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SUMMARY

In plants so-called plasma membrane intrinsic proteins (PIPs) are major water channels governing plant
water status. Membrane trafficking contributes to functional regulation of major PIPs and is crucial for abi-
otic stress resilience. Arabidopsis PIP2;1 is rapidly internalised from the plasma membrane in response to
high salinity to regulate osmotic water transport, but knowledge of the underlying mechanisms is fragmen-
tary. Here we show that PIP2;1 occurs in complex with SYNTAXIN OF PLANTS 132 (SYP132) together with
the plasma membrane H*-ATPase AHA1 as evidenced through in vivo and in vitro analysis. SYP132 is a mul-
tifaceted vesicle trafficking protein, known to interact with AHA1 and promote endocytosis to impact
growth and pathogen defence. Tracking native proteins in immunoblot analysis, we found that salinity
stress enhances SYP132 interactions with PIP2;1 and PIP2;2 isoforms to promote redistribution of the water
channels away from the plasma membrane. Concurrently, AHA1 binding within the SYP132-complex was
significantly reduced under salinity stress and increased the density of AHA1 proteins at the plasma mem-
brane in leaf tissue. Manipulating SYP132 function in Arabidopsis thaliana enhanced resilience to salinity
stress and analysis in heterologous systems suggested that the SNARE influences PIP2;1 osmotic water per-
meability. We propose therefore that SYP132 coordinates AHA1 and PIP2;1 abundance at the plasma mem-
brane and influences leaf hydraulics to regulate plant responses to abiotic stress signals.
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INTRODUCTION Vesicle traffic in plant cells plays a crucial role in
cellular morphogenesis and the regulation of membrane
transport for plant responses to environmental stress (Bas-
sham & Blatt, 2008; Kwon et al., 2020). The close coordina-
tion between the membrane transport and trafficking
pathways underpins plant growth and stomatal responses
(Grefen et al.,, 2011; Karnik et al., 2017; Klejchova
et al., 2021; Wang et al., 2018). Constitutive vesicle traffic
delivers newly synthesised proteins and facilitates mem-
brane turnover (Grefen et al., 2011; Jlrgens, 2004). At the
plasma membrane cargo-specific exocytosis, endocytosis
and cycling of transporters and ion channels control their
abundance and partake in functional regulation of osmotic
solute transport (Eisenach et al., 2012; Grefen et al., 2011;
Karnik et al., 2017; Sutter et al., 2007; Xia et al., 2019). The
trafficking of membrane-enclosed vesicles to and from the
plasma membrane accommodates reversible changes in
plant cell volume, and these mechanisms are at the centre

Global climate change is predicted to significantly alter the
frequency and magnitude of droughts on Earth, affecting
cultivated land and causing fresh-water scarcity
(FAO, 2019). Drought contributes to increased soil salinity
and inflicts osmotic stress on land plants affecting plant
growth, development and fitness (Ariga et al., 2017;
Flowers, 2004; Liu, Liu, et al., 2022; Wehner et al., 2017).
Elevated soil salinity is a major challenge for crop produc-
tion in arid regions worldwide. Salinity stress induces phy-
tohormone signalling and drives molecular changes in
plant cells involving signal recognition and transduction
leading to downstream effects on gene regulation (Basu
et al., 2016; Gupta et al., 2020; Zhang, Zhu, et al., 2022).
The effects of salt stress on the plant are similar to that of
drought stress and include rapid changes to cell expansion
rates in shoots and inhibition of stomatal opening (Munns
& Tester, 2008).
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of dynamic control of the stomatal pore (Meckel
et al., 2007).

As in all eukaryotes, Soluble N-ethylmaleimide-sensi-
tive-factor attachment protein receptors, so-called SNAREs,
contribute to vesicle traffic and are localised to target and
vesicle membranes where they bind in complex to drive
vesicle fusion in plants (Bassham & Blatt, 2008; Karnik
et al., 2017; Pratelli et al., 2004). SNAREs are classified on
the basis of the highly conserved amino acid (Q [GIn] or R
[Arg]) residues at the centre of the SNARE domain (Bock
et al., 2001; Fasshauer et al., 1998; Lin & Scheller, 2000). In
Arabidopsis thaliana, Qa-SNAREs SYNTAXIN OF PLANTS
121 (SYP121 = SYR1/PEN1) and SYNTAXIN OF PLANTS 122
(SYP122) drive the bulk of secretory traffic at the plasma
membrane together with an evolutionarily ancient SNARE
SYNTAXIN OF PLANTS 132 (SYP132); these proteins bind
with R-SNAREs VESICLE-ASSOCIATED MEMBRANE PRO-
TEIN 721 (VAMP721) and VESICLE-ASSOCIATED MEM-
BRANE PROTEIN 722 (VAMP722) and with the Qbc-SNARE
SOLUBLE N-ETHYLMALEIMIDE-SENSITIVE FACTOR ADAP-
TOR PROTEIN 33 (SNAP33) (ElI Kasmi et al., 2013; Enami
et al., 2009; Ichikawa et al., 2014). The three homologous
Qa-SNAREs contribute to environmental stress response
mechanisms in the plant (Kwon et al., 2020). They share
over 60% sequence similarity and have overlapping func-
tions, but they also have distinct roles (Rehman
et al., 2008; Waghmare et al., 2018). For example, SYP121
is essential for abiotic stress tolerance, affecting pro-
grammed closure in stomata and growth through regula-
tion of the K' channels (Eisenach et al., 2012; Grefen
et al., 2015; Honsbein et al., 2009). SYP132 drives defence-
related secretory traffic to inhibit bacterial pathogens.
Unusually, it also mediates hormone-regulated endocytic
traffic of plasma membrane proton ATPases (PM H'-
ATPases), influencing plant growth and immunity (Baena
et al., 2022; Kalde et al., 2007; Xia et al., 2019).

Plasma membrane H'-ATPases energise the transport
of osmotic ions and water flux across plant cell mem-
branes generating turgor for plastic cell expansion and
‘acid growth’ (Falhof et al., 2016; Hager, 2003; Hager
et al., 1980; Hager & Moser, 1985; Klejchova et al., 2021;
Michelet & Boutry, 1995; Palmgren & Morsomme, 2019;
Sze et al., 1999). Plasma membrane H'-ATPase function is
sensitive to hormonal cues and tracks plant responses to
both biotic and abiotic signals (Baena et al., 2022; Kaundal
et al., 2017; Yamauchi et al., 2016). Abiotic stress signals,
including those which involve the water stress hormone
abscisic acid (ABA), down-regulate plasma membrane H'-
ATPase function to promote stomatal closure and reduce
water loss to protect the plant against dehydration (Jezek
et al., 2021; Klejchova et al., 2021). Post-translational modi-
fications modulate plasma membrane H'-ATPase activity
at the plasma membrane (Fuglsang & Palmgren, 2021;
Hager, 2003; Haruta et al., 2015). In parallel,

SNARE-assisted membrane trafficking underpins plasma
membrane H'-ATPase functional regulation and impacts
plant growth, stomatal function and pathogenesis (Baena
et al., 2022; Fuglsang & Palmgren, 2021; Hager et al., 1991;
Xia et al., 2019, 2020; Xue et al., 2018).

