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Introduction

Plasma membrane (PM) intrinsic proteins (PIPs) are aquaporins
that facilitate the diffusion of water and small solutes through
lipid bilayers (Maurel ez al, 2015; Fox et al., 2017). PIP main
function is exerted at the PM, where different lateral channel dif-
fusion patterns exist (Li ez al., 2011). Some channels move freely,
whereas others localise in restricted lateral diffusion regions such
as microdomains (Li e# al, 2011). Interestingly, other cellular
structures in addition to the PM, such as the cell wall (Martiniere
et al., 2012) and actin filaments (Hosy ez al., 2015), are involved
in PIP lateral diffusion restriction, which reflects PIP close inter-
action with other cellular structures. The functional importance
of PIP PM organisation in interactions with proteins/lipids from
other cellular structures is not completely understood, but the
role of PIP microdomains in the regulation of exo/endocytosis

was proposed (Takano ez al., 2017).

Interorganelle contacts through membrane contact sites are
involved in the maintenance of phospholipid homeostasis and
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Summary

¢ Plasma membrane (PM) intrinsic proteins (PIPs) are aquaporins facilitating the diffusion of
water and small solutes. The functional importance of the PM organisation of PIPs in the inter-
action with other cellular structures is not completely understood.

e We performed a pull-down assay using maize (Zea mays) suspension cells expressing YFP-
ZmPIP2;5 and validated the protein interactions by yeast split-ubiquitin and bimolecular fluo-
rescence complementation assays. We expressed interacting proteins tagged with fluorescent
proteins in Nicotiana benthamiana leaves and performed water transport assays in oocytes.
Finally, a phylogenetic analysis was conducted.

e The PM-located ZmPIP2;5 physically interacts with the endoplasmic reticulum (ER) resident
ZmVAP27-1. This interaction requires the ZmVAP27-1 cytoplasmic major sperm domain.
ZmPIP2;5 and ZmVAP27-1 localise in close vicinity in ER-PM contact sites (EPCSs) and endo-
cytic structures upon exposure to salt stress conditions. This interaction enhances PM water
permeability in oocytes. Similarly, the Arabidopsis ZmVAP27-1 paralogue, AtVAP27-1, inter-
acts with the AtPIP2;7 aquaporin.

e Together, these data indicate that the PIP2-VAP27 interaction in EPCSs is evolutionarily
conserved, and suggest that VAP27 might stabilise the aquaporins and guide their endocytosis
in response to salt stress.

trafficking events (Pérez-Sancho ez al., 2016). These contact types
among organelles are not randomly established but follow pat-
terns that change when cellular nutrient status is modified or the
cytoskeleton disassembled (Valm et 4/, 2017). Recently, it was
shown that ER-PM contact sites (EPCSs) were enhanced by
ionic stress (Lee ef al., 2019), which is especially relevant for plant
cells. EPCS proteomes are not yet clearly established, but evi-
dence points to the existence of different EPCS populations (Siao
et al., 20165 Stefano ez al., 2018). In recent years, plant vesicle-as-
sociated membrane protein  (VAMP)-associated  proteins
(VAP27s) and synaptotagmins (SYTs) have been characterised as
evolutionarily conserved ER tethers that maintain the ER mem-
brane in close proximity to the PM without fusing them (Wang
et al., 2014, 2016; Pérez-Sancho et al., 2015). Arabidopsis STY1
interacts with the SNARE SYP121 and is involved in endocytosis
and endosome recycling to the PM (Lewis & Lazarowitz, 2010;
Kim et al., 2016). Also, plant VAP interaction with a specific
phosphoinositide (PI) subset in clathrin-mediated endocytosis
has been reported (Stefano et al, 2018). Consistently, in ER—
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endosome membrane contact sites from mammal cells, VAPs are
necessary to downregulate specific PI endosome levels and to
ensure correct actin filament deposition (Dong ez al, 2016).
Markedly, PIP endocytosis and autophagic degradation occurs in
a Pl-dependent manner (Ueda er al., 2016; Jurkiewicz er al.,
2020), and different PIP isoforms are highly expressed in cell
elongation zones (Heinen ¢t al., 2009), regions where the EPCSs
are abundant (McFarlane et 4/, 2017). However, evidence for
PIP presence at EPCSs has not been shown yet.

Complex posttranslational regulation of eukaryotic aquaporins
is mediated by other proteins (Roche & Tornroth-Horsefield,
2017). For instance, hundreds of putative APIP interactors were
found (Bellati et al, 2016). PIP cytosolic domains (i.e. the N-
and C-termini, loops B and D) are involved in the regulation of
channel trafficking, degradation, and gating upon interaction
with specific proteins (Lee ez al., 2009; Zelazny er al., 2009; Wu
et al., 2013; Hachez er al., 2014a; Grondin et al., 2015; Li ez al.,
2015; Afzal et al., 2016; Bellati ez al., 2016). In the present work,
we explored which are the main partners of maize (Zea mays)
ZmPIP2;5, the most highly expressed PIP isoform in roots
involved in radial water movement (Hachez ez al, 2006; Ding
et al., 2020). We found that ZmPIP2;5 interacts with VAP27s
inserted in the ER membrane, and that this interaction positively
influences PM water permeability. We propose that VAP27s sta-
bilise PIP2s at the PM and might guide their endocytosis in
response to salt stress. This interaction seems to be conserved
through land plant evolution.

Materials and Methods

Genetic constructs

Total RNA was extracted from 6-d-old maize Black Mexican
Sweet (BMS) cells using the RNeasy Plant Mini Kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions.
Total cDNA was synthesised from RNA (1 pg) in a 25-pl reac-
tion volume using M-MLV Reverse Transcriptase (Promega,
Madison, WI, USA) and the oligo(dT)15 primer. For the SUS
assay, ZmVAP27-1 and ZmVAP27-2 cDNAs were PCR ampli-
fied from BMS cell total cDNA, and ZmPIP2;5 cDNA, opti-
mised for expression in yeast, was PCR amplified from
pYeDPGOu—ZmPIPZ;50PT (Bienert er al., 2014) using the corre-
sponding attlB and att2B primers (Supporting Information
Table S1). The PCR products were cloned with the Gateway™
system  (Invitrogen, Waltham, MA, USA) into the
pDONR221P1P2 entry vector before their integration into the
SUS destination vectors. pMetYC-DEST and pNX35-DEST
(Grefen et al., 2009) were used to produce the Met-repressible
bait construct ZmPIP2;5-Cub-PLV and the prey constructs
NubG-ZmVAP27-1 or NubG-ZmVAP27-2, respectively. The
NubWT control fragment was obtained from the pNubWT-
Xgate vector (Grefen ez al., 2009).

