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Preface

The discovery of the water channel activity of the first plant aquaporin, y-TIP or
TIP1;1, in 1993 has significantly challenged the concepts by which plants control
cell water homeostasis but also the water relations of the whole organism. In addi-
tion, it appeared rapidly that plant aquaporins or MIPs (membrane intrinsic pro-
teins) facilitate also the membrane diffusion of an increasing amount of small
solutes, such as urea, CO,, H,0,, ammonium, metalloids, etc. This diversity of sub-
strates probably evolves from the high number of aquaporin genes identified in
plant genomes. Higher plant aquaporins cluster into five phylogenetic subfamilies
(PIPs, plasma membrane intrinsic proteins; TIPs, tonoplast intrinsic proteins; NIPs,
NOD26-like intrinsic protein; SIPs, small basic intrinsic proteins; and XIPs, X
intrinsic proteins) and are present in different cell membranes.

This book integrates exciting data illustrating the various regulation mechanisms
leading to active aquaporins in their target membranes and addresses the involve-
ment of different aquaporins in many physiological processes at different cell,
organ, and tissue levels and in several environmental conditions. It includes the
roles and regulation of aquaporins in plant water homeostasis, but also in plant
distribution of other small solutes including nitrogen, CO,, and metalloids. There
are still many more discoveries to be made in how aquaporins are regulated and
how their selectivity to different solutes are controlled, particularly those that
appear to have dual permeation properties. Their interaction with plant mycorrhizae
and their contribution in signaling processes are also discussed. This volume, by the
diversity of the aspects developed in the different chapters, illustrates the impor-
tance of the aquaporins and their regulation in controlling plant physiology and
development.

Louvain-la-Neuve, Belgium Frangois Chaumont
Adelaide, Australia Stephen D. Tyerman

August 2016
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Structural Basis of the Permeation Function
of Plant Aquaporins

Sukanya Luang and Maria Hrmova

Abstract Aquaporins facilitate rapid and selective bidirectional water and uncharged
low-molecular-mass solute or ion movements in response to osmotic gradients. The
term ‘aquaporin’ was coined by Peter Agre and colleagues, who in 1993 suggested
that major intrinsic proteins (MIPs) that facilitate rapid and selective movement of
water in the direction of an osmotic gradient be named ‘aquaporins (AQPs)’ (Agre et
al. 1993). Aquaporins are spread across all kingdoms of life including archaea, bac-
teria, protozoa, yeasts, plants and mammals. Plant aquaporins are classified within
the ancient superfamily of MIPs, and based on sequence homology and subcellular
localisation, they constitute several subfamilies. Genome-wide identifications of
aquaporin genes are now available from around 15 plant species, and this information
provides a rich source of sequence data for molecular studies through structural bio-
informatics, three-dimensional (3D) modelling and molecular dynamics simulations.
These studies have capacity to reveal new information, unavailable to X-ray diffrac-
tion studies of time- and space-averaged molecules confined in crystal lattices.

1 Summary

Aquaporins facilitate rapid and selective bidirectional water and uncharged
low-molecular-mass solute or ion movements in response to osmotic gradients. The
term ‘aquaporin’ was coined by Peter Agre and colleagues, who in 1993 suggested that
major intrinsic proteins (MIPs) that facilitate rapid and selective movement of water in
the direction of an osmotic gradient be named ‘aquaporins (AQPs)’
(Agreetal. 1993). Aquaporins are spread across all kingdoms of life including archaea,
bacteria, protozoa, yeasts, plants and mammals. Plant aquaporins are classified within

S. Luang * M. Hrmova (b<)

School of Agriculture, Food and Wine, University of Adelaide, Glen Osmond, South Australia
5064, Australia

e-mail: maria.hrmova@adelaide.edu.au

© Springer International Publishing AG 2017 1
F. Chaumont, S.D. Tyerman (eds.), Plant Aquaporins, Signaling
and Communication in Plants, DOI 10.1007/978-3-319-49395-4_1


mailto:maria.hrmova@adelaide.edu.au

2 S. Luang and M. Hrmova

the ancient superfamily of MIPs, and based on sequence homology and subcellular
localisation, they constitute several subfamilies. Genome-wide identifications of aqua-
porin genes are now available from around 15 plant species, and this information pro-
vides a rich source of sequence data for molecular studies through structural
bioinformatics, three-dimensional (3D) modelling and molecular dynamics simula-
tions. These studies have capacity to reveal new information, unavailable to X-ray dif-
fraction studies of time- and space-averaged molecules confined in crystal lattices.

Aquaporins fold into a monomeric ‘hourglass’ or ‘dumbbell-like’ shaped structure
that has been retained in all aquaporins. Individual monomers associate in vivo into
functional tetramers, whereby this vertically symmetric structure provides foundation
for residence within a lipid bilayer. Two plant aquaporin structures are available in
structural databases (as of May 2016), which is that of (i) a predominantly
water-permeable plasma membrane intrinsic protein (PIP) aquaporin in open and
closed conformational states (PDB IDs: 1798, 2BSF and 41A4) from Spinacia olera-
cea (Tornroth-Horsefield et al. 2006; Frick et al. 2013a, b) and (ii) an open state of a
water- and ammonia-permeable tonoplast intrinsic protein (TIP) aquaammoniaporin
from Arabidopsis thaliana (PDB 1ID: 5132) (Kirscht et al. 2016). Detailed structural
information on other plant subfamily members is now needed from economically
important food plants such as wheat, barley, maize and rice, to provide strong founda-
tions for future smart decisions directed to food production and sustainability.

Surprisingly, limited information is available on the solute permeation specificity
determinants of plant aquaporins, although these data in conjunction with structural
information are vital strategic tools for modifying their molecular function. Based
on predominantly structural studies, it has been suggested that properties and steric
occlusions of residues within the specific structural and functional elements are one
of the most fundamental characteristics that underlie differences in transport selec-
tivities of aquaporins. These main characteristics include (i) pore dimension param-
eters including their diameters and overall morphologys; (ii) identities and flexibilities
of residues lining solute-conducting pores; (iii) chemical configurations of pore con-
strictions in solute-conducting pores; (iv) properties of pore vestibules and a central
pore, also dictated by the residues alongside the fourfold symmetry axis of tetra-
mers; and (v) gating of aquaporins controlled by pH, cation binding, post-translational
modifications such as phosphorylation and the dispositions of interacting loops.

We conclude that although structural aquaporin research has significantly pro-
gressed in recent years, many questions remain open. For example, are individual
protomers within tetramers identical in function, what is the structural basis of per-
meation of non-electrolytes and ionic species, and the thermodynamic origin of
transporting function of solutes, and how exactly have aquaporin proteins evolved
during millions years of evolution into their current forms?

2 Aquaporins in Living Systems Including Plants

Plants acquire water from soil through aquaporins or use them as vehicles to
dispose of excess of toxic substances (Schnurbusch et al. 2010; Hayes et al. 2013;
Xu et al. 2015). Aquaporin molecules, amongst other pathways, are responsible for
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hydraulic conductance of plants that underlies water uptake together with dissolved
mineral nutrients (see also chapter “Plant Aquaporins and Metalloids™). Aquaporins
facilitate rapid and selective bidirectional water and uncharged low-molecular-mass
solute transport, in response to osmotic and concentration gradients, respectively.
The latter does not necessarily rely on an osmotic gradient. This transport, occur-
ring through polytopic aquaporins that span cell membranes, is independent of a
supply of external energy (e.g. ATP). Thus, aquaporins are known to be passive
transporters, although fundamental to their function are structural flexibility and
gating, which may be dependent on the redox state of a cellular environment, on the
activity of phosphorylation machinery (controlling the levels of, e.g. ATP) and on
membrane and subcellular dynamics.

2.1 Agquaporins Occur in All Kingdoms of Life

Aquaporins are spread across all kingdoms of life including archaea, bacteria,
protozoa, yeasts, plants and mammals. In archaea and bacteria, typically one aqua-
porin type is retained, while in eukaryotes gene duplications and horizontal gene
transfer events have resulted in occurrence of subfamilies of aquaporins with diver-
sified transport functions, although the canonical hourglass or dumbbell-like shaped
architecture has been retained in all aquaporins. The typical examples of duplication
and function diversification include aquaporins in fish, mammals and higher plants,
in which neo-functionalisation has led to evolution of paralogous proteins with vari-
ous solute selectivities, gating mechanisms or time and space differential expression
(Fotiadis et al. 2001; Zardoya et al. 2002; Abascal et al. 2014). For example, 35, 35
and 39 aquaporins have been described in maize, Arabidopsis and rice, respectively
(Chaumont et al. 2001; Johanson et al. 2001; Sakurai et al. 2005). These numbers
are even higher in non-plant species such as in fish and some land vertebrates, due
to several rounds of entire genome duplication during early stages of their evolution
(Abascal et al. 2014), although most mammals only require the presence of limited
numbers of aquaporins to properly function. Diverse aquaporin isoforms are directed
to various subcellular locations and compartments and represent fundamental com-
ponents for membrane evolution, diversity and differential gene expression. Through
these specific membrane aquaporin-containing partitions, plants drive hydrostatic
and osmotic forces that help them to maintain water homeostasis, together with
hydraulic conductance in roots, stems and other organs (Fricke et al. 1997; Tyerman
et al. 1999; Maurel et al. 2008; Chaumont and Tyerman 2014).

2.2 Plant Aquaporin Sequences and Their Genome-Wide
Identification

Since the first member of the major intrinsic protein (MIP) family was described
and its cDNA cloned (Gorin et al. 1984), the first plant MIP from soybean (nodulin
26) was identified (Sandal and Marcker 1988), along with the tonoplast intrinsic
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protein (TIP) from bean seeds (Johnson et al. 1990), and a-TIP (Hofte et al. 1992)
and y-TIP (Maurel et al. 1993) from Arabidopsis, and other plants. Some of these
proteins were described as water stress-induced proteins (Hofte et al. 1992) and
only later functionally characterised as water channels. These discoveries were
followed by a series of informative reviews on physiological function of aquaporins
(e.g. Tyerman et al. 1999; Verkman and Mitra 2000; Gomes et al. 2009; Maurel
et al. 2008; Chaumont and Tyerman 2014; Li et al. 2014; Mukhopadhyay et al.
2014). These physiological functions include photosynthesis, seed germination, cell
elongation, stomata movement, reproduction (Reddy et al. 2015) and responses to a
variety of abiotic stresses, such as anoxia (Choi and Roberts 2007), hydrogen per-
oxide toxicity (Dynowski et al. 2008; Wudick et al. 2015), mineral soil toxicity
(boron and arsenic) (Isayenkov and Maathuis 2008; Ma et al. 2008; Kamiya et al.
2009; Schnurbusch et al. 2010; Li et al. 2011; Hayes et al. 2013; Xu et al. 2015),
high salt (Zhang et al. 2008; Gao et al. 2010; Hu et al. 2012; Xu et al. 2013) and a
low water potential drought (Xu et al. 2014; Li et al. 2015).

Genome-wide identification studies of aquaporin genes are now available from
at least fourteen plant species, including Arabidopsis (Johanson et al. 2001), maize
(Chaumont et al. 2001), rice (Sakurai et al. 2005), poplar (Gupta and
Sankararamakrishnan 2009), grapevine (Shelden et al. 2009), cotton (Park et al.
2010), barley (Besse et al. 2011; Tombuloglu et al. 2015), soybean (Zhang et al.
2013), tomato (Reuscher et al. 2013) and bread wheat (Pandey et al. 2013). As a
result of recent proliferations of genome sequencing initiatives, several new
genome-wide identification studies were conducted in cabbage (Diehn et al. 2015),
common bean (Ariani and Geps 2015), sorghum (Reddy et al. 2015) and wheat
(Hove et al. 2015). These analyses have provided a rich source of sequence data
information for molecular studies that have been conducted through structural bio-
informatics (Wang et al. 2005; Deshmukh et al. 2015) and 3D structural (homology
or comparative) modelling (Wallace and Roberts 2004; Schnurbusch et al. 2010;
Gupta et al. 2012; Verma et al. 2015).