Water flux across the cell and vacuolar membranes
facilitates osmoregulation and maintains turgor in plant
cells (Maurel & Chrispeels, 2001) essential for cell expan-
sion, growth and stomatal function (Ding & Chau-
mont, 2020; Jezek & Blatt, 2017; Meckel et al., 2007).
Aquaporins, the so-called plasma membrane intrinsic pro-
teins (PIPs), are water channels that account for a majority
of water flux affecting turgor and osmoregulation in plant
cells (Chaumont & Tyerman, 2014). PIPs are small trans-
membrane proteins (21-34 kDa) that are subdivided into
two homology subgroups, PIP1 and PIP2, each with multi-
ple isoforms in Arabidopsis (Alexandersson et al., 2005;
Postaire et al., 2010). Four PIP isoforms (PIP2;1, PIP2;2,
PIP2;6 and PIP2;7) account for much of the hydraulic con-
ductivity in the Arabidopsis rosette and three (PIP2;1,
PIP2;2 and PIP2;4) affect guard cell water flux (Blatt
et al., 2014; Ding & Chaumont, 2020; Grondin et al., 2015)
and water permeation under abiotic stress (Grondin
et al., 2015). Additionally, aquaporins are implicated in
disease and pathogen immunity in both animals
(Yang, 2017) and plants (Zhang et al., 2019). A stringent
control of both PIP density and conductance regulates
water transport across the plasma membrane in plant
cells (Alexandersson et al., 2005, Chaumont & Tyer-
man, 2014; Hachez et al., 2013, 2014; Luu & Maurel, 2013).
Together, the plasma membrane H'-ATPase and PIP activ-
ities consolidate water and ion transport across the
plasma membrane for physiological, developmental and
adaptive responses of plants to biotic and abiotic chal-
lenges (Baena et al., 2022; Chaumont & Tyerman, 2014;
Ding & Chaumont, 2020; Klejchova et al.,, 2021; Liu
et al.,, 2009; Rodrigues et al., 2017; Vilakazi et al., 2017;
Wang et al., 2018). How is PIP traffic regulated under abi-
otic stress and how is this traffic coordinated with plasma
membrane H™-ATPase activity? The answer to these ques-
tions will clearly be central to addressing challenges
centred around the integration of multifactorial stress
responses in plants.

We show here that both PIP and plasma membrane
H*-ATPase proteins occur within trafficking SNARE SYP132
complexes. These interactions were identified initially
using mass spectrometry of SNARE-co-immunoprecipitant
complexes obtained from purified Arabidopsis leaf tissue
and confirmed using yeast-based protein—protein interac-
tion assays. These, and additional experimental data indi-
cate that the plasma membrane H-ATPase AHA1, and the
aquaporins PIP2;1 and PIP2;2 associate within a SYP132-
complex that is sensitive to abiotic stress. Compromising
SYP132 functionality altered PIP2;1 distribution at the
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plasma membrane and suppressed the impacts of salinity
and osmotic stress in transgenic Arabidopsis. We propose
that AHA1 and PIP2;1 association within the SYP132-
complex at the plasma membrane coordinates their traf-
ficking and regulates water and proton transport for plant
responses to abiotic stress.

RESULTS

Aquaporins and the plasma membrane H*-ATPase AHA1
co-immunoprecipitate in complex with the SNARE SYP132

Initial co-immunoprecipitation experiments with
GFP-SYP132 (Figure 1a) identified PIP2 isoforms as major
components in complex with the SNARE. Co-
immunoprecipitant proteins were obtained from Arabidop-
sis stably expressing the green fluorescent protein (GFP)-
tagged SNARE driven by its native promoter (Ichikawa
et al., 2014; Xia et al., 2020). As experimental control and
to discount non-specific interactions, we used transgenic
Arabidopsis (pCaMV 35S: GPI-GFP) expressing GFP-fused
glycosyl-phosphatidylinositol (GPl) membrane anchor pep-
tide (Zhang et al., 2018). Purified membrane fractions from
leaf tissue were applied on GFP-trap resin (Chromotek).
After washing, the GFP-SYP132 co-immunoprecipitant pro-
teins that bound to the resin were eluted (Figure S1a) and
identified by mass spectrometry (MS) analysis. Proteins
bound specifically with SYP132 were determined by dis-
counting those proteins which co-immunoprecipitated with
GPI-GFP (Table S1). A broad categorisation of the SYP132
interactors was carried out based on molecular functions,
associated biological processes and cellular components
by Gene Ontology annotation (http:/pantherdb.org/)
(Figure 1b). This analysis showed that among the 59
unique proteins recovered (Figure 1b), most were
membrane-localised proteins contributing to water and
proton transport as well as in biotic and abiotic stress
responses. Notably, the SNARE interacted with plasma
membrane H'-ATPase, aquaporin PIPs and the proteins
involved in clathrin-mediated endocytosis, CLATHRIN
HEAVY CHAIN 1 (CHC1), CLATHRIN HEAVY CHAIN2 (CHC2)
and CLATHRIN LIGHT CHAIN 2 (CLC2) (Figure 1b;
Table S1).

In Arabidopsis, the plasma membrane water channels
PIP2;1 and PIP2;4 share high sequence similarity and con-
tribute to the bulk of water transport (Blatt et al., 2014;
Grondin et al., 2015). Therefore, we verified SYP132 bind-
ing with these major PIP isoforms using a mating-based
yeast GPl-signal peptide-anchored split ubiquitin (GPS)
system. Previous application of the yeast GPS system
(Zhang et al., 2018) with SYP132 showed a strong interac-
tion with the H"-ATPase AHA1 (Xia et al., 2019). For the
binding assay, SYP1322€ fused CubPLV bait protein is loca-
lised to the plasma membrane by the GPl-anchor peptide
Exg2. Protein binding is reported through a rescue of yeast

© 2024 The Authors.
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growth even when bait protein expression is suppressed
using 500 um methionine. The expression of the bait and
prey proteins in yeast cells was verified using immunoblot
(Figure S1b,c). Binding with AHA1 was tested in parallel
and served as positive control, the results indicating a dif-
ferential interaction with PIP1;2, PIP2;1 and PIP2;4
(Figure 1c). These data identify the PIPs as new interacting
partners of the plasma membrane trafficking SNARE
SYP132.

SYP132 association with AHA1, PIP2;1 and PIP2;2 is
affected in salinity and osmotic stress

Transcript levels of PIP1;2, PIP2;1 and PIP2;4 are highly
abundant in the leaf tissue, and these isoforms constitute
majority of the water channel proteins in most of the plant,
especially in the leaf tissue including guard cells (Alexan-
dersson et al., 2005; Groszmann et al., 2023). Therefore, we
tracked SYP132 interactions in Arabidopsis leaves using
co-immunoprecipitation (Co-IP) assays. We observed that
both AHA1 and PIP2 (PIP2;1 and PIP2;2) presence within
the SYP132 complex was differentially altered under abi-
otic stress. Antibodies that specifically bind Arabidopsis
AHA1, PIP1 (PIP1;1, PIP1;2, PIP1;3, PIP1;4 and PIP1;5) and
PIP2 (PIP2;1 and PIP2;2) were used to detect the native pro-
teins (Figure 2a,b). We purified plasma membranes from
Arabidopsis leaf tissue using two-phase partitioning
(Baena et al., 2022). As described above, input plasma
membrane suspension was applied in excess of the bind-
ing capacity of the resin and following washes, GFP-
SYP132 co-immunoprecipitant proteins were eluted for
analysis. To examine the impact of abiotic stress on
SYP132 binding, sets of 4-week-old SYP132p:GFP-SYP132
Arabidopsis plants were treated for 2 h prior to membrane
fractionation with water (control), 200 mm sodium chloride
(NaCl) solution to evoke salinity stress, or 75 mm mannitol
to impose osmotic stress. Mannitol is a growth-repressive
compound that mimics drought stress and is commonly
used to trigger abiotic stress responses in plants (Verslues
et al., 2006). Eluted GFP-SYP132 co-immunoprecipitant
complexes were resolved using SDS-PAGE and analysed
by immunoblot (Figure 2a). Immunoblot band intensities
were measured using densitometry to calculate binding
relative to the GFP-SYP132 bait (Figure 2c-e). These data
showed that GFP-SYP132 interacts with AHA1, PIP1 and
PIP2 proteins under control conditions in purified plasma
membrane fractions. Although SYP132 binding with AHA1
is known to be enhanced during bacterial pathogenesis
(Baena et al., 2022), we found that AHA1 binding in the
SYP132 co-immunoprecipitant complex was significantly
reduced under sodium chloride and mannitol stress
(Figure 2c). Relative to the control, sodium chloride or
mannitol treatments showed no significant effects on PIP1
(PIP1;1, PIP1;2, PIP1;3, PIP1;4 and PIP1;5) in complex
(Figure 2d). However GFP-SYP132 association with PIP2
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Figure 1. SNARE SYP132 co-immunoprecipitant complexes at the plasma membrane include H*-ATPase and PIP proteins (also see Figure S1).