To carry out bimolecular fluorescence complementation (BiFC)
and localisation assays the cDNAs were cloned with the Gateway™
system (Invitrogen). Briefly, ZmPIP2;5 and ZmVAP27-1 were
PCR amplified using the corresponding attB1 and attB4 primers
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and cloned into the pPDONR221P1P4 entry vector. ZmSYPI21,
ZmVAP27-1, ZmVAP27-2, AtVAP27-1, NpPMA2 and the deleted
ZmVAP27-1 versions (AMSD and ATMD) were PCR amplified
using the corresponding attB3 and attB2 primers. For the ACCD
mutant genetic construct, two PCR fragments obtained with the
attB3AtVAP27-1NFw/RvVAP11deltaCCD and attB2AtVAP27-
INRv/FwVAP11deltaCCD primer pairs were assembled in a sec-
ond PCR with the attB3 and attB2 primers. All these PCR frag-
ments were cloned into the pPDONR221P3P2 entry vector. Details
of the plasmid pDONR221P1P4-AtPIP2;7 were previously pub-
lished by our laboratory (Hachez er al., 2014a). The vector Gate-
way” cassettes were transferred to the pBIFCt-2in1-NN
destination vector (Grefen & Blatt, 2012) and/or the pFRETtv-
2in1-NN (Hecker et al, 2015).

For the oocyte swelling assays, the pT7Ts-derived vector con-
taining the T7 RNA polymerase promoter and carrying the 5’
and 3’ translated regions of the Xenopus laevis B-globin gene
(Gorgoni et al., 1995) was modified to add new cloning sites.
Briefly, overlapping oligos with the recognition sites for Nod,
Xbol, and Sadl (Table S1) were annealed and cloned into the
vector previously linearised using the Bg/ll and Spel enzymes.
The ZmPIP2;5 and ZmVAP27-1 cDNAs were PCR amplified
from BiFC vectors using specific primers to add restriction
enzyme sites (Table S1). ZmPIP2;5 was cloned into the Bg/ll and
Spel sites, and ZmVAP27-1 was cloned into the Sacl and Spel
sites. All cloned products were checked by sequencing.

Transfection of maize BMS cells

BMS cells were cultivated in the dark with constant shaking at
90 rpm and 25°C, in BMS medium (50 ml) (4.4 g It Murashige
and Skoog basal salts with minimal organics; M6899, Sigma
Aldrich, St. Louis, MO, USA), 30gl™" sucrose, 3 mgl™" 2,4-
dichlorophenoxyacetic acid (D8407, Sigma Aldrich), and
0.2gr1 of L-Asn (A4284, Sigma Aldrich), pH 5.8). The cells
were subcultured every 14d at a 1:10 ratio with fresh BMS
medium at room temperature.

Stable transfected BMS cells were obtained using the PDS-
1000/He Biolistic particle bombardment delivery system (Bio-
Rad, Hercules, CA, USA). Briefly, pCAMBIA358u:YFP-PIP2;5
(Chevalier et al, 2014) and pCAMBIA35Su:YFP (Ding et al.,
2020) DNAs were precipitated onto 0.6 um gold particles. These
DNA-coated particles were used to bombard 9-d-old BMS cells
spread over Whatman filters on top of BMS medium-agar plates.
After 3d the filters were transferred to selective BMS medium
plates (kanamycin 100 pgml™" for pCAMBIA35Su:YFP-PIP2;5
and Bialaphos 3 pgml™" for pCAMBIA35Su:YFP). Every 15d
the filters were transferred to fresh plates. Fluorescent calli were
selected after 4-6 wk.

Protoplast swelling assay

BMS protoplast isolation was performed as described previously
(Moshelion ez al., 2004). Briefly, protoplasts were isolated from
2 ml of 8-d-old BMS cell suspensions. The cells were left to sedi-
ment and the BMS medium was replaced with cell wall digestion
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solution (1 ml) (1.5% w/v cellulase Y-C; Kyowa Chemical Prod-
ucts, Japan), 0.3% w/v Macerozyme R-10 (Duchefa Biochemie,
Haarlem, the Netherlands) in isotonic solution (to be described
later). The cells were placed on a rotary shaker (90 rpm) for 2 h
30 min at 26°C. Then, the cells were passed through a nylon fil-
ter (20 pm pore size) and washed two times with isotonic solu-
tion. The protoplast swelling experiments were performed as
described previously (Moshelion er al, 2004). The isotonic and
hypotonic solutions (10 mM KCI, 1 mM CaCl,, 8 mM MES,
pH 5.75) were adjusted with sorbitol to 300-330 and 150-
160 mOsm, respectively. The Advanced Instruments 3300
Micro-Osmometer (Advanced Instruments, MA, USA) served
for all osmolarity measurements.

Plant microsomal fraction preparation,
immunoprecipitation and LC-MS assays

BMS cells were grown in 200 ml cultures and harvested after 7 d.
The cells were washed with ice-cold homogenisation buffer
(250 mM sorbitol, 50 mM Tris-HCI pH 8, 2 mM 2-[2-[bis(car-
boxymethyl)amino]ethyl-(carboxymethyl)amino]acetic acid
(EDTA), 10 mM dithiothreitol (DTT), 1 mM phenylmethyl-
sulphonylfluoride (PMSF), and 2 pgml™" each of leupeptin,
pepstatin, aprotinin, antipain and chymostatin) and ground with
glass beads. Cell debris was removed by centrifugation for 5 min
at 3500 g. The supernatant was then centrifuged for 30 min at
100 000 g. Finally, the pellet corresponding to the microsomal
fraction was suspended in resuspension buffer (250 mM sucrose,
20 mM HEPES pH7.4, 10 mM KCl, 1.5 mM MgCl,, 1 mM
EDTA, 1mM 2-[2-[2-[2-[bis(carboxymethyl)amino]ethoxy]
ethoxy]ethyl-(carboxymethyl)amino]acetic acid (EGTA), 10 mM
DTT, 1 mM PMSF, and 2 pg ml™" each of leupeptin, pepstatin,
aprotinin, antipain and chymostatin). Proteins were quantified
by the Bradford assay (Bradford, 1976) and adjusted to
3mgml~" and 1% w/v octyl-B-D-glucopyranoside. Protein
extracts (15 mg) were mixed with 30 pl agarose beads (Chro-
motek, Planegg, Germany) and incubated in a rotor wheel for
1 h at 4°C. Then, the beads were pelleted by centrifugation at
2000 g for 10s and the supernatant was incubated with 30 pl
Chromotek GFP-Trap® agarose beads in a rotor wheel at 4°C
overnight (ON). The beads were washed five times with 700 pl
resuspension buffer supplemented with 300 mM NaCl. Bound
proteins were eluted from the beads by adding 20 pul Laemmli
buffer and incubating for 15 min at 65°C. This step was repeated
twice. ZmPIP2;5 immunoprecipitation was confirmed in aliquots
(2ul) by immunoblot. The remaining samples were elec-
trophoresed by SDS-PAGE just to stack the proteins that were
in-gel digested with trypsin, and peptides recovered for the nano-
ultra-high performance liquid chromatography coupled with
electrospray ionisation-quadrupole-time of flight-mass spectrom-
etry (nano-ULPC-ESI-QTOF-MS) analysis at the MASSPROT
facility (UCLouvain, detailed protocol in Methods S1). For each
sample, three technical replicates were run in the nano-ULPC-
ESI-QTOF-MS. Procenesis QI (v.2.0, Nonlinear Dynamics)
was used to analyse the spectrometry data. The runs were nor-
malised to YFP levels. For peptide identification the maize
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UP000007305 reference proteome was used (UniProt). Detailed
information of the ions to peptides and peptides to proteins asso-
ciation is listed in Table S2. Progenesis QI software is not pre-
pared to handle technical and biological replicates in statistical
analysis. Therefore, to score the differential abundance of pro-
teins between YFP-ZmPIP2;5 and YFP samples including techni-
cal replicates, the online freely available RepExplore software
(Glaab & Schneider, 2015) was used. In this software the vari-
ance across technical replicates was included in the analysis using
a Bayesian approach named probability of positive log ratio
(PPLR) statistic (Glaab & Schneider, 2015).