2.3 Classification of Aquaporins

Plant aquaporins are classified within the ancient superfamily of Major Intrinsic
Proteins (MIPs) (Saier et al. 2016). Based on sequence homology and subcellular
localisation, MIPs constitute five subfamilies, namely, plasma membrane intrinsic
proteins (PIPs), tonoplast intrinsic proteins (TIPs), nodulin-26 intrinsic proteins
(NIPs), small basic intrinsic proteins (SIPs) and X-intrinsic proteins (XIPs). In
recent years, several studies have specifically focussed on molecular evolution and
functional divergence of NIP (Liu et al. 2009) and XIP proteins (Bienert et al. 2011;
Lopez et al. 2012; Venkatesh et al. 2015). These studies have pointed out that the
functional divergence of various classes of aquaporins under selection pressures led
to restrictions on the physicochemical properties of key functional amino acid resi-
dues, following gene duplication.
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3 Three-Dimensional Structures of Aquaporins

3.1 Structural Information on Aquaporins Is Available
Jrom All Kingdoms of Life

3D atomic structures of aquaporins are accessible from archaea (Lee et al. 2005),
bacteria (Fu et al. 2000; Savage et al. 2003; Savage et al. 2010), protozoa (Newby
et al. 2008), yeasts (Fischer et al. 2009; Eriksson et al. 2013), plants (Fotiadis
et al. 2000; Tornroth-Horsefield et al. 2006; Frick et al. 2013a, b; Kirscht et al.
2016) and mammals (Sui et al. 2001; Gonen et al. 2004; Harries et al. 2004),
including humans (Murata et al. 2000; Viadiu et al. 2007; Horsefield et al. 2008;
Ho et al. 2009; Agemark et al. 2012; Frick et al. 2014). For example, a sub-ang-
strom resolution structure of the Pichia water-conducting aquaporin (Eriksson
et al. 2013) and a recent high-resolution structure of the Arabidopsis aquaammo-
niaporin (Kirscht et al. 2016) provided an unprecedented view into the landscape
of positions of interacting residues and the mode of coordination of water mole-
cules. The water positions that were defined with a high precision in a water-
conducting pore (Eriksson et al. 2013), and definitions of tautomeric states of
interacting Arg and His residues, provided an abundance of information on water
molecule coordination at the entry of the channel. As a result of the availability of
high-resolution aquaporin architectures of these structurally similar but function-
ally distinct MIP and TIP proteins, a plethora of theoretical in silico studies were
initiated to investigate molecular dynamics of aquaporins and flow of solutes
(Tajkhorshid et al. 2002; Wang et al. 2005; Cordeiro 2015; Han et al. 2015; Verma
et al. 2015; Kitchen and Conner 2015). These studies revealed novel information,
unavailable to studies of time- and space-averaged molecules confined in crystal
lattices, and defined protein dynamics and energy barriers during permeation
events of water, ammonia or other solute-conducting aquaporins (Wang et al.
2005; Han et al. 2015; Kirscht et al. 2016).

3.2 An Overall Architecture of Protomers

The 3D structures of aquaporins are highly conserved from archaea to humans.
They consist of a circular o-helical bundle with a solute-conducting pore and
cytoplasmic (intracellular) and periplasmic (extracellular) conical vestibules. Each
monomer is formed by six tilted (crossing angles between 25 and 40°) membrane-
spanning o-helices (H1-H3 and H4-H6) and two re-entrant short a-helices (HB and
HE) running in two repeats, with five interconnecting loops (LA-LE) that collectively
form a right-handed a-helical bundle (Fig. 1). The arrangements of first (H1-H3
and HB) and second (H4-H6 and HE) bipartite segments, a-helices of which are
significantly tilted in a membrane, follow a pseudo-twofold axis that runs
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perpendicularly to a membrane normal plane (Murata et al. 2000) (Fig. 1a; dashed
line). In all aquaporins, N- and C-termini are cytoplasmically oriented (Fig. 1a). In
some aquaporins, these termini are extended and carry sulfhydryl residues such as
Cys (an inhibition site for mercury and other heavy metals) or N-glycosylation,
phosphorylation and other post-translation modification sites.

3.3 A Circular Bundle and a Solute-Conducting Pore

The circular bundle of membrane-spanning a-helices encloses a solute-conducting
pore (often referred to as a channel or a nanopore), which may be between 20 and
28 A long and 4 and 6 A in diameter. For example, in plant aquaporins, the pore
narrows down around a selectivity filter region (defined below) (Tornroth-Horsefield
et al. 2006; Frick et al. 2013a, b), or remains more uniform throughout the channel
(Kirscht et al. 2016), but widens in all aquaporins to conical vestibules at both cyto-
plasmic and periplasmic sides (Fig. 1b).

A consensus, based on around 20 atomic structures of aquaporins, stipulates that
the aromatic selectivity filter represents the narrowest constriction, at least in ortho-
dox (predominantly water conducting) aquaporins (Fu et al. 2000; Sui et al. 2001).
The selectivity filter is one of the most important regions underlying aquaporin
specificity and represents as a package of four residues positioned near the periplas-
mic side of the pore. The selectivity filter is about 8-9 A away from the first Asn-
Pro-Ala (NPA) motif and was named the aromatic/Arg (ar/R)/LE1-LE2 constriction
region (Fig. 1b). More precisely, this ar/R/LE1-LE2 region consists of one residue
each from H2 and H5 a-helices, and two residues positioned on loop LE, located at
partitions LE1 and LE2 that flank the NPA motif (Figs. 1a and 2b) (Fu et al. 2000;
Sui et al. 2001; Savage et al. 2003). In all solved spinach aquaporins in closed or

<
<

Fig. 1 (a) A membrane topology diagram of aquaporins. Each protein molecule consists of six
transmembrane a-helices (H1-H6) and two re-entrant o-helices (HB and HE), with NPA motifs,
shown as cyan boxes. Transmembrane a-helices are connected via five interconnecting loops (LA-
LE), whereby partitions LE1 and LE2 flank the second NPA motif, separated by approximately
4-5 A from the first NPA motif. A dashed line indicates bipartite structural repeats of an hourglass
aquaporin fold. (b) A cartoon representation of the spinach aquaporin SoPIP2;1 in the closed con-
formation (PDB ID: 1Z98). The selectivity filter residues (Phe81, His210, Thr219 and Arg225) and
the two conserved asparagine residues (Asn101 and Asn222) of the NPA motifs are shown as cyan
sticks. N- and C-termini are indicated. (¢) The superposition of SoPIP2;1 structures including
closed states at pH 8.0 (PDB ID: 1798) and at pH 6.0 (PDB ID: 41A4), an open state (PDB ID:
2BS5F), and the structure with a mercury activation site (PDB ID: 4JC6), shown in cyan, pink, yel-
low and green, respectively. Residues that interact with a single file of water molecules W1-W§,
shown as red spheres, are indicated in cyan sticks. Hydrogen bonds between residues and water
molecules are shown in dashed lines. (d) Prediction of a tetrameric assembly of the spinach aqua-
porin SoPIP2;1 in two orthogonal orientations (left and right images are related by 90° rotation to
the viewer), whereby cysteine residues (shown in sticks) from each monomer participate in a
quaternary assembly
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open conformations, protein folds and more specifically pores enclose a single-file
chain of water molecules coordinated by surrounding hydrophilic amino acid resi-
dues (Fig. lc, cyan sticks). Recently, the presence of a novel water-filled side pore
was defined in the AtTIP2;1 aquaammoniaporin, which is assumed to play a role in
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ammonia deprotonation during permeation, as revealed by molecular dynamics
simulations (Kirscht et al. 2016). In some aquaporins, a second well-formed con-
striction is located near to the cytoplasmic vestibule.

3.4 Cytoplasmic and Periplasmic Conical Vestibules

The cylindrical solute-conducting pore is flanked by two shallow, asymmetric ves-
tibules. These are present on each side of the pore that flare into both cytoplasmic
and periplasmic spaces and are formed by loop regions at each monomer face and
by the N- and C-termini at the cytoplasmic face. The vestibules give a characteristic
hourglass shape of aquaporin proteins (Fig. 1b). It was revealed that in nearly every
atomic structure, these vestibules contain a contiguous chain of hydrogen-bonded
molecules that extend from the surface of vestibules to either an ar/R/LE1-LE2
selectivity filter region of the periplasmic vestibule or to a second constriction near
to the cytoplasmic vestibule (Fig. 1b).

3.5 Agquaporins Exist as Functional Tetramers

In native environments, individual monomers form a quaternary tetrameric assem-
bly, in which homo- or hetero-oligomers that act as independent solute-conducting
units associate with each other into a tightly fitting extended trapezoid or a

<
<

Fig. 2 (a) A phylogenetic tree of 75 NIP proteins from Arabidopsis thaliana (At), Brachypodium
distachyon (Bd), Brassica rapa (Br), Cajanus cajan (Cc), Citrus clementine (Ccl), Carica papaya
(Cp), Citrus sinensis (Cs), Elaeis guineensis (Eg), Fragaria vesca (Fv), Glycine max (Gm),
Hordeum vulgare (Hv), Musa acuminate (Ma), Oryza sativa (Os), Picea abies (Pa), Physcomitrella
patens (Pp), Prunus persica (Ppe), Populus trichocarpa (Pt), Ricinus communis (Rc), Sorghum
bicolor (Sb), Setaria italica (Si), Solanum lycopersicum (Sl), Selaginella moellendorffii (Sm),
Solanum tuberosum (St), Triticum aestivum (Ta), Vitis vinifera (Vv) and Zea mays (Zm). The tree
was constructed by MEGA 6 (Tamura et al. 2013). A bootstrap analysis was performed with 1,000
replicates. Entries (Table 1) are clustered in the three independent clades NIP-I, NIP-II and NIP-
111, each with specific selectivity filter signatures. NIP-I clade (in red): Trp-Val-Ala-Arg (WVAR)
and Trp-Ile-Ala-Arg (WIAR). NIP-1I (in blue): Ala-Ile-Ala-Arg (AIAR), Ala-Ile-Gly-Arg (AIGR)
and Ala-Val-Gly-Arg (AVGR). NIP-III (in green): Gly-Ser-Gly-Arg (GSGR). Segregation of o
(lighter grey shades)- and P (darkest grey)-sub-clades consisting of clearly distributed mono- and
dicotyledonous sequences, respectively, is indicated. (b) A sequence alignment of a-helices H2
and H5 and loop LE of spinach aquaporins (SoPIP2-1) with NIPs from A. thaliana (AtNIP), G.
max (GmNIP), H. vulgare (HvNIP2-1), O. sativa (OsNIP), T. aestivum (TaNIP2-1) and Z. mays
(ZmNIP). The alignment was performed by ProMals3D (Pei and Grishin 2014). Selectivity filter
residues and NPA motifs are shown in blue and yellow, respectively. Conservation of residues on
a scale 5-9 from lower to higher conserved residues is displayed above sequences; 9 in brown
indicates an absolute conservation
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cylindrical wedge (Fig. 1d, tetrameric structures are shown in two orthogonal orien-
tations). Monomers operate in their own right, as demonstrated by studies with
mixed active or inactive monomers in Xenopus laevis oocytes (Jung et al. 1994).
However, by close association, the four monomers form an additional central pore
that has been suggested to serve as another route for permeation (Yool et al. 1996;
Fu et al. 2000). Individual monomers are related by a fourfold crystallographic axis
and interact with each other through neighbouring membrane-spanning a-helices
via hydrophobic interactions and hydrogen bonds, such as those of ‘hole-to-knob’
configurations (Murata et al. 2000; Fu et al. 2000; Sui et al. 2001). Further, intercon-
necting loops between individual a-helices contribute to mutual inter-monomeric
interactions (Fig. 1d, right panel). The tetramers associate with annular or exoge-
nously added lipids, for example, with 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line (Gonen et al. 2005) or surfactants such as octyl (Fu et al. 2000) and nonyl (Sui
etal. 2001) B-p-glucosides, where both lipids and surfactants stabilise supramolecu-
lar tetrameric assemblies. These lipid or surfactant interactions have been defined in
structures based on 3D (Fu et al. 2000) and two-dimensional (Gonen et al. 2005)
crystals and are formed between hydrophobic residues and acyl chains of lipids or
between glycosyl moieties of alkyl p-p-glucosides surrounding polar groups and
water coordinated molecules. Occasionally, lipid molecules have been found in a
central tetrameric pore, formed alongside the fourfold symmetry axis that can be up
to 8-10 A in diameter (Horsefield et al. 2008; Newby et al. 2008).

4 A Structural Basis of Transport by Aquaporins

4.1 Approaches to Measure Solute Transport Selectivity
and Kinetic Parameters

Four mainstream approaches have been used to measure selectivity and kinetic
parameters of solute permeation of aquaporins: (i) In isolated tissues (e.g. tobacco
leaf discs; Uehlein et al. 2003), organelles of living organisms (e.g. endoplasmic
reticulum, Noronha et al. 2014) or protoplasts (Ramahaleo et al. 1996; Moshelion
et al. 2004; Besserer et al. 2012). (ii) In native vesicles isolated and purified from
cells or their membranes (Niemietz and Tyerman 1997; Fang et al. 2002) or in ves-
icles isolated from membranes of cells with recombinantly expressed aquaporins
(Jung et al. 1994; Schnurbusch et al. 2010). (iii) In X. laevis oocytes, used for the
first time by Preston and co-workers (1992) and subsequently adopted by many
researchers (e.g. Dordas et al. 2000). (iv) In liposomes with purified and reconsti-
tuted aquaporin proteins (proteo-liposomes) or planar lipid bilayers (Ye and
Verkman 1989; Zeidel et al. 1992; Weaver et al. 1994; Verdoucq et al. 2008). Some
authors argue that solute permeation measurements using proteo-liposomes are
more reliable than those with oocytes (Ho et al. 2009), whereby in the absence of
other proteins in a bilayer in the proteo-liposomes, precise kinetic permeation
parameters can be derived for wild-type or variant aquaporins and compared. On the
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other hand, proteins may not be accommodated in the membranes of proteo-liposomes
in optimal configurations as these environments are artificial and minimalist in
composition. Under ideal circumstances, both non-defined native and fully defined
artificial systems should be used when available, for derivation of transport
characteristics.