(a) Mass spectrometry analysis workflow. GFP-SYP132 or GPI-GFP co-immunoprecipitant proteins that were bound, washed and eluted using GFP-trap columns
(verified using SDS-PAGE; see Figure S1a). Samples were trypsin digested and analysed using mass spectrometry (LC-MS/MS). The MS data was analysed (see
Methods) to identify proteins bound within the SYP132 co-immunoprecipitant complex.

(b) Bar graph depicts Gene Ontology (GO) annotation (http://pantherdb.org/) categories of SYP132 co-immunoprecipitants identified in the MS analysis (see
Table S1) based on cellular component, biological processes and molecular functions.

(c) Yeast mating-based split-ubiquitin (SUS) with GPI Signal Peptide-Anchored Split-Ubiquitin (GPS) system to test the interaction between bait SYP132C
(SYp132Methionine 1-Glutamate 270) 4§ prey proteins AHA1, PIP1;2, PIP2;1 and PIP2;4. Bait proteins were fused with the Exg2-GP!I signal peptide for membrane
anchoring and at the N-terminus, and CubPLV at the C-terminus. The prey proteins were fused with N-terminal NubG. Experimental controls include bait expres-
sion with NubG (negative) and Nubl (positive). Diploid yeasts were dropped at OD600 1.0 and 0.1 dilution and yeast growth was observed on CSM medium
(CSM_; runs) without leucine (Leu, L), tryptophan (Trp, T), uracil (Ura, U) and Methionine (Met, M) to verify mating and on CSM medium (CSM_ay; rum) without
adenine (Ade, A), histidine (His, H), Leu, Trp, Ura and Met to identify bait-prey interactions. Additional Met in the CSM_ap . tum Suppresses bait expression there-
fore yeast in these mediums indicates strong interactions with the prey. Incubation was carried out for 1 day on CSM_ ryy and 3 days on CSM_ay, rum media.
Bait and prey protein expression in the yeast cells was verified using immunoblot analysis (see Figure S1b,c). Also see Figure S4.
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(PIP2;1 and PIP2;2) proteins increased significantly by over
two-fold (Figure 2e). Immunoblots for endoplasmic
reticulum-resident lumen-binding protein BiP and plasma
membrane SNARE SYP121 verified the high purity (>99%)
of the plasma membrane fractions (Figure S2). Taken
together these data suggest that SNARE SYP132 co-
immunoprecipitant complexes at the plasma membrane
include PIP2 (PIP2;1 and PIP2;2) and AHA1, and that these
complexes may be altered under abiotic stress.

SYP132 influences the PIP2 abundance at the plasma
membrane

In Arabidopsis, the hormone ABA induces plasma mem-
brane H'-ATPase interactions with a subset of trafficking
SNARE proteins to suppress the abundance of the trans-
porters at the plasma membrane (Baena et al., 2022; Xue
et al., 2018). Endocytic traffic of the AHA1 in response to
ABA, auxin and bacterial pathogens is mediated by
SYP132 (Baena et al., 2022; Xia et al., 2019, 2020). SNAREs
are also thought to play an important role in PIP traffic and
influence plant hydraulics: (Hachez et al., 2014) showed
that the Qa-SNARE SYP121 and the Qc-SNARE SYP61
mediate PIP2;7 traffic to the plasma membrane and influ-
ence water transport. Therefore, we asked if PIP endocyto-
sis from the plasma membrane was SYP132-dependent.

Wild-type Arabidopsis plants were treated for 2 h in
200 mm sodium chloride (NaCl) solution or in 75 mm man-
nitol to induce abiotic stress as above. As a control, plants
were also treated with water prior to the isolation of micro-
somal membranes. Purified plasma membrane and inter-
nal membranes were obtained wusing two-phase
partitioning and the fractions were resolved on SDS-PAGE
for immunoblot analysis (Figure 3a). We tracked native
AHA1 to determine effects on H'-ATPase traffic and distri-
bution under the abiotic stress conditions. Previous studies
showed that over-expression of SYP132 deters or sup-
presses its functions; SNARE availability and secretion of
antimicrobials at the plasma membrane is reduced and
AHA1 redistribution from the plasma membrane is altered
in these situations (Baena et al., 2022, Xia et al., 2019,
2020). Hence, to evaluate the influence of the SNARE on
PIP protein trafficking under abiotic stress, Arabidopsis
transgenics over-expressing the SNARE protein [35S:RFP-
SYP132, SYP132-OX (Baena et al., 2022)], referred to from
here on as SYP132°T (SYP132-Deterrent), were challenged
in parallel with wild-type plants in these experiments.

We found a five-fold decrease in native PIP2 protein
density at the plasma membrane in plants treated with
NaCl and mannitol as compared to control conditions and
a corresponding increase in the density of PIP2 in internal
membrane fractions (Figure 3a,d). By contrast, the abun-
dance of AHA1 proteins at the plasma membrane
increased by over two-fold in response to NaCl and manni-
tol challenge (Figure 3a,e). Nevertheless, the densities of

© 2024 The Authors.
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PIP1, SYP132 and SYP121 at the plasma membrane were
not affected in the wild-type and SYP132°T plants when
compared to the control. Complementary analysis using
gRT-PCR showed no significant changes in the levels of
SYP132, PIP1;4 and PIP2;1 transcripts following NaCl and
mannitol treatments relative to control (Figure S3a—c). Cor-
responding to these data, no significant changes were
observed in levels of PIP1, PIP2 and SYP132 proteins in
total microsomal fractions following NaCl and mannitol
treatments in both wild-type and SYP132°T Arabidopsis
relative to the control (Figure 3b-d; Figure S3d). As
expected, there was a significant decrease in AHA1 density
at the plasma membrane in SYP132°T plants when com-
pared to the wild-type plants in control conditions
(Figure S3e). A corresponding decrease in PIP2 density at
the plasma membrane was observed, but PIP1 protein
levels remained unchanged (Figure 3a; Figure S3f,g). These
data show that PIP2 protein abundance at the plasma
membrane is regulated in response to NaCl and mannitol
treatments as is the case for AHA1. The SNARE SYP132
influences both AHA1, PIP2;1 and PIP2;2 traffic from the
plasma membrane, likely promoting the redistribution of
the channels from the plasma membrane under NaCl and
mannitol stress.

SYP132 downregulates PIP2;1 water permeability and
influences abiotic stress tolerance

While the experiments above indicated a role for SYP132
in PIP traffic, they do not rule out additional actions
through changes in the specific activity of the aquaporins
at the membrane. Thus, we asked if SYP132 affects water
transport activity directly following heterologous expres-
sion in Xenopus laevis oocytes. For this purpose, we used
swelling assays as described before (Canessa Fortuna
et al., 2019). As expected, expression of Arabidopsis PIP2;1
in oocytes enhanced osmotic water permeability and pro-
moted swelling as compared to oocytes expressing
SYP132 alone as a control. However, in oocytes co-
expressing PIP2;1 and the SNARE, oocyte swelling was
reduced as levels of SYP132 increased (Figure 4a—c). There
is no evidence in the literature to indicate that plant
SNAREs are functional in vesicle trafficking in oocytes.
Therefore, together with data showing suppression of
PIP2;1 density in SYP132°T plants (Figure 3; Figure S3g),
we suggest that SYP132 impacts both PIP2;1 density and
function at the plasma membrane.