Split-ubiquitin assays (SUS)

The haploid yeast strain THY.AP4 was cotransformed by electro-
poration with the Nub and Cub constructs of interest. Yeast
colonies coexpressing the bait and prey constructs were recovered
48 h after transfer to selective medium (CSM, -Leu™, Trp")
(Grefen ez al., 2009). Growth assays were performed as detailed
in Hachez et al. (2014a). Yeast coexpressing the Met-repressible
bait construct ZmPIP2;5-Cub-PLV and the prey constructs
NubG-ZmVAP27-1, NubG-ZmVAP27-2, NubG (negative con-
trol), or NubWT (positive control) were grown on selective
medium. The next day, a dilution series (ODgoo nm 0.5, 0.05,
and 0.005) of the cultures was dropped onto interaction-selective
(CSM, -Leu™, Trp~, Ade, His™, Met™) medium containing
100 uM methionine to repress bait expression. Control plates
without methionine serve to verify that an equal yeast amount
had been dropped. Yeast growth was recorded after incubation
for 48h at 30°C. Protein expression was verified via
immunoblotting using a rat monoclonal antibody against the
haemagglutinin (HA) tag (Roche, Mannheim, Germany) and a
rabbit polyclonal antibody against VP16 (Abcam, Cambridge,
UK), as previously described (Grefen ez al., 2009). Protein load-
ing on a PVDF membrane was revealed by Coomassie R250
staining (Goldman e 4/, 2016).

Confocal microscopy

A Zeiss LSM710 confocal microscope equipped with a spectral
detector module (Carl Zeiss, Oberkochen, Germany) was used
for confocal image acquisition. Imaging of BMS cells trans-
formed with YFP-ZmPIP2;5 was achieved with a C-Apochromat
x40/1.20 water-immersion objective. The mYFP molecule was
excited with the 514-nm laser lines. Emitted light was collected
through a dichroic mirror on detector 520-560 nm. The cell PM
was stained with FM4-64 dye (16 uM, Invitrogen). This dye was
excited at 514 nm and detected from 600 to 760 nm.

The BiFC and localisation assays were performed in tobacco
(N. benthamiana) epidermal cells transformed by Agrobacterium
tumefaciens infiltration (Batoko e al., 2000). Samples were anal-
ysed 3 d after infiltration. For fluorophore excitation and emis-
sion, the following laser settings were used: for mRFP1 excitation
561 nm and emission 560 to 615 nm, for mYFP excitation at
514 nm and emission 522 to 553 nm, for mTRQ2 excitation
445 nm and emission 463 to 520 nm, for mVenus excitation

New Phytologist (2020) 228: 973-988
www.newphytologist.com



976 Research

514 nm and emission 520 to 574 nm. The BiFC analysis was per-
formed using a x40/0.75 water-immersion objective. Images
were taken with standardised excitation intensities and photo-
multiplier gains. Relative fluorescence was analysed using the
ZEN 2 Profile module (blue edn, Carl Zeiss). Five lines of five to
six um length were drawn through the PM of one cell. The fluo-
rescence intensity of each line for each fluorophore was obtained.
Then, the mYFP to mRFP1 fluorescence ratio of each line was
calculated and averaged for that cell. The neighbour cells were
not used to measure the fluorescence intensity to avoid including
twice the values of a single cell. When specified, the Airyscan
module (Carl Zeiss) and Plan-Apochromat x63/1.40 oil immer-
sion objective were used.

In vitro RNA synthesis and oocyte water transport assays

The capped cRNA encoding for ZmPIP2;5 was synthesised
in vitro using the mMESSAGE mMACHINET7 High Yield
Capped RNA Transcription Kit (Ambion, Austin, TX, USA),
and the capped ZmVAP27-1 cRNA was synthesised with the
mMESSAGE mMACHINE T7 High Yield Capped RNA
ULTRA Transcription Kit (Ambion), as described previously
(Jozetkowicz et al., 2013). The synthesised products were resus-
pended in RNase-free water. cRNA integrity was checked on
agarose gel and quantified in a NanoDrop™ 2000 spectropho-
tometer (Thermo Fisher Scientific).

Defolliculated Xenopus laevis oocytes (stages V—VI) were
microinjected with ¢cRNAs and incubated in ND96 buffer
(96 mM NaCl, 2 mM KCI, 1 mM MgCl,, 1.8 mM CaCl,, and
5mM HEPES pH 7.5; ¢ 200 mOsmol kg~' H,0) for 3d at
18°C. The osmotic water permeability coefficient (7%) of oocytes
injected or noninjected (NI) with cRNA was determined by mea-
suring the oocyte swelling rate in response to ND96 buffer
diluted five-fold with distilled water, as explained previously
(Fortuna ez al., 2019). For pH inhibition experiments, the oocyte
internal proton concentration was modified as explained previ-
ously (Bellati ez al., 2010), and the swelling response was induced
by transferring the oocytes to an incubation solution diluted five-
fold with distilled water. Briefly, oocytes were preincubated in
solutions of different pH (MES for the 5.8 to 6.7 pH interval
and HEPES for the 7.0-7.5 pH interval) containing 50 mM
sodium acetate, 20 mM MES or HEPES, and supplemented with
1 M mannitol to adjust the osmolarity to ¢ 200 mOsmol kg™
H,O. To calculate the final internal pH in oocytes treated with
acetate buffers, we used the calibration curve performed by Bellati
et al. (2010). Noninjected oocytes, preincubated in a pH 7.5
solution for pH experiments, were used as negative controls. All
osmolarities were measured in a vapour pressure osmometer
(5600C; Wescor Inc., Logan, UT, USA).

Bioinformatics analysis of ZmV AP proteins

Protein domains were identified with the Simple Modular Archi-
tecture Research Tool, SMART (Schultz et al, 1998). Maize
proteins containing a major sperm domain (MSD) domain
were found in the B73 reference genome (RefGen_v4) via a
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BrasT search with ZmVAP27-1 MSD, and also were found in the
SMART database. ZmVAP27 homologous gene families were iden-
tified in the Monocots Praza 4.0 platform (Van Bel ez /., 2018).
For the phylogenetic tree, to obtain a harmonic representation of
the different plant species, the protein sequences were retrieved
from the family HOMO04000421 (Monocots database), Dicots
Praza 4.0, and Gymno Praza 1.0. Multiple sequence alignments
(MSA) were assembled in the GUIDANCE2 server (Sela et al.,
2015) using the Marrr (FFT-NS-100) algorithm. Unreliable
sequences below a 0.60 confidence score were removed and the
alignment redone. The sequences were trimmed with TrRiMAIL
(Capella-Gutierrez er al, 2009) removing unreliable columns
below a 0.80 confidence score conserving 35% of the sequence.
The best-fit model was found wusing MODELFINDER
(Kalyaanamoorthy er 4/, 2017) implemented in the IQ-TREE
(v.1.10) Phylogenomic software. Branch support was calculated
with the ultrafast bootstrap (Hoang ez 4/, 2018) and the SH-
aLRT branch test (Guindon ez al., 2010). The best-fit model was
JTT+F+R7. Trees were edited using the Interactive Tree of Life
tool (Letunic & Bork, 2016). ZmVAP transcriptomic data were
obtained and analysed using the GENEVESTIGATOR™ v.4 platform
(https://genevestigator.com) (Zimmermann ez al., 2004).