4.2  Solute Selectivity of Aquaporins

Based on permeation function, three major groups of plant aquaporins are recog-
nised: (i) aquaporins that transport water, (ii) aquaglyceroporins that permeate other
neutral solutes in addition to water (Borgnia et al. 1999) and (iii) aquaporins that
conduct ionic species, based on the evidence of human aquaporins (Yool et al. 1996;
Fu et al. 2000; Yu et al. 2006), as discussed below. The group of aquaglyceroporins
has been reported to transport a broad range of neutral molecules such as non-
electrolyte acetamide (Rivers et al. 1997); long polyols (Tsukaguchi et al. 1999);
short polyols including glycerol (1,2,3-propane-triol) (Fu et al. 2000); CO, (Uehlein
et al. 2003, 2008; Otto et al. 2010; Mori et al. 2014); purines and pyrimidines
(Tsukaguchi et al. 1999); non-electrolyte urea (Liu et al. 2003); ammonia and glyc-
erol nitrate (Loqué et al. 2005); silicic acid (Ma et al. 2006; Schnurbush et al. 2010);
boric, arsenic and germanic acids (Takano et al. 2006; Kamiya et al. 2009;
Schnurbush et al. 2010; Hayes et al. 2013); lactic acid (Choi and Roberts 2007,
Bienert et al. 2013); hydrogen peroxide and related oxy-radicals (Dynowski et al.
2008); and selenious acid (Zhao et al. 2010). Although permeation of short and
certain long (ribitol, xylitol, b-arabitol and D-sorbitol but not D-mannitol) polyols
(Fu et al. 2000) has been detected in numerous studies, permeation of cyclic mono-
saccharides such as glucose and fructose, or of disaccharides such as sucrose, has
never been demonstrated (Tsukaguchi et al. 1998; Fu et al. 2000).

4.3 Rates of Solute Transport and Mechanisms

Aquaporins as water transport facilitators mediate the water flux at rates of approxi-
mately 3-10° water molecules per second per monomeric unit (Agre and Kozono
2003); these rates are significantly higher than diffusion rates of water molecules
through lipid membranes. In nonorthodox aquaporins that permeate other solutes,
water transport rates are significantly lower. It has been suggested that steric occlu-
sions of amino acid residues within specific structural and functional elements of
aquaporins are one of the most fundamental factors that underlie differences in sol-
ute permeation selectivity (Fu et al. 2000; Lee et al. 2005; Kirscht et al. 2016). To
this end, in the text below, we will separately discuss three features that collectively
contribute to solute transport selectivity: (i) dimensional filtering and roles of peri-
plasmic or cytoplasmic constrictions in permeation of solutes of various volumes;
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(i1) chemical filtering of solutes, barriers for ion or proton conductance through
pores of monomers and significance of NPA signatures, including roles of dipole
moments and electrostatic potentials; and (iii) ion conductance through a central
pore of tetramers.

4.4 Dimensional Filtering and the Roles of Constrictions
in Permeation of Solutes of Various Volumes

A pathway for solute permeation is shaped by re-entrant a-helices HB and HE that
connect to cytoplasmic and periplasmic vestibules, thus generating an hourglass or
dumbbell-like shape (Fig. 1c). The solute-conducting channel, which in canonical
aquaporins carries a single-file chain of water molecules, is formed by symmetry-
related sets of carbonyl groups and hydrophilic side chain residues, both operating
as hydrogen bond acceptors, often punctuated by hydrophobic residues alongside
the pore. At the pore centre in most aquaporins, the two re-entrant o-helices HB and
HE carry NPA motifs, where highly conserved Asn residues, rarely replaced by
other residues (Zeuthen et al. 2013; Kirscht et al. 2016), and located at the tip of
each re-entrant a-helix, form a part of the surface of the solute-conducting pore
(Fig. 1¢).

The sequence signatures of aquaporin monomers translated into the structural
context underlie the functional properties of aquaporins. Verma et al. (2015) calcu-
lated a specific cumulative van der Waals volume (CvV, expressed in A%), by adding
individual van der Waals volumes of each of the four residues of the ar/R/LE1-LE2
constriction, located close to the periplasmic vestibule. These authors noted large
differences in CvV values in several subfamilies of aquaporins. For example, the
largest CvV value was calculated for a mammalian aquaporin (ar/R/LE1-LE2 con-
striction region: Phe-Arg-Tyr-Arg) (572 A%), while the lowest CvV values were
found for plant SIP (Ser-His-Gly-Ala) (306 A% or protozoan (Ile-Ser-Gly-Ala)
(312 A3 aquaporins (Verma et al. 2015). However, the ar/R/LE1-LE2 constriction
regions Phe-His-Thr-Arg and Trp-Gly-Phe-Arg of the E. coli water-selective (AqpZ)
and glycerol-selective (AqpF) aquaporins, respectively, exhibit identical CvV val-
ues (413 A3), so logically it is reasonable to conclude that besides chemical signa-
tures and consequent structural importance of ar/R/LE1-LE2 constriction regions,
other structural determinants that are not directly interact with solutes may play
essential roles in solute permeation selectivity (Savage et al. 2010). Nevertheless, it
might prove advantageous to investigate if additional quantitative parameters
correlate with the solute permeation selectivity of aquaporins. The role of a cyto-
plasmic constriction, located in the proximity of the cytoplasmic vestibule, is less
clear based on most structural studies, but this region may operate in a similar man-
ner than that of a periplasmic constriction, regulating solute permeation in an oppo-
site direction.

Further, it has recently been proposed that a specific pattern of residues forming
ar/R/LEI-LE2 constriction regions and a precise spacing between NPA motifs
control solute-conducting selectivity in plant aquaporins. A bioinformatics analysis
of more than 30 aquaporins and experimental measurements of transport rates in X.
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laevis oocytes (Deshmukh et al. 2015) revealed that permeation of silicic acid was
confined to aquaporins with the Gly-Ser-Gly-Arg selectivity filter constriction sig-
nature and a precise spacing of 108 residues between NPA motifs. Notably, this
Gly-Ser-Gly-Arg signature carried a low CvV value (317 A3).

To determine if an observation that a barley NIP-type aquaporin HVNIP2;1 exerts
a wide solute selectivity (Schnurbusch et al. 2010) can be linked to its specific
sequence and structural features, we conducted the bioinformatics analyses of 75
mono- and dicotyledonous representative sequences of NIP aquaporins (Fig. 2a).
These entries (Table 1) formed three independent clades NIP-I, NIP-II and NIP-III

Table 1 The names and GenBank/NCBI accession numbers of 75 nodulin 26-like intrinsic

proteins (NIPs) from listed plant species that were used in phylogeny reconstruction (cf. Fig. 2)

Name in the tree Accession number Species

AtNIP1-1 CAA16760.2 Arabidopsis thaliana
AtNIP1-2 NP_193626.1 Arabidopsis thaliana
AtNIP2-1 NP_180986.1 Arabidopsis thaliana
AtNIP3-1 NP_174472.2 Arabidopsis thaliana
AtNIP4-1 NP_198597.1 Arabidopsis thaliana
AtNIP4-2 NP_198598.1 Arabidopsis thaliana
AtNIP5-1 NP_192776.1 Arabidopsis thaliana
AtNIP6-1 NP_178191.1 Arabidopsis thaliana
AtNIP7-1 NP_566271.1 Arabidopsis thaliana
BdNIP1-1 XP_003571857.1 Brachypodium distachyon
BdNIP2-1 XP_003570658.1 Brachypodium distachyon
BdNIP2-2 XP_003564051.1 Brachypodium distachyon
BdNIP3-3 XP_003574178.1 Brachypodium distachyon
BrNIP4-3 XP_009140163.1 Brassica rapa

BrNIP5-1 XP_009134192.1 Brassica rapa

CcINIP1-1 XP_006430637.1 Citrus clementine
CcINIP2-1 ESR44391.1 Citrus clementine
CcINIP3-2 XP_006434369.1 Citrus clementine
CsNIP1-4 KDO63097.1 Citrus sinensis

CsNIP2-1 XP_006482598.1 Citrus sinensis

CsNIP3-2 XP_006472916.1 Citrus sinensis
EgNIP1-2 XP_010915460.1 Elaeis guineensis
EgNIP3-4 XP_010933763.1 Elaeis guineensis
FvNIP1-1 XP_004309621.1 Fragaria vesca

FvNIP2-1 XP_004304304.1 Fragaria vesca

FvNIP3-3 XP_004309493.1 Fragaria vesca
GmNIP1-2 XP_003518381.1 Glycine max

GmNIP2-1 XP_003534451.1 Glycine max

GmNIP3-1 XP_003547292.1 Glycine max

HvNIP2-1 BAH24163 Hordeum vulgare
MaNIP1-1 XP_009404528.1 Musa acuminate
MaNIP2-1 XP_009381416.1 Musa acuminate

(continued)
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Table 1 (continued)
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Name in the tree

Accession number

Species

MaNIP2-2 XP_009401397.1 Musa acuminate
MaNIP2-3 XP_009419139.1 Musa acuminate
MaNIP2-4 XP_009403165.1 Musa acuminate
MaNIP3-2 XP_009388143.1 Musa acuminate
OsNIPI-1 NP_001046375.1 Oryza sativa
OsNIP2-1 NP_001048108.1 Oryza sativa
OsNIP2-2 BAF19121.1 Oryza sativa
OsNIP3-1 QOIWF3.2 Oryza sativa
PpNIP5-1a XP_001754375.1 Physcomitrella patens
PpeNIP1-3 XP_007216120.1 Prunus persica
PpeNIP2-1 XP_007216227.1 Prunus persica
PpeNIP3-2 XP_007209472.1 Prunus persica
PtNIP1-4 XP_006372594.1 Populus trichocarpa
PtNIP2-1 XP_002324057.1 Populus trichocarpa
PtNIP3-3 XP_002298990.1 Populus trichocarpa
PtNIP3-4 XP_002317642.1 Populus trichocarpa
RcNIP1-4 XP_002532963.1 Ricinus communis
RcNIP2-1 XP_002534417.1 Ricinus communis
RcNIP3-1 XP_002518973.1 Ricinus communis
SbNIP1-1 XP_002453573.1 Sorghum bicolor
SbNIP2-1 XP_002454286 Sorghum bicolor
SbNIP2-2 XP_002438105.1 Sorghum bicolor
SbNIP3-4 XP_002464380.1 Sorghum bicolor
SiNIP2-1 KQL31494.1 Setaria italic
SiNIP2-2 KQL10018.1 Setaria italic
SiNIP3-1 XP_004982621.1 Setaria italic
SINIP1-4 BAO18645.1 Solanum lycopersicum
SINIP2-1 NP_001274283.1 Solanum lycopersicum
SINIP3-2 NP_001274288.1 Solanum lycopersicum
SmNIP3-1 XP_002976312.1 Selaginella moellendorffii
SmNIP5-1 XP_002962550.1 Selaginella moellendorffii
StNIP1-4 XP_006344325.1 Solanum tuberosum
StNIP3-2 NP_001274996.1 Solanum tuberosum
TaNIP2-1 ADM47602 Triticum aestivum
VvNIP1-4 CBI33542.3 Vitis vinifera
VvVNIP2-1 XP_002278054.2 Vitis vinifera
VvNIP3-2 XP_002276319.1 Vitis vinifera
ZmNIP1-1 AFW77428.1 Zea mays

ZmNIP2-1 ACF79677.1 Zea mays

ZmNIP2-2 ABF67956.1 Zea mays

ZmNIP2-3 ACG28405.1 Zea mays

ZmNIP2-4 AAK26849.1 Zea mays

ZmNIP3-3 NP_001105021.1 Zea mays
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with different selectivity filter signatures (Mitani et al. 2008; Ma and Yamaji 2015).
Members of the NIP-I clade contain Trp-Val-Ala-Arg (WVAR) and Trp-Ile-Ala-Arg
(WIAR) motifs, and the NIP-II members have Ala-Ile-Ala-Arg (AIAR), Ala-Ile-
Gly-Arg (AIGR) and Ala-Val-Gly-Arg (AVGR) signatures. All NIP-III members, to
which the barley NIP-type aquaporin HvVNIP2;1 belongs, carry an absolutely
conserved Gly-Ser-Gly-Arg (GSGR) signature in their selectivity filters (Fig. 2a in
green). In this analysis, we further divided members of NIP-III into two sub-clades,
a-sub-clade 1 and a-sub-clade 2 (highlighted in two lighter shades of grey) contain-
ing monocotyledonous members, and p-sub-clade (highlighted in darker grey) with
dicotyledonous sequences. This suggested that the monocot a-sub-clade has diver-
sified during evolution from the dicot f-sub-clade (Fig. 2a). However, it remains to
be established if this clear diversification of selectivity filter motifs can be correlated
with a solute permeation specificity of individual aquaporins, classified in specific
clades or sub-clades.