Rosette hydraulics and environmental regulation are
dictated by PIP2;1 activity (Prado et al., 2013). To determine
if SNARE SYP132 regulation of the aquaporin proteins
affects the hydraulic status of the plants, we measured leaf
relative water content in Arabidopsis wild-type and
SYP132°T plants treated with water, NaCl or mannitol as
before. Plants were grown for 5 weeks under standard
150 pmol m~2 sec™" light in 8 h light/16 h dark cycles at
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Coordinate control of Arabidopsis PIP2;1 and AHA1 7

Figure 2. SNARE SYP132 binding with AHA1 and PIPs in plasma membrane fractions is altered in salinity and mannitol stress (see also Figure S2).
Immunoblots (representative) showing co-immunoprecipitation (Co-IP) assays (a) and plasma membrane (PM) fractions used as input (b) for the Co-IP. Five-
week-old SYP132p: GFP-SYP132 Arabidopsis plants were treated with water (control), 200 mm NaCl or 75 mm mannitol for 2 h prior to isolation of microsomal
membranes. Purified plasma membrane suspensions were applied to GFP-trap resin and co-immunoprecipitant protein complexes were eluted following
washes to remove loosely bound proteins. Plasma membranes from wild-type plants that lack GFP proteins were used as experimental controls to verify that
any proteins non-specifically bound to the resin were washed out. Immunoblots (a,b) show bound AHA1 (approx. 100 kDa) detected using anti-AHA1 antibodies
(first panels), PIP1 proteins (approx. 28 kDa) detected using antibodies that bind PIP1;1, PIP1;2, PIP1;3, PIP1;4 and PIP1;5 (second panels), PIP2 proteins (approx.
28 kDa monomer, 56 kDa dimer) detected using antibodies that bind both PIP2;1 and PIP2;2 isoforms in Arabidopsis (third panels) and GFP-SYP132 (bait,
approx. 63 kDa) detected using anti-GFP antibodies (fourth panel). Band intensities were measured using densitometry analysis using ImageJ software and nor-
malised to total protein (Coomassie) in each lane (bottom panels). Endoplasmic reticulum resident BiP proteins (approximately 74 kDa) were detected using
anti-BiP antibody and were absent in the plasma membrane input samples, indicating purity of fractions (also see Figure S2).

(c-e) Mean + SE relative densities of AHA1 (c), PIP1 proteins (d) and PIP2 (PIP2;1 and PIP2;2) (e) bound relative to GFP-SYP132 bait in the Co-IP assay. Graphs
for PIP2 (PIP2;1 and PIP2;2) represent a sum of intensities of monomer and dimer bands detected in each lane. Statistically significant differences were deter-
mined using Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test, represented by * = P < 0.03, ** = P < 0.002, *** = P < 0.0002 and

*kak = P < 0.0001. In the experiments >3 plants were used for each treatment, N = 3.

22°C/18°C (see ‘Methods’ section) prior to harvesting. We
found that leaf relative water content (RWC) for SYP132°7
plants was significantly higher compared to wild-type
plants under all conditions and the plants were more resil-
ient to abiotic stress (Figure 4d,e). Thus, SYP132 appears
to influence the plant water status and abiotic stress
tolerance.

How might the SNARE coordinate the association with
both aquaporins and plasma membrane H*-ATPases? One
clue comes from additional yeast Tri-SUS analysis (Zhang
et al., 2021) which showed that PIP2;1 and H'-ATPase
AHA1 are likely to occur in a complex with the SNARE
SYP132 (Figure S4). The Tri-SUS system detects tripartite
bait and prey interactions involving a third methionine-
repressible partner protein (Figure S4a). Yeast growth is
observed if the bait and prey interaction is bridged by a
third partner protein. In this assay co-expression of the
SNARE as a partner facilitated the assembly of PIP2;1-
SYP132-AHA1 complex. We found that there was no yeast
growth if AHA1 was expressed as a partner protein
(Figure S4b). It is expected that direct interactions between
the two transporters are unlikely. Therefore, data suggest
that the SNARE might be important for bringing together
the water channels and plasma membrane H"-ATPase pro-
teins in the membrane to coordinate water and proton
transport in plants, either through synergistic or competi-
tive binding processes. We discuss this point further
below.

DISCUSSION

In nature, plants are generally challenged with diverse and
interacting stresses that are most likely to occur simulta-
neously or in sequence (Pandey et al., 2015). Drought
stress is often associated with salinity and osmotic chal-
lenges influence plant growth, immunity, productivity and
water use causing enormous losses in agricultural
production (Zhang et al., 2020). Conversely, plant-microbe
interactions are reported to affect abiotic stress tolerance
(Gigli-Bisceglia & Testerink, 2021; Ma et al., 2020; Saijo &
Loo, 2020). Central to these processes is membrane trans-
port powered by the plasma membrane H™-ATPases and

© 2024 The Authors.

the hydraulic control of turgor and cell expansion (Blatt
et al.,, 2014; Chaumont & Tyerman, 2014; Maurel &
Chrispeels, 2001). Energisation by the plasma membrane
H™-ATPases affects a repertoire of environmental stress
and endogenous hormonal signals (Bellati et al., 2016;
Chaumont & Tyerman, 2014; Maurel et al., 2015, 2016;
Rodrigues et al., 2017; Sadura et al., 2020).

Multiple environmental and endogenous factors that
influence water homeostasis in plant cells rely on
post-translational regulation of transporters which includes
tetramer assembly, phosphorylation, protein-protein inter-
actions and endocytic recycling (Bellati et al., 2016; Hachez
et al., 2014; Luu & Maurel, 2013; Maurel et al., 2015; Ver-
doucq et al., 2014; Wudick et al., 2015). The current under-
standing is that membrane trafficking dictates PIP
abundance at the plasma membrane and contributes to
the regulation of water transport in response to stress
(Besserer et al., 2012; Hachez et al., 2014; Verdoucq
et al., 2014; Wudick et al., 2015). Some SNARE proteins
that mediate in vesicle traffic can also interact with aqua-
porins directly to influence water transport (Barozzi
et al., 2018; Besserer et al., 2012; Hachez et al., 2014).
Although much remains unknown, these relatively new
concepts potentially redefine the knowledge of mecha-
nisms controlling plant hydraulics.

We uncover here a new role for the plasma membrane
trafficking SNARE SYP132 in coordinating proton and
water transport in plant cells. Thus, in Arabidopsis we find
(1) that SYP132 regulates the abundance of the aquaporin
PIP2;1 and its closest homologue PIP2;2 together with H*-
ATPase AHAT1 at the plasma membrane; (2) that PIP2;1 and
PIP2;2 associate within SYP132-complexes that include
AHA1 and are altered under salinity and drought condi-
tions and finally (3) that the SNARE strongly affects PIP2;1
osmotic water permeability on heterologous expression
and it impacts leaf relative water content and influences
plant resilience to abiotic stress in vivo.

SYP132-associated trafficking under abiotic stress

Membrane vesicle trafficking affects ion transport by con-
trolling the population and availability of ion channels and
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8 Guillermo Baena et al.

transporters at the plasma membrane and is thus impor-
tant for cellular homeostasis, growth, immunity and
responses to the environment (Blatt et al., 2014; Grefen
et al., 2011; Honsbein et al., 2011; Klejchova et al., 2021;
Rodriguez-Furlan et al., 2019; Wang et al., 2018). There is a
significant body of work that describes the importance of
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membrane traffic in the regulation of K" channels (Karnik
et al., 2017), and more recently, that of the plasma mem-
brane H'-ATPases (Baena et al., 2022; Xia et al., 2019, 2020;
Xue et al., 2018).

Similarly, there is a growing body of evidence that
trafficking affects aquaporin density and is important for
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Coordinate control of Arabidopsis PIP2;1 and AHA1 9

Figure 3. SNARE SYP132 influences the PIP and AHA1 density and redistribution at the plasma membrane in abiotic stress (see also Figure S3).