Results

Identification of ZmPIP2;5 interactors associated with the
cytoskeleton

We previously reported that the ZmPIP2;5 physical interaction
with the syntaxin SYP121 regulates its subcellular trafficking and
water transport activity (Besserer e al., 2012). To identify other
ZmPIP2;5 partners we designed a pull-down assay using BMS
suspension cells. We generated transgenic lines that overexpressed
YFP-ZmPIP2;5 under the control of the 35S promoter and
selected lines with high and stable protein expression levels. Con-
focal microscopy analysis showed that YFP-ZmPIP2;5 was
localised in the PM (Fig. 1a). We then determined the cell mem-
brane P by protoplast swelling assays and observed that the P
was greater in the ZmPIP2;5 overexpression cells compared with
wild-type cells (Fig. 1b), demonstrating that YFP-ZmPIP2;5 was
a functional water channel in these cells. We used this YFP-
ZmPIP2;5 overexpression cell line and a cell line overexpressing
YFP (negative control) to perform a pull-down assay. With a /-
like value <0.05 and fold change (FC)> 2, 138 proteins were
defined as putative ZmPIP2;5 interactors (Table S3). Then, we
created a shorter interest list, which also included some proteins
with a FC> 1.5 (Table 1).

A cellulose synthase subunit (CESA) was pulled-down with
ZmPIP2;5, similarly to that reported in a previous pull-down
assay with APIP2;1 (Bellati ez al., 2016). Interestingly, the CESA
complex is one of the few identified mediators of the interaction
between the PM and cortical microtubules (Krtkova ez al., 2016),
the latter guiding cellulose deposition (Paredez ez al, 2006).
Then, we hypothesised that PIPs may also interact with the
cytoskeleton, and that this interaction may underlie specific
events regulating PIP function in cell water and/or solute
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Fig. 1 Localisation and activity of YFP-ZmPIP2;5 expressed in Black
Mexican Sweet (BMS) cells. (a) Confocal images of maize BMS cells stably
transformed with the 35S:YFP-ZmPIP2;5 construct. A clear colocalisation
of the YFP (green) and the plasma membrane dye FM4-64 (magenta) was
observed. Bars, 10 um. (b) Water permeability coefficient (Ps) values of
nontransformed BMS cells (wild-type (WT)) and cells expressing YFP-
ZmPIP2;5 (ZmPIP2;50E). For each scatter plot the lines indicate the

mean =+ SE. An unpaired t-test was used to test the statistical difference
between lines (***, P<0.001).

homeostasis. In support of this hypothesis: (1) we observed the
pull-down of proteins involved in PM—cytoskeleton association
together with ZmPIP2;5 (Table 1); (2) in a previous pull-down
assay using ZmPIP2;6 as bait, we identified kinesin, dynamin,
actin, and tubulin as putative interactors (Hachez et al., 2014a;
Table S4); and (3) the reported APIP2;1 pull-down assay also
identified several dynamin and tubulin isoforms as interactors
(Bellati et al., 2016; Table S4). Markedly, we also identified two
members of the plant-specific Networked (NET) actin-binding
proteins superfamily (Deeks e al, 2012), and two VAPDs,
ZmVAP27-1 and ZmVAP27-2. VAPs and NETs, together with
the cytoskeleton, are involved in EPCS organisation (Wang ez al.,
2014). This evidence points to an association of the PM-localised
ZmPIP2;5 with the cortical cytoskeleton and ER, possibly
through an interaction with ZmVAP27-1 and ZmVAP27-2.
Therefore, we decided to investigate the interaction between PIPs
and VAP27s and its functional implications.

ZmPIP2;5 interacts with ZmVAP27 proteins

To confirm the ZmPIP2;5 interaction with ZmVAP27-1 and
ZmVAP27-2, we performed a yeast SUS. The ¢cDNAs of
ZmVAP27-1 and ZmVAP27-2 were cloned using BMS cell total
RNA as a template. ZmVAP27s were N-terminal tagged with

©2020 The Authors
New Phytologist ©2020 New Phytologist Trust

Research™ 9

NubG (prey) and ZmPIP2;5 was C-terminal tagged with Cub—
PLV (bait). NubG and NubWT fragments served as negative and
positive controls of the Nub—Cub interaction, respectively
(Grefen et al, 2009). The specificity in the interaction was
observed by reducing bait protein expression with methionine,
which inhibited the mer25 promoter. Yeast growth was observed
when ZmPIP2;5-Cub-PVL was expressed with both VAP27 pro-
teins or with the positive NubWT control, whereas it was not
observed for the negative control (Fig.2a), indicating that
ZmPIP2;5 is able to physically interact with ZmVAP27-1 or
ZmVAP27-2. Bait and prey protein expression in the trans-
formed yeast was confirmed by immunoblots (Fig. 2b).

Additionally, the physical interaction between ZmPIP2;5 and
ZmV'ADP27s was validated by a BiFC assay using the pBiFCt-2inl
vector (Grefen & Blatt, 2012). This vector carries each protein of
interest in frame with half of the YFP protein (YFPn and YFPc)
and a soluble monomeric red fluorescent protein (mRFP1) as an
internal transformation and expression control. ZmSYP121 and
NpPMA2 were used as the positive and negative ZmPIP2;5 inter-
action controls, respectively (Besserer et al, 2012). The con-
structs were agro-infiltrated in N. benthamiana leaves and the
fluorescence was observed by confocal microscopy after 3 d. For
both the YFPn-ZmPIP2;5/YFPc-ZmVAP27-1 and YFPn-
ZmPIP2;5/YFPc-ZmVAP27-2 pairs, a YFP fluorescent signal was
detected with a particular bright dot pattern (insets Fig. 2c). As
expected, a YFP fluorescent signal was also observed when YFPn-
ZmPIP2;5 was co-expressed with YFPc-ZmSYP121, whereas no
signal was observed when YFPn-ZmPIP2;5 was co-expressed with
YFPc-NpPMA2 (Fig. 2¢). Additionally, we tested the specificity
of the interaction between ZmVAP27s and ZmPIP2;5 by
analysing the YFPn-ZmVAP27-1/YFPc-NpPMA2 pair, and did
not detect any YFP signal, indicating that ZmVAP27-1 is not
broadly interacting with all PM proteins (Fig. S1). Altogether,
the assays in the yeast heterologous system and in plant cells con-
firmed the pull-down data showing that ZmVAP27-1 and
ZmVAP27-2 interacted with ZmPIP2;5.