4.5 Chemical Filtering of Solutes, Barriers for Ion or Proton
Conductance Through the Pores of Monomers
and Significance of NPA Signatures

It has been suggested, based on crystallographic analyses (Murata et al. 2000; Lee
et al. 2005; Ho et al. 2009; Savage et al. 2010) and corroborated by molecular
dynamics simulations (Tajkhorshid et al. 2002), that two NPA motifs provide a
blocking mechanism against the passage of H* and other ions. This mechanism is
based on a unique role of Asn residues in the pore, whereby each Asn operates as a
hydrogen bond donor that has the ability to polarise the orientation of central water
molecules (Savage et al. 2010). In other words, NPA motifs with the macro-dipoles
of neighbouring re-entrant a-helices have the ability to flip the dipole moments of
water molecules at the centre of conducting pores and to disrupt a single-file chain
of water molecules, thus preventing proton conductance through the Grotthuss
mechanism (Agmon 1995). Dipole moments and electrostatic potentials of charged
ions or protons also ensure that these would experience repulsive forces from many
more accessible carbonyl oxygen atoms lining the inner regions of vestibules, selec-
tivity filters and pore regions.

To assure that chemical filtering of solutes is in place, and barriers against ion or
proton conductance through monomer pores are operating, a series of hydrogen bond
donor carbonyls and other groups pre-align or preselect solute molecules in vestibules
that may later be caught in the aquaporin pores. It is assumed that these solutes have
already shed their water molecules (Harries et al. 2004; Sui et al. 2001; Ho et al. 2009).
A relatively stronger hydrophobicity of vestibules in non-water-conducting aquapo-
rins should improve transport rates of solutes that contain hydrophobic components,
and correspondingly the more hydrophilic vestibules of canonical aquaporins would
favour the preselection of water molecules (Sui et al. 2001; Savage et al. 2003;
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Ho et al. 2009). It has further been proposed that these vestibules are sites for the ener-
getically unfavourable shedding of hydration shells of water molecules from certain
solutes during de-solvation, as well as for the increase of effective solute concentra-
tions near the entry into the pore regions (Harries et al. 2004). However, the structural
analyses of aquaporin vestibules revealed that central pores operate with a different
molecular mechanism. The average distance between water molecules is minimal in
the pore (forming a single-file water structure) because of a very high hydrophobicity,
while the opposite was found to be true for the vestibule regions of aquaporins, where
water adopts a bulk-like state (Han et al. 2015). Based on this premise, it was sug-
gested that the vestibule regions could be effective drug design targets, as these regions
are the sites for initial recruitment of solutes and may control their concentrations (Ho
etal. 2009; Han et al. 2015). This approach could be tested using aquaporin homology
models, based on structural data for closely related experimental structures, to solve
the mechanistic problems of aquaporin solute selectivity and for in silico drug design.

4.6 Ion Conductance Through a Central Pore of Tetramers

While conductance of water or other neutral solutes through the central tetrameric
pore has been excluded, due to its hydrophobic nature (Fu et al. 2000; Murata et al.
2000), a controversy prevails as to whether a central tetrameric pore conducts ionic
species. The reason for this is that the central pore in some aquaporins may be up to
10 A wide, considerably larger than, for example, the pore in the tetrameric KcsA
potassium ion channel (Anderson et al. 1992). It was suggested that a central pore
may serve as a potential path for ion permeation (Yool et al. 1996; Fu et al. 2000). To
this end, the ion conductivity for a central pore in a human aquaporin has been pro-
posed (especially after cGMP activation), and a proof-of-concept for this hypothesis
was supported by molecular dynamics simulations and ion transport measurements
in X. laevis oocytes (Yu et al. 2006). Notably, through molecular dynamics simula-
tions, cGMP was found to interact with Arg-rich cytoplasmic loop D facilitating its
outward movement, which was hypothesised to open a cytoplasmic gate and mediate
ion conductance. Further, a homo-tetrameric plasma and inner chloroplast mem-
brane PIP2;1 aquaporin from Nicotiana tabacum facilitated CO, but did not perme-
ate water (Uehlein et al. 2008). These authors hypothesised that CO, could permeate
through a central (so-called fifth) pore (Otto et al. 2010). The previous findings were
confirmed by Wang et al. (2016), who showed that Arabidopsis PIP2;1 permeated
CO,, and served as a key interactor of the carbonic anhydrase CA4. Importantly,
these authors established that extracellular CO, signalling was linked to a SLAC1
ion channel regulation upon co-expression of PIP2;1, fCA4, SLACI and protein
kinases. No molecular dynamics simulation studies have yet been performed on CO,
transport. In summary, the question of whether the central tetrameric pore conducts
ionic species or CO, is still highly contentious. This pathway must be more thor-
oughly investigated for its ion-conducting activity, at least in aquaporins in which
the properties of the central pore are predicted to be conducive for this function.
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4.7 Mutational Studies to Alter Transport Selectivity and Rates

One rapid way to investigate solute selectivity, modify transport rates, is to intro-
duce variations in sequences (Jung et al. 1994; Jahn et al. 2004; Bienert et al. 2013;
Hayes et al. 2013; Kirscht et al. 2016) and integrate both transport functional and
structural observations. For over more than 20 years of this research, significant
information has been gained based on the studies of wild-type and variant plant of
aquaporins.

Several point mutations (His180Ala/Arg196Ala and Phe56Ala/His180Ala) in
the ar/R/LE1-LE2 selectivity filter of a human water-specific aquaporin 1 allowed
conversion of this orthodox water-permeable aquaporin into a more multifunctional
aquaporin, permeating other solutes such as urea, glycerol and ammonia. These
variations increased the maximal diameter of the constriction of the ar/R/LE1-LE2
selectivity filter by threefold (Beitz et al. 2006). However, surprisingly the Arg196Val
substitution (removal of a positive charge from Arg196) allowed proton passage in
both directions. Further, Beitz and co-authors (2006) established that protons did
not permeate according to the Grotthuss mechanism and concluded in accordance
with Zeuthen et al. (2013) that the electrostatic proton barrier in aquaporins
depended on both NPA and ar/R/LE1-LE2 constrictions. These findings and those
of Hub and de Groot (2008) based on molecular dynamics simulations imply that
the ar/R region does not preclude water conductance but affects uncharged solutes
conductance, emphasising the importance of the ar/R/LE1-LE2 residues for channel
selectivity.

On the other hand, when three selectivity filter signature residues (Phe43Trp/
His174Gly/Thr183Phe) of the glycerol-permeating E. coli aquaporin (AqpF) were
introduced into its water-conducting counterpart (AqpZ), there was no increase in
glycerol conductance, although a decrease of water permeability was recorded in
both reciprocally mutated aquaporins (Savage et al. 2010). Notable observations
were reported by Liu et al. (2005), who in a rat anion-selective aquaporin 6 substi-
tuted Asn for Gly in a-helix 2. This mutation resulted in the elimination of anion
permeability but also led to elevated water transport when variant proteins were
expressed in X. laevis oocytes. These observations indicated that each aquaporin is
structurally unique and that simple variations of selectivity filter residues may not
result in an altered solute selectivity. To proceed forward with designing a desired
solute selectivity of aquaporins, one needs to integrate multifaceted knowledge of
bioinformatics, molecular modelling and classical molecular dynamics.

Ma and co-workers (2008) investigated the substrate specificity of a rice aquapo-
rin NIP2;1 using X. laevis and Saccharomyces cerevisiae cells. They isolated two
alleles, whereby the allele Isi2-1 had lower accumulation of toxic arsenious acid
than the allele Isi2-2 but a higher silicic acid uptake (see also chapter ‘“Plant
Aquaporins and Metalloids™). These metalloids differ by 0.62 A in their atomic
radii (Fig. 3), and thus it is conceivable to think that protein variants with different
transport rates of essential (silicic acid) and toxic (arsenious acid) metalloids could
in principle be engineered. Comparison of sequences indicated that Thr342 could be
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Ge(OH),

Molecular sizes of metalloids:
B (OH), 3.43 A
As(OH), 357 A
Si (OH), 419 A
Ge(OH), 4.48 A

Fig. 3 Structures and atomic radii of metalloid molecules of boric acid [B(OH);], silicic acid
[Si(OH),], arsenious acid [As(OH);] and germanic acids [Ge(OH),] that are known to be trans-
ported by the members of an a-sub-clade of NIP-III aquaporins from monocotyledonous plants.
Structures are shown in stick representations. The dimensions of atomic radii are given in A

mutated to Arg in 1si2-2 that was positioned in the membrane H6 (topology explained
in Fig. 1) and not in the pore region of the 1si2-2 protein. This study was extended
by Mitani-Ueno et al. (2011), who investigated whether ar/R/LE1-LE2 filter and
NPA motifs could be altered to influence the solute transport selectivity of rice
NIP2;1 preferring silicic over boric acid, and conversely that of Arabidopsis NIP5;1
with a reversed substrate selectivity. Both proteins also permeate arsenious acid and
thus this study also carries biotechnological significance. The individual changes in
rice NIP2;1 at the ar/R/LE1 positions did not alter transport of metalloids; however,
the H5 mutation led to a loss of transport activity of both metalloids. Conversely,
mutations in Arabidopsis NIP5;1 did not restore transport of silicic acid, and double
mutations in H2 and H5 did not affect transport of arsenious acid. Further, Hayes
et al. (2013) performed targeted mutagenesis of the specific residues within the
ar/R/LE1-LE2 selectivity filter in barley NIP2;1 to alter its metalloid solute selectiv-
ity. Two of the mutations in the H2 position Gly88Ala and Gly88Cys showed a
growth restoration in the presence of boric (smallest atomic radius, Fig. 3) and ger-
manic (largest atomic radius) acids; nevertheless, the growth inhibition on arsenious
acid (the second smallest atomic radius from the four metalloids) was preserved.
These observations suggested that although mutations altered the substrate specific-
ity of barley NIP2;1, metalloid permeation seemed to be controlled by other factors
than simply by atomic radii of solutes. Potential controlling factors may entail dif-
ferences in de-solvation rates within the vestibule regions of aquaporins prior to
interactions with ar/R/LE1-LE2 selectivity filter residues or differences in overall
interaction modes of metalloids with aquaporin molecules. These hypotheses can be
tested using molecular dynamics simulation experiments.
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The observations outlined above further extend a suggestion that ar/R/LE1-LE2
selectivity filter properties alone do not control solute selectivity of aquaporins and
that other structural elements that do not directly interact with solutes may play
essential roles in solute permeation specificity (Savage et al. 2010).

Another alternative to identify variations in protein sequences of aquaporins is to
search for natural variation in cultivars that have precisely adapted to specific or
stress-affected environments. These types of studies are just beginning to appear
with aquaporins and other transport systems (e.g. Pallotta et al. 2014). The question
then arises as to whether the responses of natural variants for specific stresses, such
as drought or mineral toxicity, have already been optimised in crop and other plants
through a long history of selection of native variants or are there still opportunities
for a significant gain through allelic mining (Langridge et al. 2006). Although the
information on natural variation of aquaporins and other transport systems involved
in drought or other biotic and abiotic stresses is scarse, a few landmark studies have
appeared (Pallotta et al. 2014; Hayes et al. 2015; Nagarajan et al. 2016).

5 Gating Mechanisms of Aquaporins Induced by pH, Cation
Binding and Phosphorylation or Lengths of Loops
and Mutational Studies

The concept of gating in plant aquaporins was proposed long before (Tyerman et al.
1989; Azaizeh et al. 1992; Tyerman et al. 1999; Yool and Weinstein 2002) both
states, i.e. open and closed, of any aquaporin were elucidated at the atomic levels.
Later both states of the spinach aquaporin (Fig. 1¢) were defined at atomic levels in:
(1) closed states at pH 8.0 (PDB ID: 1Z98; Tornroth-Horsefield et al. 2006) and pH
6.0 (PDB ID: 4IA4; Frick et al. 2013a, b) and (ii) an open state (PDB ID: 2B5F;
Tornroth-Horsefield et al. 2006). Further, a so-called stochastic model of osmotic
water transport was suggested, based on testing of a range of channel sizes and
geometries of human aquaporins and their mutants (Zeuthen et al. 2013); this
knowledge can directly be linked to the concept of gating.