(a) Immunoblot analysis of plasma membrane and internal membrane fractions from 4- to 5-week-old wild-type or SYP132-dominant negative (SYP132°T, 35S:
RFP-SYP132) Arabidopsis leaves resolved using SDS-PAGE. Immunoblot analysis of microsomal membranes is in Fig S3d-g. Plants were treated with water
(control), 200 mm sodium chloride (NaCl) or with 75 mm mannitol solutions in water for 2 h prior to membrane fractionation. Imnmunoblots (representative) show
plasma membrane (PM, left panels) and internal membrane (IM, right panels) respectively. Native SYP132 is detected at approx. 35 kDa and RFP-SYP132 bands
at 61 kDa (first panels) using anti-SYP132 antibodies; PIP1 proteins (approx. 28 kDa monomer, 56 kDa dimer) are detected using antibodies that bind PIP1;1,
PIP1;2, PIP1;3, PIP1;4 and PIP1;5 (second panels); PIP2 proteins (approximately 28 kDa monomer, 56 kDa dimer) are detected using antibodies that bind both
PIP2;1 and PIP2;2 isoforms in Arabidopsis (third panels) and AHA1 (approximately 100 kDa) is detected using anti-AHA1 antibodies (fourth panels). To detect
SNARE SYP121 (approximately 38 kDa), anti-SYP121 antibody was used (fifth panels). Lumen-binding protein BiP (approx. 74 kDa), a marker for internal mem-
branes was detected using anti-BiP antibodies (sixth panels). Purity of the plasma membrane fractions was estimated at >99% using BiP bands as reference.
Total protein was detected using Coomassie stained immunoblot membrane (bottom panels). Black lines (left) indicate positions of molecular mass markers,
and black arrows (right) indicate expected band positions.

(b—f) Mean + SE protein density relative to control. Plots include protein densities in total microsomal, plasma membrane and internal membrane fractions in
wild-type Arabidopsis (left panels) and SYP132°T Arabidopsis (right panels) for SYP132 (b), PIP1s (c), PIP2 (PIP2;1 + PIP2;2) (d), AHA1 (e) and SYP121 (f). Values
were obtained from densitometric analysis of immunoblots, normalised total protein detected using Coomassie stain, relative to water treated control. Statisti-
cally significant differences were determined using ANOVA using Tukey’s multiple comparisons test, represented by * = P < 0.03 and ** = P<0.002, N=3
using >3 plants for every sample in each experiment.

About 10-fold more total protein was loaded for internal membrane fractions than for plasma membrane fractions, precluding a direct comparison between
these blots. Figure S3 shows corresponding analysis for transcript levels (Figure S3a—c), immunoblots (representative) of total MS fractions (Figure S3d), and

protein abundance relative to wild-type control (Figure S3e,f).

the regulation of water transport (Chaumont et al., 2005;
Maurel et al., 2015; Paudel et al., 2017; Ueda et al., 2016;
Waudick et al., 2015). SNAREs are implicated in aquaporin
trafficking and influence cell membrane water permeabil-
ity: for instance, Besserer et al. (2012) found that post-
Golgi trafficking and water channel activity of maize PIP2;5
is regulated by SYP121, a plasma membrane Qa-SNARE
which is also involved in vesicle traffic and regulation of
voltage-gated K" channels (Karnik et al., 2017). In Arabi-
dopsis, SYP121 and Qc-SNARE SYNTAXIN OF PLANTS 61
(SYP61) regulate proper delivery of PIP2;7 to the plasma
membrane through direct interactions with the water chan-
nels (Hachez et al., 2014). SNARE binding has since been
attributed to cytosolic domains on PIP2;7 (Laloux
et al., 2020), suggesting that putative mechanisms might
exist which help confer specificity to the regulation of
aquaporin trafficking and function.

Previous analysis of Arabidopsis PIP2;1 suggested that
internalisation of the aquaporin in response to salinity
stress contributes to its down-regulation at the plasma
membrane (Li et al., 2011). Our findings that PIP2;1 and
PIP2;2 are internalised from the plasma membrane in a
SYP132-dependent manner now add a key insight into the
regulation of these aquaporins. In our hands, salinity and
osmotic stress treatments drive PIP2;1 redistribution from
the plasma membrane to internal membrane fractions and
these responses are suppressed in SYP132°T transgenic
Arabidopsis (Figure 3) with deterred SYP132 functions. Fur-
thermore, the impacts of SYP132 appear specific for the
PIP2 isoforms and do not extend to PIP1-type aquaporins
(Figure 3).

It is worth noting that Li et al. (2011) employed chemi-
cal blockers to suggest that PIP2;1 endocytosis relies on two
distinct pathways, one mediated by clathrin and the other
dependent on the protein partitioning to lipid raft mem-
brane microdomains (Li et al., 2011). Indeed, studies using

© 2024 The Authors.

clathrin mutant Arabidopsis have shown that the SNARE
SYP132 mediates clathrin-sensitive endocytosis of AHA1
(Xia et al., 2019). We suggest therefore that SYP132 might
be involved in the clathrin-dependent trafficking pathways
of PIP2;1 and PIP2;2. A subset of RARE COLD INDUCIBLE 2
(RCI2) proteins is reported to bind and promote CsPIP2;1
endocytosis in Camelina sativa under salinity stress (Kim,
Park et al., 2020). Overexpression of RCI2D affects lipid vesi-
cle accumulation in Camelina roots (Kim, Lim et al., 2020;
Kim et al., 2022), and it may be that RCI2 is involved in
clathrin-independent trafficking pathways of the aquapor-
ins. None of the Arabidopsis RCI2 isoforms were detected
within the SYP132-complexes in our mass spectrometry
experiments (Figure 1; Table S1). Hence, SYP132-mediated
endocytic pathways, at least in Arabidopsis shoots, are
likely to be distinct from lipid-raft pathways.

At the plasma membrane PIP2;1 and PIP2;2 density is
significantly reduced in the SYP132°T relative to the wild-
type Arabidopsis under control conditions (Figure S3). It
may be that SYP132 cycling (Baena et al., 2022) enhances
PIP2 endocytosis in these plant lines. Irrespective of the
mechanism, however, shoot growth and relative water
content measurements in the SYP132°T plants showed that
manipulating SYP132 suppresses aquaporin abundance at
the plasma membrane (Figure 4d,e). Thus, SYP132 under-
pins both PIP2 and AHA1 traffic at the plasma membrane
influencing plant resilience to abiotic stress challenges.

As expected, in SYP132°T plants total SYP132
(SYP132 + RFP-SYP132) density at the plasma membrane
is higher compared to wild-type plants (Figure 3). A
decrease is observed in both AHA1 and PIP2s levels in the
wild-type plants following NaCl and mannitol treatments
(Figure 3). By contrast, in the SYP132°" plants, these abi-
otic stress conditions did not appreciably alter PIP2 density
(Figure S3e-g). We note that the expression of RFP-SYP132
still showed a substantial reduction in AHA1 at the plasma
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membrane, much as was shown previously (Xia
et al., 2019). Therefore, the presence of RFP-SYP132 clearly
has a profound impact itself on traffic. The fact that it also
leads to a reduction in PIP2 density at the plasma mem-
brane argues against any explanation that overexpressing
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Coordinate control of Arabidopsis PIP2;1 and AHAT 11

Figure 4. SYP132 regulates PIP2;1 osmotic water permeability and leaf relative water content.

(a) Osmotic water permeability coefficient (Pf) measured from Xenopus oocytes injected with cRNA for heterologous expression of Arabidopsis SYP132 and
PIP2;1 proteins. Plots are mean P; + SE from oocytes expressing SYP132 (control) or PIP2;1 and co-expressing PIP2;1 and SYP132, using cRNA ratios 1:1 and
1:10. The non-injected oocytes (water) served as negative control. Data are representative of three independent experiments. Statistical significance using
ANOVA is represented using letters (P < 0.001), n = 13-23 oocytes.

(b) Time course of the relative volume change in oocytes from (A). The oocytes were imaged before injection (0 sec) and after injection with corresponding
cRNA at 60, 120, 180, 240 and 300 sec. Data are means + SE, n = 13-23 oocytes.

(c) Immunoblots detecting the expression of proteins in oocyte water transport assays (A and B). Following analysis, oocyte lysates in Laemmli buffer were
resolved on SDS-PAGE to detect the expression PIP2;1 and SYP132 using anti-cMyc and anti-HA antibodies, respectively (panels on left). Inmunoblots show
bands for proteins: PIP2;1 (approx. 33 kDa) and SYP132 (approx. 38 kDa); and black lines (left) indicate positions of molecular mass markers, and black arrows
(right) indicate expected band positions. Total proteins in each lane of the immunoblot membrane were detected using ponceau stain (panels on right).