The MSD of VAP27s is required for PIP2-VAP27
interaction

Both ZmVAP27-1 and ZmVAP27-2 present the three character-
istic VAP protein domains (Wang ez al., 2016): the cytoplasmic
MSD, the coiled-coil domain (CCD), and the transmembrane
domain (TMD) that anchors the protein to the ER (Fig. 3a). To
determine which domain is involved in the interaction with
ZmPIP2;5, we generated ZmVAP27-1 mutants and tested their
physical interaction with ZmPIP2;5 by means of BiFC assays.
Ratiometric fluorescence quantification resulted in a significant
increase in the YFP/RFP ratio when the MSD was present in
ZmVAP27-1 (i.e. for the pairs YFPn-ZmPIP2;5/YFPc-
ZmVAP27-1, YFPn-ZmPIP2;5/YFPc-ZmVAP27-1ATMD, and
YFPn-ZmPIP2;5/YFPc-ZmVAP27-1ACCD), whereas the YFP/
RFP ratio of the cells expressing YFPn-ZmPIP2;5/YFPc-
ZmVAP27-1AMSD was not significantly different from the neg-
ative control (Fig. 3b; representative confocal images in Fig. S2a).
The expression of ZmVAP27-1AMSD was confirmed by
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Table 1 Potential ZmPIP2;5 interacting proteins.
P-like eBayes adj. Peptide Unique
Identifier Description value P-value count peptides FC
Plasma membrane proteins
Zm00001d017526 Aquaporin PIP1-2 1.6E-06 1.01E-04 9 2 8.3
Zm00001d017526  Aquaporin PIP1-3/PIP1-4 0.0E+00 2.61E-05 10 3 17.2
Zm00001d019565 Aquaporin PIP2-6 4.2E-10 1.48E-04 7 3 7.4
Zm00001d008178  ABC transporter B family member 21 5.2E-08 2.01E-03 29 7 2.1
Zm00001d013254 ABC transporter B family member 27 8.7E-09 2.36E-04 9 3 33
Zm00001d043766 ABC transporter B family member 9 1.8E-08 1.80E-03 5 2 2.2
Zm00001d048823  Monosaccharide-sensing protein 2 6.9E-03 8.27E-05 2 2 26.2
Zm00001d029762 Hexose transporter 1.5E-03 1.74E-02 4 3 1.6
Zm00001d005451  Cellulose synthase A5 3.3E-02 2.00E-02 10 3 1.7
Proteins involved in trafficking
Zm00001d047468 Aberrant pollen transmission1 0.0E +00 1.18E-05 23 7 21.1
Zm00001d037842  B-cell receptor-associated 31-like 1.4E-04 4.70E-03 7 6 2.4
Zm00001d025817 CLIP-associated protein (CLASP) 8.6E-05 2.65E-03 12 4 2.1
Zm00001d014526 EH domain-containing protein 1 5.0E-07 1.95E-03 26 2 2.4
Zm00001d015102  Golgi SNAP receptor complex member 1 4.3E-03 2.27E-02 5 2 5.2
Zm00001d035041 Phospholipase SGR2 5.1E-03 4.82E-03 4 2 3.0
Zm00001d014159 Protein Networked 1A 2.0E-03 2.45E-03 5 2 23
Zm00001d014616 Transducin family protein/ WD-40 repeat family 0.0E+00  2.86E-06 2 2 46.2
protein
Zm00001d042180 Vesicle-associated protein 27-2 1.4E-10 8.21E-03 4 2 6.5
Zm00001d025939 Vesicle-associated protein 27-1 2.6E-02 2.65E-03 3 3 2.3
Zm00001d038808 Vesicle-fusing ATPase 8.7E-09 2.80E-03 35 3 2.2
Zm00001d041443  Protein Networked 1A 8.3E-04 6.60E-03 10 2 1.8
Zm00001d021551 Ras-related protein RABH1b 2.3E-04 1.68E-02 16 7 1.7

Proteins in bold are involved in plasma membrane (PM)-cytoskeleton organisation (Pietra et al., 2013; Paredez et al., 2006; Deeks et al., 2012; Wang

etal., 2014; Kirik et al., 2007).

P-like value, transformation of the probability of positive log ratio (PPLR) into a P-like significance score; eBayes, empirical Bayes moderated t-statistic; FC,

fold change.

confocal microscopy in tobacco leaves transiently expressing
mTRQ2 tagged protein (Fig. S2b). Altogether, these data suggest
that the VAP27 MSD domain is required for their interaction
with ZmPIP2;5.

PIP2 C-terminal domain is not required for PIP2-VAP27
interaction

Most of the reported VAP interactors are cytoplasmic proteins
with a binding motif of two phenylalanines in an acidic tract
(FFAT) or a FFAT-like motif (Murphy & Levine, 2016). Using
a mammal and yeast VAP interactome, an algorithm to predict
VAP binding motifs was proposed (Murphy & Levine, 2016).
We tested ZmPIP2;5 cytoplasmic domains with that algorithm
and found no putative interaction motifs within these sequences.
However, this algorithm also predicted a weak interaction of the
mammalian potassium channel Kv2.1, which is known to inter-
act with VAP proteins through a noncanonical C-terminal
domain binding motif that is rich in serine residues (Johnson
et al., 2018). As the ZmPIP2;5 C-terminus is also serine rich, we
tested whether this domain was required for the interaction with
ZmVAP27-1. We generated the ZmPIP2;5AC deletion mutant
and tested its physical interaction with ZmVAP27-1 by means of
BiFC assays. The ZmPIP2;5AC mutant still interacted with
ZmVAP27-1 (Figs 3b, S2a), suggesting that another ZmPIP2;5

New Phytologist (2020) 228: 973-988
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cytosolic domain should be involved in the interaction with

ZmVAP27-1.

ZmPIP2;5 and ZmVAP27s are in close vicinity in EPCS and
endocytic structures

To study VAP27 protein intracellular localisation relative to the
localisation of ZmPIP2;5, ZmVAP27-1 or ZmVAP27-2 and
ZmPIP2;5 were tagged with mTRQ2 and mVenus, respectively,
and transiently expressed in V. benthamiana leaves. mTRQ2-
ZmVAP signals were found close to the PM and around the
nucleus in a reticular network, characteristic of the ER (Fig. 4a,
b). This was better observed in high magnification images, in
which the mTRQ2-ZmVAP27-1 fluorescent signals were in the
cortical ER structure near to the PM and in punctuated structures
(Fig. 4¢), as previously described for A?ZVAP27s present in EPCS
(Wang et al., 2014, 2016). The expression of both VAP27s did
not modify ZmPIP2;5 PM localisation (Fig. 4a,b).