Two groups of mechanisms that appear to be conserved in plant aquaporins are
known to facilitate gating, i.e. the transitions between open and closed states. More
precisely, the term gating refers to the opened (activated or conductive) and closed
(deactivated or non-conductive) states, whereby these states represent distinct spa-
tial conformations of the same channel. Here, that conformation interchange results
in increasing the limiting size of the pore to accommodate solutes. The first group
of mechanisms of gating includes pH changes, cation binding and post-translational
phosphorylation (Tornroth-Horsefield et al. 2006; Frick et al. 2013a, b). The second
group of gating mechanisms is based on loop lengths and their movements (Fischer
et al. 2009).

The origin of gating was explored in a spinach aquaporin, for which the atomic
structures of both states are available, using single and double Serl15Glu and
Ser274Glu phosphorylation mimic variants (Nyblom et al. 2009). Although all
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mutants crystallised in a closed conformation, the analysis revealed that neither
variation mimicked the naturally occurring phosphorylated state of the protein.
However, combined functional and structural analyses revealed that in the Ser115Glu
variant, the neighbouring Glu31 significantly moved away from its wild-type posi-
tion, leading to a disruption of the divalent cation (presumed to be Ca*)-binding site
that stabilises loop D. These observations highlight the fact that phosphorylation of
Ser115 could induce structural rearrangements and thus control opening and closing
states of the pore.

The crystal structures of a spinach aquaporin, which have been obtained in sev-
eral conformational states (a water-closed state at pH 8.0 (Tornroth-Horsefield et al.
2006) and at pH 6.0 (Frick et al. 2013a, b)), revealed a closing mechanism that in
the plasma membrane results from a rapid drop of cytosolic pH due to anoxia that
occurs during flooding (Tournaire-Roux et al. 2003). The closing mechanism is
assumed to involve the interaction of the conserved pH-sensitive His193 residue on
cytosolic loop D with the divalent cation (presumed to be Ca>*)-binding site. Here,
in a protonated state, His adopts an alternative rotameric state and interacts with
Asp28 that resides on a short N-terminal a-helix. This closing mechanism is also
maintained by dephosphorylation of a closely positioned Ser115 residue on loop B
(Frick et al. 2013a, b).

These observations, based on structural analyses of a wild-type and variant spin-
ach aquaporins, indicate that gating mechanisms are linked to movements of loops
B and D, post-translational phosphorylating events of Ser residues, protonation
states of a His residue and the involvement of a divalent cation-binding site
(Tornroth-Horsefield et al. 2006). These studies emphasise the control of gating by
several concurrent events to open and close a solute-conducting pore (Nyblom et al.
2009; Frick et al. 2013a, b).

The second group of gating mechanisms is based on loop lengths and their
movements alone and was revealed for the first time using the full-length and trun-
cated forms of the yeast aquaporin Aqy1 from Pichia pastoris, resolved to 1.15 A
(Fischer et al. 2009). Structural data revealed that the pore of the Aqyl aquaporin
was closed by its own N-terminus. Here, Tyr31 formed a hydrogen bond to a water
molecule and the backbone oxygen atoms of nearby Gly residues, located in the
vicinity of the pore, consequently obstructing the cytoplasmic entrance to the pore.
Additional mutational studies combined with molecular dynamics simulations sug-
gested that water flow through the pore may be regulated by specific arrangements
of post-translational regulation sites by phosphorylation and also by mechanosensi-
tive gating. The latter gating could also be related to highly curved membrane envi-
ronments, where aquaporins may reside. This was confirmed by molecular dynamics
simulation, indicating that Aqy1 was regulated by both surface tension and mem-
brane curvature. This type of gating could provide a rapid pressure regulator in
response to unexpected cellular shock, aiding adaptation and microbial survival
(Fischer et al. 2009), as well as to plants that employ a turgor pressure (Tyerman
et al. 1989, 1999).
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6 The Structural Knowledge of Aquaporins Has Strategic
Significance in Agricultural Biotechnology, Nano-
biotechnology and Environmental Sciences

Although transport function is central to plants, limited information is available on
a structural basis of the permeation function of plant aquaporins. These investiga-
tions have so far been largely driven by genetics and physiology, but the knowledge
of molecular function is required if we are to modify the properties of these trans-
port proteins (Schroeder et al. 2013; Chaumont and Tyerman 2014; Nagarajan et al.
2016). Further, modifying the properties of aquaporins depends on a detailed mech-
anistic knowledge of their behaviour. Even though many aquaporins have been
identified, their intrinsic hydrophobic properties made these studies difficult. As of
May 2016, from 615 unique membrane proteins (http://blanco.biomol.uci.edu/
mpstruc/), only five structures of plant transport proteins are known. These include
two aquaporins from S. oleracea and A. thaliana, a nitrate transporter and a voltage-
gated two-pore channel from A. thaliana and a SWEET transporter from Oryza
sativa. Thus, two unique plant aquaporin structures are those of the water-conducting
SoPIP2;1 aquaporin from S. oleracea (in several conformational states and variant
forms) and the AtTIP2;1 aquaammoniaporin from A. thaliana (Kirscht et al. 2016).
Surprisingly, limited information is available on solute permeation specificity of
plant aquaporins, although these data in conjunction with structural information are
vital strategic tools for modifying their molecular function. We therefore need
detailed structural data on all subfamilies of plant aquaporins from economically
important food plants such as wheat, barley, maize and rice that conduct a variety of
solutes, including those of multi-selective NIPs that have importance in food security
and safety (Ma et al. 2006; Schnurbusch et al. 2010; Hayes et al. 2013). Targets for
this knowledge include, for example, improving the nutritional quality and safety of
plant products for humans, such as exclusion of toxic arsenic from food plants
(Isayenkov and Maathuis 2008; Kamiya et al. 2009; Li et al. 2011; Hayes et al. 2013;
Schnurbusch et al. 2010; Xu et al. 2015). Modifying nutrient fluxes is also important
for protection of plants from excessive accumulation of metalloids such as boric acid,
which become toxic at high concentrations (Hayes et al. 2015; Nagarajan et al. 2016).
Uncharged ion pairs of mercury, gold, copper and cadmium are also known to per-
turb plant water status (Belimov et al. 2015) and have been reported to be the potent
inhibitors of aquaporins that operate through cysteine-related mechanisms (Niemietz
and Tyerman 2002). Heavy metal-induced perturbations of aquaporin function at the
plant level have been explained by a decrease of both root and shoot hydraulic conduc-
tance, leading to decreasing leaf water potentials and turgor, which may close stomata
(Zhu et al. 2005). On the other hand, many aquaporins are mercury insensitive.
Remarkably Frick et al. (2013a, b) in a spinach aquaporin observed mercury-increased
water permeability, using a non-cysteine-related mechanism, whereby presumably other
factors affected the aquaporin; one of them could be the properties of a lipid bilayer.


http://blanco.biomol.uci.edu/mpstruc/
http://blanco.biomol.uci.edu/mpstruc/

22 S. Luang and M. Hrmova

Finally, an obvious potential application of aquaporins is in nanotechnology by
creating stable biomimetic membranes, such as those with embedded robust aqua-
porin folds that have excellent separation performance and permit rapid water diffu-
sion. Hence, a next important application of aquaporins could be in environmental
sciences, more specifically in water desalination, waste-water recovery and fertil-
iser and soil component retrieval. Application and profitability on an industrial scale
would require stable and robust aquaporin structures with highly selective perme-
ation functions and rapid transport rates (Wang et al. 2015).
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Heteromerization of Plant Aquaporins

Cintia Jozefkowicz, Marie C. Berny, Francois Chaumont, and Karina Alleva

Abstract The discovery of plasma membrane intrinsic protein (PIP)
heterotetramerization has opened a new field of research. This phenomenon was
first observed between PIPs belonging to two phylogenetic groups (PIP1 and PIP2)
with ubiquitous expression in different plant tissues. These isoforms present few
differences in their primary sequence but show major differences in their functional-
ity when expressed in heterologous systems.

Many reports in recent years shed light on the PIP1 and PIP2 interaction as a
regulatory mechanism to modulate their trafficking and biological activity. In this
regard, PIP heterotetramerization has been proposed as a way of achieving a diver-
sification in the water transport capacity and in the control of net solute transport.
Also, acidification conditions were shown to act as a mechanism to control the
opening and blockage of these channels in native tissues, and their proton-dependent
gating can be affected depending on the presence of PIP2 homotetramers or PIP1-
PIP2 heterotetramers in the target membrane.

In the present chapter, we report the state-of-the-art knowledge about PIP het-
erotetramerization in the context of protein oligomerization. We emphasize the
main experiments that help to understand the existence of some relevant structural
elements involved in PIP oligomerization and the conditions necessary for these
hetero-oligomers to occur in the cell.
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1 Agquaporin Hetero-oligomerization

Protein-protein interactions play diverse roles in biology, and, in particular, protein
multimerization confers many different functional advantages such us diversifying
cellular signalling transduction, modulation of biological activity by protein confor-
mational changes, functional diversity and increases in protein stability.
Multimerization is common among proteins that generally exist in a crowded envi-
ronment where many potential binding partners with different surface properties are
available. Nooren and Thornton (2003) point out that the specificity for protein-
protein interaction derives mainly from the complementarity of shape and chemistry
that determine the free energy of binding, but the protein localization also has a role
to play. Interestingly, despite the fact that there are many protein-protein interactions
between proteins from different families, interactions are also frequent between pro-
teins belonging to the same family. Many proteins are very specific in their choice of
partner, assembling as homo- or hetero-oligomers. In the case of homo-oligomers,
protein interaction occurs between identical protein chains, while, in the case of
hetero-oligomers, the interaction occurs between non-identical protein chains.

Aquaporins are integral membrane proteins that allow the transport of water and
non-charged solutes. All aquaporins have six transmembrane helices and N- and
C-termini located intracellularly. Despite the fact that each aquaporin monomer
forms a channel with its own pore, they have been shown to adopt a quaternary
structure organizing mainly as tetrameric homo-oligomers in membranes (see chap-
ter “Structural Basis of the Permeation Function of Plant Aquaporins™). Many mam-
mal aquaporin structures have been resolved, as is the case of AQP1 (Walz et al.
1994; Murata et al. 2000; Sui et al. 2001; Ruiz Carrillo et al. 2014), AQPO (Gonen
et al. 2004; Harries et al. 2004; Palanivelu et al. 2006; Hite et al. 2010), AQP2 (Frick
et al. 2014), AQP4 (Ho et al. 2009) and AQP5 (Horsefield et al. 2008). The tetra-
meric arrangement was first observed for plant AQPs by cryoelectron microscopy of
two-dimensional crystals for o-TIP (TIP, tonoplast intrinsic protein) from bean
(Daniels et al. 1999) and SoPIP2;1 (PIP, plasma membrane intrinsic protein) from
spinach (Kukulski et al. 2005). Later, SoPIP2;1 structure was resolved by X-ray
crystallography of 3D crystals in an open conformation to 3.9 A resolution and in a
close conformation to 2.1 A (Tornroth-Horsefield et al. 2006). More recently, the
structure of an ammonia-permeable TIP aquaporin (AtTIP1;2) from Arabidopsis
thaliana was obtained at 1.8 A resolution (Kirscht et al. 2016).

All of the resolved structures correspond to homotetrameric assemblies despite
hetero-oligomerization having been described for some family members. Among
non-plant aquaporins, some cases of hetero-oligomerization have been reported.
For example, a mutated AQP2 is able to form a hetero-oligomer with the wild-
type form of AQP2 (Sohara et al. 2006). Also, hetero-oligomerization was
reported for AQP1, where a non-functional AQP1 mutated in the loop B or E
forms mixed oligomers with a truncated AQP1 mutant (D237Z) (Jung et al. 1994).
A striking example of hetero-oligomerization among mammal aquaporins is the
case of AQP4. This protein exists in two splicing variants, AQP4M]1, starting with
Metl, and AQP4M?23, starting with Met23, which can assemble in the plasma
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membrane as heterotetramers (Lu et al. 1996; Neely et al. 1999). Interestingly,
AQP4M23 homotetramers alone or together with AQP4M23-AQP4M1 heterotet-
ramers can aggregate into supramolecular structures known as orthogonal arrays
(OAPs) (Rash et al. 1998; Sorbo et al. 2008; Rossi et al. 2012). It is not clear what
is the precise function of this kind of AQP clustering, but the predominant local-
ization of OAPs in cells facing a basal lamina and the type of molecules that
interacts with these aggregates of AQP4 suggest that this channel arrangement
may be involved in establishing and maintaining cell polarity (Wolburg et al.
2011). Interestingly, the difference in the ability to form OAPs between AQP4M23
and AQP4M1 seems to be due to a specific amino acid sequence located in the
native N-terminus (Hiroaki et al. 2006).