(d) Photographs (representative) of wild-type or SYP132-dominant negative Arabidopsis (SYP132°T, 35S: RFP-SYP132) rosettes. Plants were grown under stan-
dard 150 pmol m~2 sec™" light in 8 h light/16 h dark cycles at 22°C/18°C and treated with water (control), 200 mm NaCl or 75 mm mannitol to induce stress for 4—
5 weeks. Scale bar = 1 cm.

(e) Relative Water Content (RWC %) in wild-type or SYP132°T Arabidopsis rosettes in control (water), NaCl or mannitol stress conditions; c.f (d). Data are
mean + SE. * represent statistical significance determined in pairwise comparisons using Mann-Whitney tests, (P < 0.05), n = 3, using 5 or more plants each.

Sansebastiano, 2013). We did not observe any appreciable
increase in the accumulation of RFP-SYP132 within internal
membrane fractions following NaCl or mannitol treatments
in wild-type or SYP132°T Arabidopsis (Figure 3a,b).

We know from previous work that when SYP132
expression is upregulated, the SNARE undergoes rapid
endocytic cycling which suppresses its density and deters
its functions at the plasma membrane (Baena et al., 2022).
Moreover, Xia et al. (2019) demonstrate that over-
expression of the so-called SYP132-Sp3 dominant negative
peptides instead promotes plasma membrane H'-ATPase
distribution at the plasma membrane. The new data thus
upholds previous hypothesis that SYP132 abundance is
stringently regulated in plant cells. We highlight that in the
absence of viable null mutants, the SYP132°TArabidopsis
obstructs the functions of this SNARE and serves as a
research tool.

SYP132-mediated traffic and AHA1 density at the plasma
membrane under stress

Plasma membrane H'-ATPase function is stringently regu-
lated through post-translational modifications and mem-
brane trafficking (Falhof et al., 2016; Fuglsang &
Palmgren, 2021; Palmgren & Morsomme, 2019; Sonder-
gaard et al., 2004). Past studies show that during bacterial
pathogenesis, AHA1 binding with SYP132 is enhanced and
these interactions affect AHA1 endocytosis. Conversely,
the plasma membrane H'-ATPase regulates SNARE cycling
from the plasma membrane, influencing defence-related
secretory traffic and pathogen immunity (Baena
et al., 2022). We have now found that in response to salin-
ity and osmotic stress, SYP132 binding with AHA1 is signif-
icantly reduced at the plasma membrane (Figure 2a-c).
These observations correspond with an increased abun-
dance of the transporters in purified plasma membrane
fractions (Figure 3a,b,e). Clearly, binding with the SNARE
is a pre-requisite for AHA1 endocytosis, as is noted for
ABA-induced internalisation of the plasma membrane H'-
ATPases (Xia et al., 2019).

© 2024 The Authors.

How do these data reconcile AHA1 activity in abiotic
stress? In response to salt stress, sodium efflux into the
apoplast and its compartmentalization inside the vacuole
is energised by plasma membrane H*-ATPases (Falhof
et al.,, 2016; Munns et al., 2006). Thereby, salt stress
induces plasma membrane H'-ATPase activation through
phosphorylation and 14-3-3 protein binding (Janicka-
Russak et al., 2013). Since AHA1 activation is thought to
occlude SYP132 binding (Xia et al., 2019), the new findings
support the hypothesis that AHA1 regulation in salt stress
conditions is linked to its activation.

SYP132-complexes of AHA1 and PIP2 aquaporins impact
on transport

Interactions between PIP1 and PIP2 isoforms are widely
reported over the past two decades (Jozefkowicz et al.,
2016; Shibasaka et al., 2021; Zelazny et al., 2007) and are
thought to be the part of a conserved mechanism driving
PIP1 proteins to the plasma membrane in heterotetrameric
conformations (Bienert et al., 2018). Even so, each isoform
is thought to independently facilitate water flux and may
have separate regulatory mechanisms. Here we establish
that SYP132 interacts with PIP2;1 as well as other water
channel isoforms including PIP2;4 and PIP1;2: native pro-
tein complexes in plasma membrane fractions of Arabi-
dopsis leaf tissue were detected using immunoblot
(Figure 2). We also identified binary protein-protein inter-
actions using yeast-based mbSUS assays (Figure 1c). This
approach has in the past demonstrated SYP132 binding
with H"-ATPase AHA1 (Baena et al., 2022; Xia et al., 2019),
SNARE interactions with PIPs (Hachez et al., 2014) and the
binding between SYP121 and K" ion channels (Grefen
et al., 2015; Honsbein et al., 2011).

We propose that SYP132 coordinates the PIP2 and
plasma membrane H'-ATPase abundance and functions
during salinity stress. In support, we have found that
PIP2;1 and the plasma membrane H'-ATPase AHA1 pro-
teins associate within SYP132 complexes at the plasma
membrane (Figures 1 and 2). A previous mass
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spectrometry analysis examining PIP1;2 and PIP2;1 inter-
actomes in root tissue detected AHA1 (Bellati et al., 2016).
Selective PIP2;1 binding with the SNARE SYP132 was also
detected in these screens following NaCl treatment of root
tissue (Bellati et al., 2016). SNARE-Aquaporin interactions
were not the primary focus of these studies, nevertheless
proteomics data support a role for syntaxins and clathrin
in aquaporin regulation and point to additional protein
partners affecting PIP trafficking (Bellati et al., 2016). We
uncover here that in Arabidopsis shoots, SYP132-
complexes include AHA1, aquaporin PIP2;1 and its homo-
logues as well as several proteins of the clathrin machin-
ery (Figures 1 and 2). In our experiments, salinity and
mannitol challenges enhanced PIP2;1 association within
the SNARE-complex while AHA1 binding was significantly
reduced (Figure 2) while PIP1 density at the plasma mem-
brane and binding within SYP132-complexes remained
unchanged. Additionally, yeast Tri-SUS assays that probe
tripartite protein binding suggested that SYP132 may act
as a conduit bringing together PIP2;1 and AHA1 com-
plexes (Figure S4). These are exciting findings: they sug-
gest that assembly of PIP2;1-SYP132-AHA1 complexes at
the plasma membrane could be a mechanism for coordi-
nating proton and water transport in the shoots. Previous
studies indicate that AHA1 binding with SYP132 is loca-
lised to the N-terminal Habc domain on the SNARE and
that deletion of this domain inhibits AHA1 traffic from the
plasma membrane (Baena et al., 2022). Further studies to
isolate specific binding motifs/domains may advance the
understanding of PIP2;1 interaction within the SNARE
complexes and their timing with the binding to the H'-
ATPase.

Remarkably we have found that co-expression of
PIP2;1 and SYP132 suppressed osmotic water uptake and
associated swelling of Xenopus laevis oocytes (Figure 4a—
c). Heterologous expression of PIP2;1 facilitates water per-
meability in Xenopus oocytes and the swelling response is
attributed to aquaporin activity on the oocyte membrane
(Grondin et al., 2015). We observed that increased SYP132
expression further reduced water uptake in these experi-
ments, suggesting SYP132 dose-dependent effects
(Figure 4a—c). It may be that increased SYP132 expression
affects PIP2;1 traffic at the oocyte plasma membrane which
suppresses water uptake. There is no evidence that plant
SNAREs are functional in oocytes, despite over two
decades of plant SNARE research, whereas trafficking of
the PIPs is clearly mediated by native Xenopus SNAREs.
Furthermore, we did not observe any obvious reduction in
the PIP2;1 protein in the oocytes that may be attributed to
endocytic degradation (Figure 4c). Although we cannot rule
out that SYP132-mediated trafficking in the heterologous
system, the observed effects are most easily explained if
interactions with SYP132 alter PIP2;1 osmotic permeability
in the oocytes.