PIPs are internalised in response to salt stress (Boursiac er al,
2005; Prak ez al, 2008; Pou et al., 2016; Ueda et al., 2016), and
VAP27 proteins are involved in endocytic traffic (Stefano e al.,
2018). To obtain insights into the nature of the contact between
ZmVAP27-1 with ZmPIP2;5, we challenged the cells with a short
but strong hyperosmotic salt stress, aiming to plasmolyse the cells
but also to observe endocytosis. After 15 min in 4% NaCl,

©2020 The Authors
New Phytologist ©2020 New Phytologist Trust



New

Research' 979

Phytologist
a b
( ) ( ) ZmPIP2;5
a9
NN
P o
pmet25; pADH: o S &K
Cub-PVL Nub-X 100 uM Met U8 4SS pa
NubG ~100
.70
NubWT aHA 55
ZmPIP2;5
ZmVAP27-1 - R0
ZmVAP27-2 e .
OD600nm 05 005 0005 05 005 0005 e
= AR _ R _B 55
(c)
YFPn-ZmPIP2;5 YFPn-ZmPIP2;5 YFPn-ZmPIP2;5 YFPn-ZmPIP2;5
YFPc-NpPMA2 YFPc-ZmSYP121 YFPc-ZmVAP27-1 YFPc-ZmVAP27-2

RFP

BiFC
signal

Fig.2 ZmPIP2;5 interacts with ZmVAP27-1 and ZmVAP27-2. (a) Spilt-ubiquitin assay (SUS). Yeast coexpressing the ZmPIP2;5-Cub-PLV Met-repressible
bait construct and the prey constructs NubG-ZmVAP27-1, NubG-ZmVAP27-2, NubG, or NubWT were dropped in a dilution series (OD 0.5, 0.05 and
0.005) onto synthetic medium with or without 100 uM methionine to repress bait expression. Yeast growth was recorded after incubation for 48 h. This
experiment was repeated with three independent transformed yeast lines for each construct pair. (b) Immunoblot to verify bait and prey fusion protein
expression in yeast used for the SUS. The preys were revealed using anti-haemaglutinin (anti-HA) antibody and the bait (ZmPIP2;5) was revealed using an
anti-VP16 antibody. NubG and NubWT do not contain an HA-tag. The expected molecular weights of the proteins were: NubG-ZmVAP27-1, 40 kDa;
NubG-ZmVAP27-2, 60 kDa, and ZmPIP2;5-Cub-PLV, 77 kDa. Polyvinylidene difluoride (PVDF) membrane Coomassie R250 staining (bottom) was used to
control the protein loading. (c) Bimolecular fluorescence complementation (BiFC) signals for the pairs YFPn-ZmPIP2;5/YFPc-NpPMA2 (negative control),
YFPn-ZmPIP2;5/YFPc-ZmSYP121 (positive control), YFPn-ZmPIP2;5/YFPc-ZmVAP27-1, YFPn-ZmPIP2;5/YFPc-ZmVAP27-2. BiFC signal (YFP) is shown in
green, and the RFP signal in red serves as a transfection control. Bars, 10 um. YFP signal was detected with a bright dot pattern for the YFPn-ZmPIP2;5/

YFPc-ZmVAP27-1 and YFPn-ZmPIP2;5/YFPc-ZmVAP27-2 pairs (insets).

protoplast detachment from the cell wall occurred and both pro-
teins were detected in Hechtian strands (arrows, Figs 4d,f, S3),
which connect the cell wall to the protoplast (Lang-Pauluzzi &
Gunning, 2000). Interestingly, characteristic endocytosed intra-
cellular vesicles containing the aquaporin in response to NaCl
were surrounded by the mTRQ2-ZmVAP27-1 signal (arrows,
Fig. 4e,g).

To further investigate the interaction between ZmPIP2;5 and
ZmVAP27-1 we used the Airyscan confocal microscope super-resolu-
tion module (Zeiss LSM710). This approach revealed a patched
arrangement of mVenus-ZmPIP2;5 in the PM (Fig. 5a), suggesting
that ZmPIP2;5 organises in PM domains as previously shown for
APIP2;1 (Li et al, 2011). This irregular pattern colocalised pardally
with the nested arrangement of ZmVAP27-1 in the ER (Fig. 5a).

©2020 The Authors
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Regarding the mVenus-ZmPIP2;5-labelled intracellular vesicles that
were near to the PM, we were not able to observe mTRQ2 and
mVenus signal colocalisation (Fig. 5b). Cell membrane reorganisa-
ton upon NaCl treatment highlighted mVenus-ZmPIP2;5 and
mTRQ2-ZmVAP27-1 colocalisation in Hechtian strands (Fig. 5¢,§
zoom out of this panel in Fig. S3b) and ZmPIP2;5-labelled vesicles
(Fig. 5d,g), as already shown. Also, we detected colocalisation of both
proteins in globular structures (Fig. 5¢,h), which resemble the PM
invaginations labelled with Venus-A#IP2;7 induced in response to
salt stress conditions (Pou er al, 2016). Additional images showing
mVenus-ZmPIP2;5 and mTRQ2-ZmVAP27-1 colocalisation upon
NaCl stress are shown in Fig. S4. Altogether, these data suggested
that ZmVAP27-1-labelled ER is organised close to the different
structures involved in ZmPIP2;5 internalisation.

New Phytologist (2020) 228: 973-988
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Fig.3 ZmVAP27-1 major sperm domain (MSD) is required for the
interaction with ZmPIP2;5. (a) Domain composition of the VAP27 proteins
that interact with ZmPIP2;5. CCD, coiled-coil domain; TMD,
transmembrane domain. (b) Fluorescence ratiometric quantification from
bimolecular fluorescence complementation (BiFC) experiments with the
pairs PIP/PMA (YFPn-ZmPIP2;5/YFPc-NpPMA?2), PIP/VAP (YFPn-
ZmPIP2;5/YFPc-ZmVAP27-1), PIP/AMSD (YFPn-ZmPIP2;5/YFPc-
ZmVAP27-1AMSD), PIP/ATMD (YFPn-ZmPIP2;5/YFPc-ZmVAP27-
1ATMD), PIP/ACCD (YFPn-ZmPIP2;5/YFPc-ZmVAP27-1ACCD), and
PIPAC/VAP (YFPn-ZmPIP2;5AC/YFPc-ZmVAP27-1). For each scatter
plot, the lines indicate the mean =+ SE. The Kruskal-Wallis and Dunn's
multiple comparison test were used to calculate the statistical difference
between the negative control and the remaining constructs (***,
P<0.001; *, P<0.05; ns, not significant). This experiment was repeated
twice.

ZmVAP27-1 positively modifies the osmotic membrane
water permeability of ZmPIP2;5 expressing oocytes

ZmVAP27-1
ZmPIP2;5 water transport activity, we performed Xenopus oocyte
swelling assays. Both ZmPIP2;5 and ZmVAP27-1 coding cRNAs
were injected in oocytes and, after 3 d, the latter was subjected to

To determine whether expression modified

hypo-osmotic shock. The P values of oocytes injected with
ZmVAP27-1 cRNA alone were not different from the P; of NI
oocytes, whereas a significant P increase was observed when the
oocytes were injected with ZmPIP2;5 cRNA. ZmPIP2;5 and
ZmVAP27-1 cRNA co-injection in a 1 : 1 ratio did not modify
the mean ¢ value in comparison with ZmPIP2;5 expression
alone. However, the co-injection of ZmPIP2;5 and ZmVAP27-1
cRNA in a 1:10 ratio caused a mean P value increase over 35%
(Figs 6a, S5a,b), indicating a positive synergistic effect on the cell
water permeability.