In contrast to the reported cases of hetero-oligomerization of mammal aquapo-
rins, where the assembly was obtained by the interaction of different aquaporin
splicing variants or between a wild-type AQP and its mutated versions, plant PIP
aquaporins have the particularity of forming hetero-oligomers that include different
PIP isoforms.

It has been described that proteins that are part of complexes tend to evolve at a
relatively slow rate in order to improve the co-evolution with their interacting part-
ners (Mintseris and Weng 2005). Interestingly, the molecular phylogenetic profiling
of AQPs from nine genomes of flowering plants has shown that the PIP subfamily
has a low evolutionary rate (Soto et al. 2012); this high evolutionary constraint may
be due to a functional constraint related to the physical interaction that occurs
between different members of the PIP subfamily. In the following sections, the state-
of-the-art knowledge of PIP heterotetramerization will be presented and discussed.

2 Plant Plasma Membrane Intrinsic Proteins (PIP):
The Paradigmatic Case for Hetero-oligomerization
of Aquaporins

The first step in the study of the biological activity of PIP aquaporins consists in water
transport assays by expressing them in a heterologous system such as Xenopus laevis
oocytes (Preston et al. 1992). Intriguingly, while PIP isoforms belonging to the PIP2
group are able to reach the oocyte plasma membrane as functional oligomers to
increase the osmotic water permeability coefficient (P;) of the membrane, most PIP1
isoforms do not (Fetter et al. 2004; Sakurai et al. 2005; Bellati et al. 2010). Only a few
cases of functional PIP1 facilitating water diffusion when expressed alone in oocytes
have been reported (Tournaire-Roux et al. 2003; Suga and Maeshima 2004; Zhang
et al. 2007). The lack of water transport activity when PIP1 cRNA is injected into the
oocytes was first interpreted as PIP1 being inactive or having very low water perme-
ability (Daniels et al. 1994; Yamada et al. 1995; Weig 1997; Johansson et al. 1998;
Biela et al. 1999; Chaumont et al. 2000; Marin-Olivier et al. 2000; Moshelion et al.
2002). However later on, it was demonstrated that most PIP1 proteins fail in reaching
the oocyte plasma membrane but are retained in intracellular compartments (Fetter
et al. 2004; Bienert et al. 2012; Jozefkowicz et al. 2013; Yaneff et al. 2014).
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Interestingly, Fetter and co-workers (2004) showed that if maize ZmPIP1;2 is co-
expressed with ZmPIP2;1, ZmPIP2;4 or ZmPIP2;5, an increase in P, which is depen-
dent on the amount of ZmPIP1;2 cRNA injected, is observed compared to the P of
oocytes injected with ZmPIP2;5 cRNA alone (Fetter et al. 2004). Moreover, confocal
microscopy analysis of oocytes expressing ZmPIP1;2-GFP alone or ZmPIP1;2-GFP
plus ZmPIP2;5 showed that the amount of ZmPIP1;2-GFP present in the plasma
membrane is significantly higher in co-expressing cells. A physical interaction was
proposed to explain these results. Nickel affinity chromatography purification of
ZmPIP2;1 fused to a histidine tag leads to the co-elution of ZmPIP1;2-GFP demon-
strating the physical interaction of both channels. Also, immunoprecipitation experi-
ments provided additional evidence for the association of ZmPIP1;2 and ZmPIP2;1
in vivo in maize roots and in suspension cells in the absence of any PIP overexpres-
sion. Finally and importantly, when co-expressed in maize protoplasts with ZmPIP2,
ZmPIP1 proteins, which are retained in the endoplasmic reticulum (ER) when
expressed alone, are re-localized to the plasma membrane (Zelazny et al. 2007).

All of these data demonstrated for the first time that some PIP1 requires a PIP2
partner to reach the plasma membrane. Thus, PIP1-PIP2 interaction is relevant for
trafficking and re-localization of PIP1 proteins to the plasma membrane as a conse-
quence of their physical interaction with some PIP2s. A similar conclusion was later
drawn in epidermal cells of transgenic Arabidopsis roots (Sorieul et al. 2011). So,
as a consequence of the physical interaction with PIP2 proteins, PIP1s are correctly
targeted to the plasma membrane; otherwise, these PIP1s remain retained in the
ER. The observation that PIP1 plasma membrane localization relies on the con-
comitant presence of PIP2s was extended to many PIP2/PIP1 pairs from several
plant species and has been observed in plants, oocytes and yeast expression systems
(Zelazny et al. 2007; Mahdieh et al. 2008; Vandeleur et al. 2009; Alleva et al. 2010;
Bellati et al. 2010; Otto et al. 2010; Ayadi et al. 2011; Bienert et al. 2012).

Though most PIP1-PIP2 pairs studied can functionally interact (the oocyte P,
increases when they are co-expressed) by physical interaction (contacts between
both channels that promote PIP1 re-localization), it is worth mentioning that there
are some exceptions. For instance, the co-expression of ZmPIP1;1 with ZmPIP2;5
does not result in a Py increase greater than the P, measured after the expression of
ZmPIP2;5 alone, indicating that ZmPIP1;1 does not functionally interact with
ZmPIP2;5 in Xenopus oocytes (Fetter et al. 2004). Also, BvPIP2;1 is not able to
functionally interact with BvPIP1;1 (Jozefkowicz et al. 2013). Additionally, in this
subset of noninteracting plant aquaporins should be included the pairs OsPIP2;3/
OsPIP1;3 (Matsumoto et al. 2009) and PvPIP2;3/PvPIP1;1 (Zhou et al. 2007).
While in most cases it is still not clear which are the structural differences between
these noninteracting PIP1 and PIP2 pairs and the interacting pairs, in the case of
BvPIP2;1, it was shown that the first extracellular loop (named loop A) could be
responsible for the lack of interaction with BvPIP1;1 (Jozefkowicz et al. 2013).
Furthermore, while the finding of PIP2 and PIP1 forming hetero-oligomeric assem-
blies has been prevalent, hetero-oligomerization between different PIP2 and differ-
ent PIP1 isoforms has also been demonstrated, such as ZmPIP2;6 with ZmPIP2;1
(Cavez et al. 2009) and ZmPIP1;1 with ZmPIP1;2 (Fetter et al. 2004).
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Interestingly, the amino acid identity between the PIP1 and PIP2 isoforms is
quite high (~80 %), with the main differences located at the C- and N-terminal
domains and the loop A. However, this high percentage identity between paralogues
is not due to the recent emergence of them, since PIP1 and PIP2 subfamilies sepa-
rated long before the divergence of monocots and dicots occurred; indeed, PIPs
representative of the PIP1 and PIP2 groups are found in the moss Physcomitrella
patens (Danielson and Johanson 2010). The high identity between PIPs can be due
to a high evolutionary and functional constraint of this subfamily (Soto et al. 2012).

3 Structure-Function Relationships in PIP
Hetero-oligomerization

The precise way in which PIP1 and PIP2 interact is not yet fully elucidated, but
strong experimental evidence is emerging and shedding light on this issue. The
results obtained by the co-expression of the PIP1 and PIP2 channels, obtained in the
first research stages on this topic, were compatible with protein complexes formed
either by interactions between different PIP homotetramers or by interactions
between different PIP monomers organized within an heterotetramer. Over the years
the terms ‘hetero-oligomer’ and ‘heterotetramer’ were both used in the research
literature, and many times they were even taken as synonymous. Recently, some
experimental data indicated that PIP1 and PIP2 co-assemble in heterotetramers (dif-
ferent monomers interacting within the same tetramer). Still, even though the high
sequence identity among all the PIP clusters explains the possibility that PIP1 and
PIP2 assemble together into the same tetramer, as if they were almost ‘identical’
molecules, not all of the PIP1-PIP2 pairs follow this behaviour. Indeed, site-directed
mutagenesis experiments together with crystallography and molecular modelling
revealed the existence of some crucial structural elements involved in PIP oligomer-
ization that can also control hetero-oligomerization.

3.1 LoopA

The prevalent role of the loops in protein function is due to their flexibility and
location on the surface of the protein. Besides their role in protein function, intra-
and extracellular loops are also important as structural elements mediating protein
interactions, especially in membrane proteins. In particular, for PIP aquaporin
oligomers, the first extracellular loop A has been reported as mediating the interac-
tions between different monomers within a tetramer. Indeed, a highly conserved
cysteine residue and the hinge connecting the first transmembrane domain (TM1) to
the loop A have a relevant role in tetrameric organization (Bienert et al. 2012;
Jozefkowicz et al. 2013). Early observations by Barone and co-workers (1998) pro-
vided experimental evidence that Beta vulgaris PIP dimers are connected by a
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disulphide bridge. In the SoPIP2;l tetrameric structure, the position of the
C-terminus of helix 1 and the N-terminus of helix 2 orients the loop A towards the
fourfold centre of the tetramer (Kukulski et al. 2005). In this configuration, the near-
ness of the four-loop A cysteines suggested the formation of a disulphide bond
between two monomers (Kukulski et al. 2005). In accordance with these data,
molecular dynamic simulation (MDS) of BvPIP2;1 also showed that the position of
loop A is oriented towards the centre of the tetramer, with each of the four loops A
being flexible parts of the monomers but having a different solvation pattern and
different movement along the MDS (Jozefkowicz et al. 2013).

The demonstration of the existence of a disulphide bond linking the loops A of
two monomers was conducted by Bienert et al. (2012) and showed that this disul-
phide bond is not an artefact of the sample preparation but that they occurred in
plant cells. Interestingly, mutation of the loop A cysteine residue does not alter the
water channel activity of PIP1 or PIP2 in homo- or heterotetramers,
hetero-oligomerization or trafficking to the plasma membrane but does modify its
mercury sensitivity (Bienert et al. 2012). Incubation of oocytes expressing ZmPIP2;5
alone with HgCl,, a well-known aquaporin inhibitor, leads to a decrease in the Py
However, the P;of oocytes co-expressing ZmPIP1;2Cys85Ser and WT ZmPIP2;5 or
ZmPIP2;5Cys75Ser is not inhibited in response to HgCl, treatment, indicating that
when ZmPIP2;5 is co-expressed with ZmPIP1;2Cys85Ser, ZmPIP2;5 becomes
Hg?* insensitive. This data suggests that the loop A cysteine of ZmPIP1;2 is involved
in the mercury sensitivity of hetero-oligomers and indicates that the conformational
arrangement of the PIP2 monomers in the PIP1-PIP2 hetero-oligomers is different
from that in the PIP2 homo-oligomers (Bienert et al. 2012). These data point to the
potential functional and conformational interaction between PIP1 and PIP2 in
hetero-oligomer complexes mediated by the loop A structure (Bienert et al. 2012).
The presence of a disulphide bridge could affect the stability of the tetramers in
some conditions, but this process needs to be investigated in more detail. The results
obtained for BvPIP2;1, a PIP2 unable to interact with BVvPIP1;1 and presenting non-
conserved amino acid residues in the N-terminus of the loop A, are in accordance
with this hypothesis (Jozefkowicz et al. 2013). The mutation of non-conserved loop
A residues (NETD) of BvPIP2;1 promoted the recovery of its interaction with
BvPIP1;1, resembling the PIP2-PIP1 classical interaction (Jozefkowicz et al. 2013).
In agreement, Hayward and Kitaos (2010) stress the importance of the first and last
residues of the protein loops, remarking that this constraint might influence the
dynamical behaviour of the loop.

Altogether, these data are strong evidence for an important role of the loop A in
controlling the interactions between contiguous monomers in PIP homo- or
heterotetramers.

3.2 LoopE

In all aquaporins, loops B and E containing the NPA motif (asparagine, proline,
alanine) form half transmembrane helices that fold into the channel from opposite
sides of the membrane. This creates a seventh transmembrane helix, with the NPA
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motifs located at the centre of the pore (Jung et al. 1994; Murata et al. 2000;
Tornroth-Horsefield et al. 2006).