PIP2;1 and AHA1 in environmental response

Finally, we note that the coordination of aquaporin and
plasma membrane H™-ATPase activities has immediate rel-
evance to stomata and their regulation to balance CO,
uptake for photosynthesis against water loss from the pho-
tosynthetic tissues (Jezek & Blatt, 2017; Lawson &
Blatt, 2014; Melotto et al., 2017; Vialet-Chabrand et al.,
2017; Wang et al., 2018). Stomatal regulation relies on the
transport of osmotic solutes at the plasma membrane and
the tonoplast as well as hydroactive water fluxes that con-
trol turgor and cell volume (Blatt et al., 2002; Grefen
et al., 2011; Jezek et al., 2019, 2021; Jezek & Blatt, 2017;
Lawson & Blatt, 2014; Vavasseur & Raghavendra, 2005;
Zonia & Munnik, 2007). Stomata respond to a variety of
environmental and endogenous factors including the
water-stress hormone abscisic acid (ABA), light and patho-
gens (Jezek et al., 2019, 2021; Jezek & Blatt, 2017; Lawson
& Blatt, 2014; Liu, Hou, et al., 2022; Melotto et al., 2017;
Vavasseur & Raghavendra, 2005).

Relevant to this study, plasma membrane H'-ATPase
endocytosis contributes to the downregulation of plasma
membrane H'-ATPase activity at the plasma membrane
(Fuglsang & Palmgren, 2021; Xia et al., 2019). In stomatal
guard cells, these pathways promote closure of the stoma-
tal pore to resist water loss in ABA (water-stress hormone)
or in drought stress (Xue et al., 2018) and to promote sto-
matal defence against bacterial pathogens (Baena
et al., 2022). Aquaporins impact disease and pathogen
immunity in both animals (Yang, 2017) and plants (Zhang
et al., 2019; Zhang, Shi, et al., 2022) and are deemed critical
for stomata-pathogen interactions, a pattern conserved
across plant species (Rodrigues et al., 2017; Zhang
et al., 2019). Our analysis shows that SYP132 regulation of
PIP2;1 has coordinate and opposing effects on AHA1 bind-
ing with the SNARE (Figures 1 and 2). High salt (NaCl) and
mannitol give rise to an osmotic imbalance that is adjusted
by stomatal closure and suppression of water transport
activity to prevent water loss (Granot & Kelly, 2019; Jezek
& Blatt, 2017). Both PIP2;1 and PIP2;2 have high water
channel activity (Verdoucq et al., 2008) and are implicated
in stomatal regulation in response to various environmen-
tal stress conditions and endogenous signals (Basu
et al., 2016; Chaumont & Tyerman, 2014; Grondin et al.,
2015; Hetherington & Woodward, 2003; Huang et al., 2020;
Israel et al., 2021; Rodrigues et al., 2017; Zhang et al.,
2019). Here we find that SYP132 influences PIP2;1 density
and functions at the plasma membrane (Figures 3 and 4).
We anticipate that SYP132 control of PIP2 trafficking, and
activity affects the water status of the plant and is likely a
key factor contributing to stomatal function.

In summary (Figure 5), we uncover a new role for the
plasma membrane trafficking SNARE SYP132 in the regula-
tion of PIP2;1 density and function in response to salinity

© 2024 The Authors.
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Figure 5. SYP132-mediated regulation of PIP2;1 and AHA1 during salinity stress. Schematic representation of our hypothesis for SYP132-mediated regulation of
PIP2;1 and AHA1 in response to salinity and osmotic stress. A simplified model of stomatal guard cells is shown and represents reversible changes in cell vol-
ume that cause stomata to open (left panel) or close (right panel). Plasma membrane H'-ATPases energise ion and water transport for turgor and increase in cell
volume for stomatal opening. Secondary transporters, voltage-activated K™ channels that drive osmotic solute uptake are shown; other transporters are not
included in the schematic for simplicity. The trafficking SNARE SYP132 interacts with both PIP2;1 and AHA1 proteins at the plasma membrane. Salinity and
osmotic stress cause a decrease in AHA1 binding with the SNARE, while PIP2;1 binding with SYP132 is increased and promotes PIP2;1 redistribution from the
plasma membrane to endosomal membranes. AHA1 density is elevated and may facilitate proton transport to maintain ion homeostasis in elevated sodium
(Na'). In parallel, SYP132 binding with PIP2;1 suppresses the function of the water channels. In summary, SYP132 coordinates PIP2;1 and AHA1 density and
functions at the plasma membrane during abiotic stress, thus contributing to stomatal closure to prevent dehydration. Schematic was created with BioRender.

com.

and osmotic stress. Differential interactions of SYP132 with
the PIP2;1 are enhanced following salinity challenge and
PIP2;1 distribution at the plasma membrane is enhanced.
Remarkably, these pathways appear to intersect with the
coordinate regulation of AHA1 that is governed by
the SNARE during pathogenesis. We find here that AHA1
binding with SYP132 is reduced and there is an increase in
AHAT1 density at the plasma membrane in response to NaCl.
Thus, SYP132 is at the centre of an antiparallel association
of PIP2 and of the H'-ATPase that is affected by salinity.

EXPERIMENTAL PROCEDURES

Plant material, growth conditions and physiology
experiments

Plants of Arabidopsis thaliana Columbia-0 ecotype (wild type)
were used in the study. In addition, transgenic Arabidopsis stable

© 2024 The Authors.

lines used are described previously, namely the 35S CaMV: RFP-
SYP132, SYP132-OX (over expressor) Xia et al. (2019) which is
referred to here as SYP132P¢t™ent = gyP132PT, the SYP132 native
promoter-driven GFP-SYP132 (SYP132p:GFP-SYP132; Ichikawa
et al., 2014), and 35S CaMV promoter-driven GFP-fused with a
hydrophobic signal sequence from a GPI protein (GFP-GPI; Zhang

et al., 2018). Arabidopsis thaliana plants were grown on soil under

standard conditions of 8 h light/16 h dark, 22°C/18°C cycle and

150 pmol m2 sec™" light and 60% restricted humidity for 4-

5 weeks.

Plants were maintained under well-watered conditions with
watering twice a week. Salt or osmotic stress was induced by
bathing the plants in 200 mm NaCl or 75 mm mannitol respec-
tively as described before (Karimi et al., 2021; Virk et al., 2015).
For leaf RWC analysis (Sade et al., 2015), turgid and dry
weights of 4-week-old Arabidopsis rosettes were measured. The
RWC (%) was calculated as 100 x (fresh weight — dry weight)/(-
turgid weight — dry weight). All the experiments were repeated
three times using at least five plants for each line and
treatment.
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Total RNA isolation and RT-qPCR analysis

Total RNA isolation and RT-qPCR analysis were described previ-
ously (Alexandersson et al., 2005; Xia et al., 2019). Briefly, total
RNA was extracted using TRIzol Plus RNA Purification Kit (Invitro-
gen, Paisley, UK), and the isolated total RNA was quantified and
used for cDNA synthesis. RT-qPCR reactions were performed
using gene-specific primers (see Table S2) (Armengot et al., 2016;
Jang et al., 2004). Fold change in the gene expression was calcu-
lated as 2724t (Livak & Schmittgen, 2001) using reference gene,
the mitochondrial 18S rRNA.

