were incubated for 2h at room temperature
with primary antibodies diluted in blocking solution, rinsed three times with blocking solution and incubated for 1h at room temper-
ature with the secondary antibody also diluted in blocking solution. Antibodies and dilutions are the same as described above.

Lipid Quantification for Lipid Measurement in pss1 Mutant (HPTLC and LC-MS/MS)

Lipid Extraction

Leaves of 28-day old plants (0.1-1g fresh weight) were collected in glass tubes; 2 ml of preheated isopropanol were added and tubes
were heated at 70°C for 20 min to inhibit phospholipase D activity. 6 ml of chloroform/methanol 2/1 (v/v) were added and lipid extrac-
tion was completed at room temperature. The organic phases were transferred to new glass tubes. Then 1.5 ml of H,O was added to
the organic phases and tubes were vortexed and centrifuged at 2000 rpm; the organic phases were transferred to new glass tubes,
evaporated and the lipids were resuspended in the appropriate volume of chloroform/methanol 2/1, v/v, in order to obtain the same
concentration according to the initial seedlings fresh weight.

High Performance Thin-layer Chromatography (HPTLC)

Lipids were deposited on HPTLC plates (Silica gel 60G Fzs4 glass plates Merck Millipore) together with external pure lipid standards
(Avanti lipids). Plates were developed according to (Heape et al., 1985). Following chromatography, the lipids were charred for densi-
tometry according to (Macala et al., 1983)). Briefly, plates were dipped into a 3% cupric acetate (w/v)-8% orthophosphoric acid (v/v)
solution in H-O and heated at 110°C for 30 min. Plates were scanned at 366 nm using a CAMAG TLC scanner 3. 8 independent sam-
ples were quantified for pss1-3 and pss1-4 and 6 samples for colO.
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LC-MS/MS

For the analysis of phospholipids by LC-MS/MS, phospholipid extracts were dissolved in 100 pL of eluent A (isopropanol/methanol/
water 5/1/4 + 0.2% formic acid + 0.028% NHj3) containing synthetic internal lipid standards (PS 17:0/17:0; PE 17:0/17:0; PI 17:0/14:1
and PC 17:0/14:1 from Avanti Polar Lipids). LC-MS/MS (multiple reaction monitoring mode) analyses were performed with a model
QTRAP 5500 (ABSciex) mass spectrometer coupled to a liquid chromatography system (Ultimate 3000; Dionex). Analyses were per-
formed in the negative (PS, PE, PIl) and positive (PC) modes with fast polarity switching (50 ms); nitrogen was used for the curtain gas
(set to 15), gas 1 (set to 20), and gas 2 (set to 0). Needle voltage was at -4500 or +5500 V without needle heating; the declustering
potential was adjusted between -160 and -85 V or set at +40 V. The collision gas was also nitrogen; collision energy varied
from -48 to -62 eV and +47 eV on a compound-dependent basis. Reverse-phase separations were performed at 50°C on a Luna
C8 150x1 mm column with 100-A pore size and 5-um particles (Phenomenex). The gradient elution program was as follows:
Omin, 30%B (isopropanol + 0.2%formic acid + 0.028%NHy;); 5 min, 50% B; 30 min, 80% B; 31 to 41 min, 95% B. The flow rate
was set at 40 mL/min, and 3 mL sample volumes were injected. The areas of LC peaks were determined using MultiQuant software
(version 2.1; ABSciex) for relative phospholipid quantification. Quantification of molecular phospholipids species were performed
on five independent samples for pss7-3 and pss7-4 and ten independent samples for Col0.

Lipid Quantification for R59949 and R59022 Treatment (HPTLC)

Treatments R59949 and R59022

8 day old seedlings (0.1-1g) were incubated in wells containing 12.5 uM R59022 or R59949 (Sigma, www.sigmaaldrich.com, stock
solution at 25 mM in DMSO) in liquid MS solution for 1 hour.

Lipid Extraction

Seedling were collected in glass tubes; two ml of preheated (70°C) isopropanol were added and material was grinded. Tubes
were heated at 70°C for 20 min. Two ml chloroform/methanol/HCL (100/50/1, v/v) were added at room temperature and tubes
were incubated for at least one hour at room temperature. After centrifugation (500g) for 5 min, the organic phase was recovered
and transferred to new glass tubes. Four ml chloroform/methanol/HCI (100/50/1, v/v) were added to the seedlings, the tubes
were vortexed, then 1ml of H20 was added and tubes were vortexed again and centrifuged at 500g for 5 min. The organic phase
was recovered and pooled with the previous one. Then 2 ml of NaCl 0.09% were added to the organic phase, tubes were vortexed
and centrifuged at 500g for 5 min. The organic phase was recovered, evaporated, and the lipids were resuspended in the appropriate
volume of chloroform/methanol (2/1, v/v) in order to obtain the same concentration according to the initial seedlings fresh weight.

Phospholipid Analysis

Phospholipids were analyzed by loading total lipids onto HPTLC plates (60F254, Merck, Darmstadt, Germany), which were devel-
oped either in methyl acetate/n-propanol/chloroform/methanol/0.25% aqueous KCI (25/25/25/10/9, v/v) or in chloroform/methanol/
acetic acid/H20 (20/4.5/2/1, v/v). Lipids were identified by co-migration with known standards and quantified by densitometry anal-
ysis using a TLC scanner 3 (CAMAG, Switzerland) as described in (Kriechbaumer et al., 2018; Laloi et al., 2007). Both methods gave
similar phospholipid quantifications, validating the robustness of our analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative co-localization results were statistically compared using the Kruskal-Wallis bilateral test (p-value=0.05) using XLstat
software (http://www.xlIstat.com/). Pairwise comparisons between groups were performed according to Steel-Dwass-Critchlow-
Fligner procedure (different letters indicate statistical difference between samples). For quantitative co-localization results of
Figure 5E we used the bilateral test Kruskal-Wallis test (p-value=0.15) using XLstat software (http://www.xIstat.com/). Pairwise
comparisons between groups was performed according to Dunn procedure (different letters indicate statistical difference between
samples). Statistical analyses between two samples were performed using the non-parametric Wilcoxon-Mann-Whitney test
(p-value=0.05).
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