The water permeation through PIP pores is regulated by the
cytosolic proton concentration ([H']}) (Tournaire-Roux ez al,
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2003). Under acid conditions, residues located in cytosolic
loop D are protonated, and concomitant loop reorganisation
leads to PIP pore closure (T6rnroth-Horsefield ez al, 20065
Frick et al, 2013). A Prvs [H']; sigmoidal curve characterises
the cooperative behaviour in proton sensing of the channels
that integrate the tetramer (Bellati ez al, 2010; Yaneff et al,
2014; Jozetkowicz et al., 2016). To evaluate if the PIP-VAP27
interaction affected proton sensing, as it may involve PIP
cytosolic domains, we compared the relative- P vs [H']; curves
for  ZmPIP2;5 expressed alone and co-expressed with
ZmVAP27-1 (1 : 10) (Fig. 6b; absolute P values reported in
Fig. S5c,d). The [H']ys remained constant among the assays
(0.21 £0.02 vs 0.24+0.01, mean & standard error (SE),
n=2), suggesting that the interaction between ZmPIP2;5 and
ZmVAP27-1 did not alter the aquaporin structural elements
involved in pH sensing.

The PIP2-VAP27 interaction is conserved among different
angiosperms

Currently our understanding about plant VAPs mainly arises
from research in the plant model Arabidopsis (Wang et al., 2014,
2016; Pérez-Sancho et al., 2015), whereas maize VAP proteins
have not been characterised yet. Intending to better understand
the PIP-VAP27 interaction we identified maize VAPs and stud-
ied VAP27 phylogeny in green plants (Viridiplantae). We identi-
fied 19 proteins containing a MSD in the B73 maize genome
(Fig. S6a). The MSD is a conserved feature among VAPs, but
proteins from other families may also contain this domain.
Indeed, 17 of the 19 proteins were homologues of the previously
characterised A7VAP27s, whereas the remaining two proteins
were nonrelated to VAP27s. The ZmPIP2;5 interactors
(ZmVAP27-1 and ZmVAP27-2) are part of the same homology
group with an MSD amino acid sequence identity over 50%
(Fig. S6b). Publicly available transcriptome data analysis showed
that six of 14 group members are highly expressed in most plant
tissues (Fig. S6¢). Both ZmVAP27-1 and ZmVAP27-2 are among
these highly expressed genes, and exhibit the greatest expression
levels in roots (Fig. S6¢), similar to ZmPIP2;5 (Hachez et al.,
2006, 2008).

To obtain insights into the family evolution of the ZmVAP27-
1 and ZmVAP27-2 homology group, we performed a phyloge-
netic analysis. A balanced selection of species and genes allowed
an alignment of 254 proteins from 41 green plant species (see
Materials and methods section). The reconstructed phylogenetic
tree showed that this VAP27 homology group can be further sub-
divided into two paralogue groups (Fig. 7a, the full phylogeny is
shown in Fig. S7), which correspond with the previously defined
AVAP27s clades I and III (Wang ez al., 2016). The presence of
these clades can be traced back to Gymnosperms, suggesting that
both clades were present in the Spermatophyta ancestor. Within
cach of these two main clades, two subgroups can be distin-
guished for Angiosperms, showing family-specific expansion
events. ZmVAP27-1, together with other seven ZmVAP27s,
clearly group in the A#VAP27 clade I, the closer Arabidopsis
ZmVAP27-1 orthologues being the isoforms AfVAP27-1/3/5/7.

©2020 The Authors
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Fig.4 ZmVAP27-1 and ZmVAP27-2 are in the endoplasmic reticulum (ER) in close proximity to the plasma membrane (PM)-localised ZmPIP2;5. (a, b)
Confocal images (Z-stack projection) of tobacco leaf cells transiently overexpressing mVenus-ZmPIP2;5 and mTRQ2-ZmVAP27-1 (a) or mVenus-
ZmPIP2;5 and mTRQ2-ZmVAP27-2 (b). Bars, 10 um. (c) Inset in two confocal planes of cells overexpressing mVenus-ZmPIP2;5 and mTRQ2-ZmVAP27-1.
Insets in the transmitted light panels represent in red the scanned plane (1.02 um thin) position in the Z-stack. Arrows point to VAP27 dots. (d, e) Confocal
images of cells overexpressing mVenus-ZmPIP2;5 and mTRQ2-ZmVAP27-1 after treatment with NaCl (4 %) for 15 min. (d) Arrows point to Hetchian
strands, asterisks indicate the periplasmic space, and P is the receding protoplast. Arrows in (e) point to mVenus-ZmPIP2;5 vesicles surrounded by mTRQ2

signal. (f, g) Insets and fluorescence intensity profiles (arbitrary units) for mVenus and mTRQ2 in the structures pointed out with the yellow arrows in (d, e):
an Hetchian strand (f), and endocytic vesicle (g). Bars, 5 um.
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Fig.5 ZmVAP27-1 colocalises with ZmPIP2;5 in NaCl stress-related structures. (a) Airyscan confocal images of cells overexpressing mVenus-ZmPIP2;5 and
mMTRQ2-ZmVAP27-1. Bars, 5 um. Inset bars, 1 um. (b) Airyscan confocal images of the same cell as in (a), but a different Z-position. Bars, 1 um. (c—€)
Airyscan confocal images of cells overexpressing mVenus-ZmPIP2;5 and mTRQ2-ZmVAP27-1 after treatment with NaCl (4%) for 15 min. (c) P, the
receding protoplast, asterisks indicate to the periplasmic space. Arrows point to NaCl-induced: Hetchian strands (c), endocytic vesicles (d), and globular
structure (e). (f-h) Insets and fluorescence intensity profiles (arbitrary units) for mVenus and mTRQ2 in the structures pointed with the yellow arrows in (c—
e): an Hetchian strand (f), endocytic vesicles (g), and globular structure (h). Bars, 5 um.
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Fig.6 ZmVAP27-1 increases Xenopus oocyte P when co-expressed with
ZmPIP2;5. (a) Water permeability coefficient (P) of noninjected oocytes
(NI, control) or injected with ZmVAP27:7 cRNA alone (7.5 ng), ZmPIP2;5
cRNA alone (0.75 ng), or coinjected with both cRNAs in different mass
ratios (1:1 or 1:10). For each scatter plot the lines indicate the

mean + SE. ANOVA and Bonferroni's multiple comparison test were used
to calculate the statistical difference between treatments (***, P <0.001;
** P<0.01; ns, not significant). The differences reported here were
observed with three independent oocyte batches. (b) Relative Py after
cytosolic acidification tested in oocytes injected with ZmPIP2;5 cRNA
alone (0.75 ng), or with ZmPIP2;5 (0.75 ng) and ZmVAP27:1 (7.5 ng)
cRNAs (1 : 10 ratio). Data points are representative values obtained from
the same oocyte batch (mean relative P¢+ SE). This is one representative
experiment of two independent experiments.

Conversely, ZmVAP27-2, and five other ZmVAP27s, group with
the AVAP27 clade III, the closer Arabidopsis ZmVAP27-2
orthologue being the isoform AVAP27-2 (Fig. 7a).

Regarding PIP2 channel evolution, their origin can be traced
back to the Embryophyta ancestor (Soto ez al., 2012; Abascal
et al., 2014). We hypothesised that the PIP2—VAP27 interaction
is conserved through evolution. We looked for evidence to sup-
port this hypothesis in the published Arabidopsis data. We
localised in the Arabidopsis Interactome Map (Consortium,
2011) AfVAP27-1 interaction with ARPIP2;3, APIP2;7, and
APIP2;8 and the interaction of AVAP27-4 with APIP2;7. Also,
the AZVAP27-3 isoform was pulled-down with APIP2;1 and not

©2020 The Authors
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with APIP1;2 (Bellati et 4/, 2016). We validated the interaction
between APIP2;7 and AVAP27-1 by BiFC (Fig. 7b), and we
also tested whether APIP2;7 was able to interact with
ZmVADP27-1. As observed in Fig. 7(b), co-expression of both
proteins led to a fluorescent signal, demonstrating their interac-
tion. Altogether, these data showed that the PIP2—VAP27 inter-
action is an ancient land plant feature, being at least present in
the common Angiosperm ancestor. Future work will elucidate
whether this interaction is also present in bryophytes, or if it is a
distinctive vascular plant feature.