Early studies on AQP1 suggested that loop E together with loop B is not only
involved in water permeation through the pore but is also critical for the tetrameric
assembly of the channel (Jung et al. 1994; Mathai and Agre 1999). Later, a muta-
tional analysis conducted in plant aquaporins demonstrated the important role of the
C-terminal part of loop E in the interaction of PIP monomers (Fetter et al. 2004). To
explore the reason for the different behaviour of ZmPIP1;1 and ZmPIP1;2 regarding
their functional interaction with ZmPIP2;5 in Xenopus oocytes, a ZmPIP1;1 mutant
containing the loop E of ZmPIP1;2 (named ZmPIP1;1LE) was constructed (Fetter
et al. 2004). The replacement of the loop E of ZmPIP1;1 by that from ZmPIP1;2
modifies the behaviour of the protein when co-expressed with ZmPIP2;5: a positive
synergistic effect on the P, is observed, while it is absent with the WT ZmPIP1;1
(Fetter et al. 2004). The molecular explanation of this functional observation arises
from ZmPIPI;1LE MDS, which shows a different position of the loop in
ZmPIP1;1LE affecting the structure of the pore. This conformational change in loop
E is proposed to affect the structure of the semi-helix E and the TM6, which can in
turn impact the oligomerization of this protein (reviewed in Chaumont et al. 2005).
However, it was not shown whether loop E from ZmPIP1;2 is required for ZmPIP1;1
interaction with ZmPIP2;5 or only for the activation of ZmPIP1;1 water channel
activity. Similarly, exchanging the loop E of GIpF, a bacterial glycerol facilitator of
the MIP/aquaporin family, with loop E of the insect AQPcic, alters either oligomer
assembly or tetramer stability (Duchesne et al. 2002). Other evidence supporting
the involvement of the aquaporin loop E in oligomerization is the crystallographic
and molecular modelling data, showing that TMS5 participates in the interactions
between monomers within the tetramer and can affect the spatial positions of loops
B and E in AQP1 and GIpF (Ren et al. 2000; Murata et al. 2000; Fu et al. 2000;
Jensen etal. 2001). Moreover, in mammal AQPs, functional analyses of AQP0-AQP2
chimeras have demonstrated that stability of loop E is crucial for the channel activ-
ity (Kuwahara et al. 1999; Suga and Maeshima 2004).

3.3 Transmembrane Domains

In addition to the loops, the TM domains from neighbour monomers interact within
a tetramer. In AQP1, TM1 and TM2 interact with TM4 and TMS5 of an adjacent
monomer by coiled-coil interactions in a left-handed fashion (Murata et al. 2000).
This type of interaction is common to tightly pack structures, thanks to van der
Waals interactions between side chains of close residues. In addition, hydrogen
bonds between TM 1 and TM5 or between TM2 and TM4 stabilize the structure. The
role of specific TM amino acid residue in oligomerization is still unknown, but
some TM residues have been shown to turn an inactive PIP1 into an active one with-
out any co-expression in oocytes. It is the case of substitutions in the rice OsPIP1;1
and OsPIP1;3 (A103V and A102V, respectively) that allowed an increase in water
channel activity for non-functional PIP1 isoforms (Zhang et al. 2010). In this work,
the authors identified by homology modelling and mutagenesis one residue in TM2
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of OsPIP1;3 located at the interface between monomers that induced upon mutation
a change of conformation within the pore. Indeed, a change of orientation of Ile101
was caused by the substitution of Alal02 into Val and allowed the widening of the
constriction region within the pore.

Comparative modelling on the basis of SoPIP2;1 X-ray structure was used to
build heterotetramers containing ZmPIP1;2 and ZmPIP2;5 and identify amino acid
residues in the TM domains that putatively interact at the interfaces between mono-
mers (Berny et al. 2016). Mutational analysis of these residues showed single resi-
due substitution that either inactivates ZmPIP2;5 (W85A, F92A and F210A) or
activates ZmPIP1;2 (Q91L and F220A) without affecting their interaction when
express in Xenopus oocytes. Interestingly, the activating F220A mutation in TM5 of
ZmPIP1;2 inactivates, at the same time, the water channel activity of the interacting
ZmPIP2;5 within a heterotetramer (Berny et al. 2016). Altogether, these data high-
light the importance of single specific TM amino acid residues in the activity of the
channels within a heterotetramer without affecting the interaction between mono-
mers. Multiple mutations might be required to affect the oligomerization state.

4 Co-expression of PIP: A Condition for Oligomerization

The protein localization, concentration and local environment are parameters affect-
ing the interaction and controlling the composition and oligomeric state of protein
complexes (Nooren and Thornton 2003). Monomers participating in obligate inter-
actions to form oligomers are supposed to be co-expressed and to co-localize upon
synthesis. This time and space synchronization should be valid for homo-oligomers
as well as for hetero-oligomers.

The interactions between proteins which allow complex formation are usually
driven by the concentration of the components and the free energy of the complex
relative to the alternative states (Nooren and Thornton 2003). So, there are different
conditions that can control the oligomerization phenomenon, including encounter-
ing the interacting surfaces. In this regard, the association of two proteins relies on
co-localization in time and space and the adequate concentration of the interacting
proteins, where control mechanisms that alter the effective local concentration such
as gene expression, protein degradation rates or diffusion rates, among others, are
relevant. In the competition between binding partners for protein-protein interac-
tions, different factors can influence oligomerization. As PIP2 and PIP1 can
ensemble either as homotetramers or heterotetramers, different elements should be
involved in the ruling of the processes that govern each option.

PIPs are expressed in organs and tissues that present large fluxes of water, i.e.
vascular tissues, guard cells and suberized endodermis and bundle sheath cells,
among others (Gomes et al. 2009; Chaumont and Tyerman 2014). Interestingly,
there is not a homogeneous expression pattern for all PIPs, and this has been inter-
preted as a tuning mechanism by which the plant is able to adapt to different condi-
tions (Gomes et al. 2009). Nonetheless, there are several stimuli that promote a



Heteromerization of Plant Aquaporins 37

coordinate response in the expression of different PIPs. For example, upon water
deprivation, most Arabidopsis PIPs expressed in leaves are reported as transcrip-
tionally downregulated, with the exception of AtPIP2;6 which remains constant,
and AtPIP1;4 and AtPIP2;5 which are both induced (Alexandersson et al. 2010). A
reverse genetic study performed for AtPIPs showed that knock-out of three PIP
isoforms belonging to the PIP1 and PIP2 groups contributed individually to the
same hydraulic conductivity as the corresponding triple PIP mutant (Prado et al.
2013). Microarray studies during grape berry development showed that PIP1 and
PIP2 are expressed in the same tissues at the same time, but each one has a particu-
lar pattern of expression (Fouquet et al. 2008). All these results indicate synchroni-
zation between some PIP] and PIP2 gene expression, but the physical or functional
interactions of all the mentioned PIPs have not been studied yet.

Conversely, there are other cases for which information about both tissue expres-
sion and protein interaction in heterologous systems were recorded. For instance,
Fragaria x ananassa PIPs interact to form heterotetramers (Alleva et al. 2010;
Yaneff et al. 2014), and both PIP] and PIP2 mRNA are expressed during the whole
ripening process in fruits (Alleva et al. 2010). Interestingly, the expression of
FaPIP1 was low in the first ripening stages and later increased; while in the case of
FaPIP2, the expression was markedly high in the first stages and decreases progres-
sively until the end of ripening or remained approximately constant and low,
depending on the cultivar. This dissimilar expression pattern of FaPIP2 and FaPIP1
can be compatible with the reported random stoichiometry suggested for F. x anan-
assa PIP heterotetramers after FaPIP oocyte expression and mathematical analysis
of the results (Yaneff et al. 2014). Furthermore, information about the expression
pattern of paradigmatic interacting ZmPIPs is also available. Gene and protein
expression was studied in maize roots, leaves and stomatal complexes (Hachez et al.
2006, 2008; Heinen et al. 2014). All ZmPIP genes, except ZmPIP2;7, are expressed
in primary roots and leaves, and their expression is dependent on the developmental
stage of the organ (Hachez et al. 2006, 2008). In this regard, it was proposed that
some specific pairs of PIP1 and PIP2 have a correlation in their expression pattern
in accordance with their functional responses (Yaneff et al. 2015).

In addition to transcriptional and translational regulation, PIP localization and
stability are also highly regulated (for a review, see Hachez et al. 2013; Chevalier
and Chaumont 2015). For instance, after salt exposure to Arabidopsis roots, a
decrease in PIP1 protein abundance was observed after 30 min, while PIP2 abun-
dance remained constant even after 6 h of exposure to stress conditions. However,
PIP1and PIP2 were both reduced after 24 h of salt exposure (Boursiac et al. 2005).

All of these results indicate that, depending on the conditions, PIP1 and PIP2 can
be co- or differentially regulated, but PIP physical interaction could represent an
additional cooperative way to respond to different physiological processes or even
stresses. Indeed, all reports regarding PIP expression in different plants show that
both PIP1 and PIP2 proteins are always present together. It is the ratio between
protein (or mRNA) amounts of each group that can vary considerably between tis-
sues or cell types, certainly affecting their physiology. For instance, among all the
PIP transcripts found in maize stomatal complexes, 85 % were PIP1s (Heinen et al.
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2014). In this regard, it was empirically proven that B. vulgaris PIP1 and PIP2 can
assemble in a flexible fashion into tetramers having different stoichiometries
depending on the amount of each PIPI or PIP2 cRNA available (Jozefkowicz et al.
2016). Thus, differences in the expression levels of each paralogue condition the
existence of different PIP1 and PIP2 homotetramers or heterotetramers.

5 Biological Relevance of PIP Hetero-oligomerization

The hetero-oligomerization of membrane proteins is believed to play a fundamental
role in the regulation of cellular function. Oligomerization can increase protein sta-
bility, and in particular hetero-oligomerization may allow the diversification of bio-
logical activity. In this regard, it was postulated that protein-protein interactions
may have evolved to optimize functional efficacy (Nooren and Thornton 2003).
However, it is also possible that an interaction with no functional reason evolved,
and this interaction survives due to the absence of selective pressure to be rejected
from the evolutionary path. Often, the functional rationale of oligomerization is not
clear, and a happenstance of oligomerization can be supposed (Nooren and Thornton
2003). However, in the case of PIP1-PIP2 hetero-oligomerization, this kind of
supramolecular assembly plays an important role in the subcellular PIP1 localiza-
tion and modulates the cell membrane hydraulic conductivity (Fig. 1).

»
>

Fig. 1 PIP heterotetramerization in the plant cell. Scheme of a plant cell where the PIP1 monomers
are shown in orange, and the PIP2 monomers are shown in blue. In the lower part of the scheme,
the cell is under three different pH units: <6.0, ~ 6.5 and >7.0; in the upper part of the scheme, the
cell is under pH >7.0. The water capacity of each tetramer is represented as proportional to the
length of the light-blue arrow, while the solute capacity of each tetramer (i.e. to dioxide carbon) is
represented with a black arrow. In the box on top at the left, a structural alignment of a representa-
tive PIP1 (in red) and PIP2 (in blue) monomer is shown, pointing out the major differences between
these channels (regarding loop A and the N- and C-termini) and some structural elements relevant
for heterotetramerization. All reports regarding PIP expression in different tissues or cell types
found the simultaneous expression of both PIP1 and PIP2. However, the ratio between mRNA (or
protein) amounts of each group can vary considerably between different cell types, conditioning
the formation of different PIP1 and PIP2 homo- or heterotetramers. All PIP heterotetramers with
different stoichiometries and PIP2 homotetramers are able to reach the plasma membrane, but they
show different water transport capacities when heterologous expressed, being the water transport
capacity of PIP1-PIP2 heterotetramers higher than the water transport capacity found for PIP2
homotetramers. On the contrary, PIP1 homotetramers are unable to reach the plasma membrane
when heterologous expressed. Thus, upon regulation of PIP1-PIP2 expression levels, the plant cell
can modulate the localization of different tetrameric species and the osmotic water permeability
and substrate permeability of the plasma membrane by the assembly of PIP heterotetramers with
different stoichiometries. Since each plant species has a variety of PIP1 and PIP2 isoforms, another
point of regulation would be given by the expression of different types of each of these paralogues.
Since not all PIP1 PIP2 are capable of interacting, locating PIP1 into the plasma membrane would
depend on their capacity to interact with certain PIP2. In this regard, some structural elements
involved in PIP1 and PIP2 contacts in PIP heterotetramers — loop A and loop E containing the
second NPA motif (show in yellow) — and some TM have been shown to be relevant. At the level
of the gating of the channel, the intracellular pH changes can differentially regulate the activity of
PIP tetramers found in the plasma membrane, either as homo- or heterotetramers.
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5.1 Trafficking

As mentioned above, immunocytochemistry, immunodetection and the expression
of PIP fused to fluorescent proteins showed that most PIP2 aquaporins are localized
in the plasma membrane, while most PIP1 aquaporins are found in the ER unless
co-expressed with PIP2 (Zelazny et al. 2007; Li et al. 2009; Luu et al. 2012; Besserer
et al. 2012; Jozetkowicz et al. 2013). The prevalence of PIP2 homotetramers vs
PIP1-PIP2 heterotetramers can be controlled by the regulation of the expression of
both paralogues, as described in Sect. 4.