Immunoblot analysis

Immunoblot assays were performed as described before, (Baena
et al., 2022). Purified membrane fractions were solubilised in the
Laemmli buffer, resolved on SDS-PAGE using 4%-20% gradient
gels (Bio-Rad) and transferred to nitrocellulose membranes (Bio-
Rad) using Transblot (Bio-Rad Laboratories, Watford, UK). Immu-
noblot membranes were incubated with 5% (w/v) non-fat dry milk
in 1xTris-buffered saline (TBS; 150 mm NaCl, 50 mwm Tris-HCI, pH
7.5, 0.1% [v/v] Tween-20) blocking solution prior to incubation
with primary antibodies diluted in 2.5% (w/v) milk, 1xXTBS. To
detect native proteins expressed in Arabidopsis we used anti-
bodies anti-SYP132 (1:3000; Baena et al., 2022), anti-AHA1 (1:3000;
Baena et al., 2022), anti-PIP1 (1:5000; Agrisera AS09 487) recognis-
ing PIP1;1, PIP1;2, PIP1;3, PIP1;4, PIP1;5 isoforms, anti-PIP2
(1:5000; Agrisera AS09 491) that binds PIP2;1 + PIP2;2 proteins or
anti-BiP (1:10000; Agrisera AS09 481) antibodies. GFP- and RFP-
tagged proteins were detected using anti-GFP (1:5000; Chromotek
3 h9) and anti-RFP (1:5000; Chromotek 4f8) antibodies respec-
tively. Membranes were washed using wash buffer (1xTBS), and
membranes were incubated with secondary antibodies goat anti-
rabbit- or goat anti-rat-horseradish peroxidase conjugate (1:20000;
Agrisera AS09 602, AS10 1187). Proteins were visualised using
SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher Scientific, Leicestershire, UK) and imaged by
Fusion FX Chemiluminescence Imager (Vilber, France). Immuno-
blot band intensity was measured by densitometry using the Ima-
gedJ software and values were normalised against total protein in
each lane detected using Coomassie or Ponceau stains.

Co-immunoprecipitation assay

Protein homogenates from Arabidopsis leaf tissue were diluted
with the binding buffer (PBS [10 mm Phosphate, 2.68 mm KClI,
140 mm NaCl, pH 7.45], 0.01% Triton X-100, 0.05 mm DTT, 0.01%
CHAPS, protease inhibitor [Thermo Fisher Scientific]) and incu-
bated with GFP-Trap® agarose beads (Chromotek, Proteintech
Europe, UK) for 1 h at 4°C with gentle shaking. The beads were
collected and washed three times with washing buffer (binding
buffer with an additional 150 mm NaCl) and the bound proteins
were eluted with 2x Elution buffer (50 mm Tris-HCI, pH 6.8, 5%
w/v SDS, 2 mm EDTA, 0.1% Triton X-100, 50 mm DTT, 12% v/v
glycerol, 0.05% w/v bromophenol blue).

Mass spectrometry analysis

LC-MS/MS analysis was performed on a Dionex Ultimate 3000
RSLC nanoflow system (Dionex, Camberley, UK) and Orbitrap Elite
mass spectrometer (Thermo Fisher Scientific). Each sample was
digested using the Filter Aided Sample Preparations (FASP)
method (Wisniewski et al., 2009) to generate tryptic peptides prior
to mass spectrometry. Trypsin-digested peptides were loaded on
a C18 trap column and then separated on a 50 cm Acclaim

PepMap100 column (particle size 3 um, internal diameter 75 pm)
with linear gradient 5-35% buffer B (0.1% formic acid in 80% ace-
tonitrile) over 135 min at a flow rate of 300 nl/min. Eluate from the
column was introduced to the Orbitrap Elite MS by electrospray
ionisation. The ionisation voltage was set to 1.7 kV and the ion
transfer tube temperature to 220°C. The MS was operated in posi-
tive ion mode using collision-induced dissociation/higher energy
collisional dissociation CID/HCD fragmentation methods for MS2.
Full scan Fourier transform-based mass spectrometry (FTMS)
spectra were acquired in the range from m/z 380.0 to 1800.0, with
a resolution of 60 000. The maximum injection time for the FTMS
full scan was set as 200 ms, reaching an automatic gain control
(AGC) target value of 1 x 108, The three most intense peaks from
each MS spectrum were selected for each fragmentation mode.
lons with the charge state 1+ were excluded from the fragmenta-
tion list. The HCD MS/MS scan was fixed to start from m/z 100.00
with a resolution of 15 000 using an MS2 AGC target of 5 x 10
The collision energy was set as 40% normalised collision energy
(NCE). An isolation window of +1.5 Da was applied to isolate pre-
cursor ions with dynamic exclusion of 20 sec. Every precursor ion
was repeated twice within a duration time of 30 sec and was
excluded for 20 sec. lon trap mass spectrometry CID MS/MS scan
spectra were acquired with 35% NCE and an AGC target of
1 x 10%

Acquired MS/MS spectra were analysed for protein identifica-
tion using Proteome Discoverer 3.0 software (Thermo Scientific).
Protein identification was performed using in silico spectral librar-
ies generated with Proteome Discoverer 3.0 and Mascot search
engine (v2.6.2, Matrix Science) against Arabidopsis taxonomy in
NcbiAV (version 2017-1-30; 92 149 sequences), with a precursor
mass tolerance of 10 ppm and fragment ion mass tolerance of
0.8 Da. Two missed cleavages for the trypsin digestion were per-
mitted. |dentified peptides were filtered with a cut-off criterion of
a g-value of 0.01, corresponding to a 1% false-discovery rate (FDR)
for highly confident peptide hits and a g-value of 0.05 (5% FDR)
for peptide hits with moderate confidence. For protein identifica-
tion, the criteria of a cut-off value of at least two unique high-
confidence peptides per protein detected in at least two out of
three replicates was used. Proteins detected in both GFP-SYP132
and GPI-GFP co-immunoprecipitant samples were considered as
non-specific interactors for the SNARE and were excluded from
further analysis. Ribosomal proteins detected in the assays were
also excluded from the analysis since they do not regulate SNARE
function.

Gene Ontology (GO) analysis of detected proteins describes
biological process, molecular function or cellular component was
carried out using the PANTHER Overrepresentation Test. All
unique genes with biological process information for Arabidopsis
(GO Ontology database DOI: 10.5281/zenodo.7942786 Released
2023-05-10) were used as the reference set (all genes in the data-
base). P-values were calculated by the FISHER test and their false
discovery rates (FDRs) were adjusted by the Benjamini-Hochberg
method.

In vitro cRNA synthesis and Xenopus oocyte
swelling assay

For Xenopus laevis oocytes water transport assays, PIP2;1 was
inserted into the pGT-cMyc-Dest vector, while SYP132 was cloned
into the pGT-nHA-Dest vector (Zhang et al., 2015). The plasmids
were then linearized, and capped RNA (cRNA) was synthesised in
vitro using the mMMESSAGE mMACHINE T7 High Yield Capped
RNA Transcription Kit (Ambion, Invitrogen, Paisley, UK) as
described by (Zhang et al., 2015). The quality of the RNA was
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assessed using agarose gel electrophoresis, and the concentration
was determined using a Nano-300 spectrophotometer (Hangzhou
Allsheng Instruments, China).

Stage VI oocytes were obtained from mature X. laevis
frogs, and the follicular cell layer was digested with 2 mg/ml
collagenase (Sigma-Aldrich (Merck) Dorset, UK) for 20 min prior
to injection with water (non-injected, negative control), or cRNA
coding for PIP2;1 or SYP132. Injected oocytes were incubated at
18°C in ND96 solution (96 mm NaCl, 2 mm KCI, 1 mm MgCl,,
1 mm CaCl, and 10 mm HEPES-NaOH, pH 7.4) supplemented
with gentamycin (5 mg/L) for 3 days before recording. Changes
in oocyte volume were monitored using an SZ680 zoom stereo
microscope equipped with a colour camera (Chongging Optec
Instrument, China). Cell swelling in response to a four-fold dilu-
tion of ND96 buffer with distilled water was captured in still
images, and the oocyte was treated as a growing sphere, allow-
ing its volume to be inferred from its cross-sectional area using
Image J software version 1.37 (NIH, USA). Oocyte osmotic
water permeability coefficient (Pf) was determined by measuring
the rate of osmotic oocyte swelling. Pf was calculated using the
formula Pf=VO0[d(V/Vo)/dtl/[S Vw (Osm;,-Osmy.)], where VO
represents the initial oocyte volume (9 x 107*cm®), VN0
denotes the relative volume, S is the oocyte surface area
(0.045 cm?), Vw represents the molecular volume of water
(18 cm®/mol), and Osm;,-Osm,y; represents the osmotic driving
force (Canessa Fortuna et al., 2019; Fox et al., 2020). Osmolari-
ties were measured using a vapour pressure osmometer (Vapro
5600, Wescor, USA).
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