Discussion

To unravel the different aquaporin roles and regulation mecha-
nisms in water and/or solute homeostasis in plant cells, it is cru-
cial to identify their intracellular partners. The pull-down assays
presented here, together with previous assays using tagged PIPs
(Hachez ez al., 2014a; Bellati et al., 2016), allowed protein identi-
fication from the cytoskeleton and ER as PIP partners
(Table S4), suggesting a close interaction between PIPs and those
cellular structures. Moreover, we showed that PIP2s and the ER
resident VAP27s interact, and presented novel evidence of plant
aquaporin activity regulation by EPC residents.

To our knowledge, ZmPIP2;5 is the first plant PM protein iden-
tified as a partner of ER-located VAP27s. We confirmed these
interactions by SUS and BiFC experiments (Fig. 2). Interestingly,
ER-located VAP27s are anchored to the cell wall by unknown PM
proteins (Wang ez al., 2016). We speculate that ZmPIP2;5 might
be one of the proteins anchoring ER-located ZmVAP27s to the cell
wall. Actually, the cell wall restricts A2PIP2;1 mobility (Martiniere
et al., 2012) and, using fluorescence recovery after photobleaching
assays (Methods S2), we also showed that ZmPIP2;5 mobility in
the PM is restricted in comparison with other proteins that expose
few amino acids to the apoplast, like ZmLTi6A (Fig. S8). Also, we
demonstrated that the ZmVAP27-1 MSD is essential for the PIP—
VAP27 interaction, whereas the CCD and TMD are not (Fig. 3b).
It is important to point out that ZmPIP2;5 and ZmSYP121 are
both PM residents and their BiFC signals reconstitute at the PM,
whereas the BiFC signal of the ZmPIP2;5-ZmVAP27-1/2 pairs
reconstitutes in dotted structures (Fig. 2¢), reminiscent of the
AVAP27-1 bright dotted pattern (Wang er al, 2016). Conversely,
mTRQ2-ZmVAP27-1/2 expression in the ER did not prevent
mVenus-ZmPIP2;5 PM localisation (Figs4, 5). These results,
together with the central role of the MSD in the interaction,
demonstrate that the interaction between VAP27-1/2 and
ZmPIP2;5 occurs at EPCSs. We also showed that ANVAP27-1
interacted with A®PIP2;7 (Fig.7), and ANVAP27-3 was also
detected in an APIP2;1 interactomic study performed by Bellati
er al. (2016). All these observations, together with the fact that
ZmVAP27-1 was not interacting in BiFC assays with the H'-
ATPase PMA2 (Fig. S1), another protein that is enriched in PM
microdomains just like PIP channels (Laloi ez al, 2007), might
indicate that PIP aquaporins play a role in anchoring the EPCSs to
the cell wall.

Endocytosis is a rapid way to adjust PIP protein abundance in
the PM in response to an osmotic or salt stress (Chaumont &
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Tyerman, 2014; Pou er al., 2016). Salt stress-induced APIP2;1
internalisation is a process that depends on two kinases: phos-
phatidylinositol 3-kinase (PI3K) and phosphatidylinositol 4-ki-
nase (PI4K) (Ueda er al, 2016). Interestingly, AVAP27-1/3
bind with high affinity to different phosphorylated PI (Stefano
et al., 2018), among them the PI3K and PI4K products. In addi-
tion, endocytosis is partially impaired in the plant double mutant
vap27-1/vap27-3 (Stefano et al., 2018), as it is impaired in mam-
mal cells lacking VAPs (Dong ez al., 2016). Here, we showed that
salt stress-induced vesicles carrying ZmPIP2;5 are wrapped with
ZmVAP27-1-labelled ER (Figs 4e, 5d,e). Therefore, PIP interac-
tion with VAP27s can facilitate PIP loading into endocytic struc-
tures enriched in specific Pls.

Upon osmotic stress, APIP2;7 interaction with the trypto-
phan-rich sensory protein/translocator (TSPO) leads to aqua-
porin level reduction in the PM, through degradation by the
autophagic pathway (Hachez er al, 2014b; Jurkiewicz er al.,
2020). How the internalisation of this complex occurs is still
unknown. Interestingly, TSPO and PIP interaction occurs only if
TSPO binds PI(4,5)P2 (Jurkiewicz et al., 2020) and VAP27s also
bind PI(4,5)P2 (Stefano et al, 2018). Moreover, ANAP27-1
interacts with essential proteins involved in endocytic component
autophagy (Wang & Hussey, 2019). As AAPIP2;7 interacts with
AVAP27-1 (Fig. 7b), we propose that PIP autophagy may be ini-
tiated at EPCSs through its interaction with TSPO and VAP27s.
This hypothesis will need to be addressed.

The PIP-VAP27 interaction increases oocyte membrane water
permeability compared with oocytes expressing PIP alone
(Fig. 6a). We found no evidence of a modification in PIP proton
sensing by VAP27s (Fig. 6b), suggesting that the structural ele-
ments involved in pH sensing are not affected by the interaction.
Still, we cannot discard a conformational pore modification.
Therefore, the Pr increase could be explained either by a greater
intrinsic permeability of PIP channels due to a conducting pore
conformational change, or by a greater active channel number in
the PM. Under normal conditions, when no stress signals are per-
ceived by cells to induce PIP internalisation, VAP27s could
recruit and stabilise the channels in EPCSs similar to the VAPs
clustering of the mammal potassium channel Kv2.1 (Kirmiz
et al., 2018). Interestingly, cells with genetically elevated PI(4,5)
P2 levels also have greater P than control cells (Ma ez al., 2015).
The authors were able to link the PI effect on 7 to aquaporins,
but they were not able to discern between an increase in channel
abundance in the PM or an increase in their water channel activ-
ity. Further research will help to understand if VAP27s stabilise
PIPs in the PM and guide the channels to rapid endocytosis in
response to a stimulus.

We recently reported how ZmPIP2;5 expression levels affect
water relationships and plant growth (Ding er al, 2020).
ZmPIP2;5 is the most highly expressed PIP2 isoform in roots.
Interestingly, the two different ZmVAP27s that interact with
ZmPIP2;5 are also highly expressed in roots (Fig. S6¢), and
belong to different clades that we traced back to the Spermato-
phyta ancestor (c. 319 million years ago (Ma); Jiao et al, 2011)
(Fig. 7a). The challenge of future research will be to understand:
(1) the role of the interaction in plant water movement, especially
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in response to osmotic and salt stress; (2) whether these interac-
tions are linked to the acquisition of new functionalities 77
planta; and (3) whether the ZmPIP2;5/ZmVAP27-1 and
ZmPIP2;5/ZmVAP27-2 interactions form part of different
EPCSs types or not.
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