The regulation of PIP1 and PIP2 trafficking to the plasma membrane, as homo-
or heterotetramers, is another important mechanism leading to modification of the
membrane permeability (Fig. 1) (see also chapter “Plant Aquaporin Trafficking”).
Specific trafficking motifs for PIP2 export from the ER have been described. These
include a diacidic motif (DxE) located at the N-terminus of some maize and
Arabidopsis PIP2s (Zelazny et al. 2009; Sorieul et al. 2011) that probably interact
with the Sec24 protein of the COPII complex for their recruitment to the moving
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vesicle (reviewed in Hachez et al. 2013; Chevalier and Chaumont 2015). However,
ZmPIP2;1 or ZmPIP2;2 can reach the plasma membrane even in the absence of a
diacidic motif (Zelazny et al. 2009). Recently, a new LxxxA motif located in the
TM3 of ZmPIP2;5 has been shown to be required for the ER export (Chevalier et al.
2014). Interestingly, the addition of ZmPIP2;5 diacidic and/or the LxxxA motifs in
ZmPIP1;2 is not enough to induce the ER export of the latter, indicating the pres-
ence of specific retention signals in ZmPIP1;2 (Zelazny et al. 2009; Chevalier et al.
2014). The observation that all the hetero-oligomers comprising PIP1-PIP2 tested
so far are found in the plasma membrane of plant cells and heterologous systems
suggests that (i) the ER retention signal of PIP1 is hidden upon an interaction with
PIP2 and (ii) the interaction with PIP2 is enough to ensure the routing of PIP1 to the
plasma membrane even in the absence of any export signal in PIP1, meaning that
the PIP1-PIP2 interaction does not prevent the PIP2 trafficking motifs from being
properly recognized by the trafficking machinery.

From an evolutionary point of view, we can wonder whether most PIP1s have no
plasma membrane trafficking motifs due to the fact that these motifs are not required
as PIPIs are always co-expressed with PIP2s, which contain the information to
direct them together as heterotetramers to the plasma membrane.

5.2 Biological Activity and Substrate Specificity

As it was already mentioned above, when PIP1 is co-expressed with PIP2, their
interaction is accompanied in oocytes by an increase in the water permeability of
the plasma membrane (Fetter et al. 2004; Vandeleur et al. 2009; Alleva et al. 2010;
Bellati et al. 2010; Ayadi et al. 2011; Jozefkowicz et al. 2013; Yaneff et al. 2014),
indicating that the most prominent physiological modification upon PIP1-PIP2 het-
ero-oligomerization is the alteration of the hydraulic conductivity of the cell plasma
membrane. The source of this increase in the osmotic water permeability can be
simply due to the fact that more aquaporins are present in the plasma membrane.
However, other scenarios can result in similar final response. A publication studying
F. x ananassa PIP1-PIP2 heterotramers shed light on this issue showing that PIP1
has a high water transport capacity and that PIP2 water permeability is enhanced
when it is part of a heterotetramer (Yaneff et al. 2014). Furthermore, it was recently
demonstrated that heterotetramers of BvPIP2;2 and BvPIP1;1 or ZmPIP1;2 and
ZmPIP2;5 having 3:1, 1:3 and 2:2 stoichiometries can coexist at the plasma mem-
brane (Jozefkowicz et al. 2016; Berny et al. 2016). In addition BvPIP2;2 and
BvVPIP1;1 contribute equally to the total plasma membrane permeability, as it was
probed that each of these individual heterotetrameric species present equal water
transport capacity (Jozefkowicz et al. 2016).

PIP heterotetramerization has also been proposed as a way of achieving a diver-
sification and control of net solute transport. PIP1 members have been shown to also
be permeable to other small uncharged solutes such as glycerol (Biela et al. 1999;
Moshelion et al. 2002), boric acid (Dordas et al. 2000) and CO, (Uehlein et al.
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2003), while PIP2s mainly act as water channels, although some of them can also
transport H,0,, glycerol (Chaumont et al. 2001; Uehlein et al. 2008; Dynowski
et al. 2008; Bienert et al. 2014) and CO, (Wang et al. 2016) (Fig. 1). CO, transport
has been studied in depth in Nicotiana tabacum PIP1 and in Zea mays PIP1 (Uehlein
et al. 2003; Otto et al. 2010; Bienert et al. 2014; Heinen et al. 2014). Different trans-
port profiles have been found for NtPIP2 and NtAQP1 (belonging to the PIP1 group)
by analysis of their transport characteristics after co-expression in the yeast
Saccharomyces cerevisiae (Otto et al. 2010). While the expression of NtPIP2;1
increases the water diffusion through the cell membrane but not the CO, diffusion
(deduced from CO,-triggered intracellular acidification of the cells), the expression
of NtAQP1 only increases the CO, diffusion (Otto et al. 2010). Functional analysis
of artificial tetramers with a defined proportion of NtAQP1 and NtPIP2;1 indicates
that the presence of a single NtPIP2;1 protein within a heterotetramer allows for an
increase in the cell water permeability. On the other hand, an increase in the CO,
diffusion requires the presence of at least three or four PIP1 in the heterotetramer.
These data suggest that the stoichiometry of the heterotetramers can influence the
substrate specificity of the complexes.

5.3 Proton-Sensing Regulation

Lastly, we consider pH sensing as an additional important modulator of the biologi-
cal response upon PIP heterotetramerization. PIPs are acid-sensitive water channels
both when heterologously expressed and in native tissues (Gerbeau et al. 2002;
Tournaire-Roux et al. 2003; Alleva et al. 2006; Verdoucq et al. 2008). On the basis
of SoPIP2;1 molecular structure, a gating model was proposed (Tornroth-Horsefield
et al. 2006) that shows how conformational changes in the cytosolic loop D promote
the opening and closure of the pore and control its water permeability. These confor-
mational modifications are pH dependent since they are mediated by the protonation
of a conserved His residue (His193 in SoPIP2;1) (Tournaire-Roux et al. 2003). At
acidic pH, the His residue is charged and by interaction with other residues stabilizes
the loop D closing the pore (Tornroth-Horsefield et al. 2006; Frick et al. 2013).

A shift in the pH sensing has been reported for PIP1-PIP2 heterotetramers in
comparison with the PIP2 homotetramers (Bellati et al. 2010; Jozefkowicz et al.
2013; Yaneff et al. 2014). Water permeability pH dependence presents a low pHs
(the pH at which the half maximal P;is found) for PIP2 homotetramers, implying
that a high probability of PIP channels in open conformation is found at physiologi-
cal conditions. On the contrary, for the PIP1-PIP2 heterotetramers, a pH shift of 0.5
towards alkaline values was observed (Fig. 1). Moreover, all PIP1-PIP2 heterotetra-
meric assemblies of variable stoichiometries present equivalent biological activity
in terms of pH gating and cooperative response (Jozefkowicz et al. 2016).

When B. vulgaris PIPs were studied, both homotetrameric BvPIP2;2 and BvPIP2;1
presented sigmoidal response curves with a pHys of approximately 6.4-6.5, but
BvPIP1;1-BvPIP2;2 heterotetramers showed a pHys of approximately 6.7-6.8
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(Bellati et al. 2010; Jozefkowicz et al. 2013). Interestingly, the plasma membrane of
B. vulgaris storage roots vesicles shows a pH gating profile with pH, s values around
6.7 (Alleva et al. 2006). In this way, acidification conditions to control the opening
and blockage of water transport in native tissues vary depending on the presence of
PIP2 homotetramers or PIP1-PIP2 heterotetramers in the target membrane.

6 Concluding Remarks

The comprehension of the functional relevance of protein oligomerization is not
straightforward due to the fact that the proportion of well-studied oligomeric pro-
teins is quite low compared with monomeric proteins. Even harder is the under-
standing of the biological relevance of hetero-oligomerization. The discovery of the
existence of PIP1-PIP2 hetero-oligomers made these proteins of high interest not
only for studying the physiological relevance of these complexes at the cell and
plant levels in relation to their trafficking, substrate specificity and activity of the
channels but also to better understand the biochemical and biophysical mechanisms
that drive their physical association to form heterotetramers. They constitute a
promising model to elucidate the rules governing protein oligomerization. One of
the next challenges will be to obtain high-resolution structural data of
heterotetramers.
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Plant Aquaporin Trafficking

Junpei Takano, Akira Yoshinari, and Doan-Trung Luu

Abstract Aquaporins transport water and small neutral molecules across different
membranes in plant cells and thus play important roles in cellular and whole plant
physiology. The high diversity of intracellular localization of aquaporin isoforms is
dependent on specific trafficking machineries. ER-to-Golgi trafficking of the plasma
membrane intrinsic protein (PIP) isoforms has been shown to be dependent on DXxE
motifs in N-terminal cytosolic region, LxxxA motif in transmembrane domain 3,
phosphorylation in C-terminal cytosolic region, and heteromerization. Stress-
induced downregulation of the PIPs in the early secretory pathway was uncovered.
Subsets of PIPs and Nodulin 26-like intrinsic proteins (NIPs) showed polar localiza-
tion in the plasma membrane (PM) in certain cell types for directional transport of
water and small neutral molecules such as boric acid and silicic acid. Latest tech-
niques to study the mobility of PIPs revealed immobile nature in the plane of the
PM and constitutive cycling between the PM and the endosomes. The roles of clath-
rin- and microdomain-dependent endocytosis for PIPs were uncovered. When chal-
lenged by stress conditions, some PIPs and TIPs showed quick relocalization
probably to adjust water status. Vacuolar trafficking of different TIPs was shown to
follow multiple routes dependent or independent of Golgi apparatus. These findings
greatly advanced our understanding of the trafficking machineries of plant aquapo-
rins, as significant models of plant membrane proteins.
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1 Introduction

Aquaporins are membrane channel proteins permeating water and/or small neutral
molecules. The aquaporins share a basic structure comprising six transmembrane
domains linked by five loops with cytosolic N- and C-termini and assembled as
tetramers in which each monomer functions as a channel (Tornroth-Horsefield et al.
2006). In plants, aquaporins in different membrane compartments play different
roles in various processes at cellular and whole plant levels. Therefore, how aqua-
porins are transported to their destination is a fundamental question.

Plant aquaporins are classified to seven subfamilies dependent on sequence simi-
larities (see chapter “Structural Basis of the Permeation Function of Plant
Aquaporins”). As indicated by the names, the plasma membrane intrinsic proteins
(PIPs) and the tonoplast intrinsic proteins (TIPs) function in the plasma membrane
(PM) and the vacuolar membrane, respectively. Many of them function in the trans-
port of water, and some of them transport small uncharged molecules besides water.
The prototype of Nodulin 26-like intrinsic proteins (NIPs) was identified in the
peribacteroid membrane of nitrogen-fixing nodules of legume roots (Fortin et al.
1985), while NIPs were found in the PM and the endoplasmic reticulum (ER) in
non-legume plants (see chapter “The Nodulin 26 Instrinsic Protein Subfamily”).
Some members of NIPs have efficient transport activity of small uncharged solutes
such as boric acid and silicic acid (Ma et al. 2006; Takano et al. 2006; see chapter
“Plant Aquaporins and Metalloids”). The small intrinsic proteins (SIPs) were local-
ized to the ER and shown to facilitate water transport (Ishikawa et al. 2005), although
their physiological functions remain unknown. The X intrinsic proteins (XIPs) were
identified in moss Physcomitrella patens and some dicots including poplar and
Solanaceae plants tomato and tobacco (Danielson and Johanson 2008; Lopez et al.
2012; Bienert et al. 2011). Solanaceae XIPs were localized in the PM and shown to
facilitate transport of various small neutral solutes (Bienert et al. 2011). In moss P.
patens, additional two subfamilies GlpF-like intrinsic proteins (GIPs) and hybrid
intrinsic protein (HIP) were found, although their subcellular localization remains
unstudied (Danielson and Johanson 2008; Gustavsson et al. 2005).

As listed above, the members of each subfamily generally share similar patterns
of subcellular localization. However, complex patterns of localization have been
reported for some isoforms. For example, dual localization was observed for a PIP
(NtAQP1) in the PM and the chloroplast inner membrane in leaf mesophyll cells
(Uehlein et al. 2008), for AtTIP3;1 and 3;2 in the tonoplast and the PM during seed
maturation and germination (Gattolin et al. 2011), and for TIPs in the tonoplast and
the symbiosome membrane in developing root nodule of Medicago truncatula
(Gavrin et al. 2014). Interestingly, some PIPs and NIPs show polar localization in
the PM, which is considered to be important for directional transport of water or
small uncharged molecules in specific cell types. Some PIPs and TIPs also show
dynamic changes of localization in response to environmental conditions. The dif-
ferential localization between isoforms and the changes of localization are appar-
ently important for plants to adapt to the changing environment. Considering the
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shared basic structure of aquaporins, the variable localization should be determined
by signals embedded in amino acid sequences or specific conformations. The pres-
ent chapter focuses on the mechanisms and physiological significances of intracel-
lular trafficking of plant aquaporins.

1.1 PM Trafficking of PIPs

1.1.1 ER-to-Golgi Trafficking of PIPs Dependent on Trafficking Signals
and Heteromerization

The membrane proteins synthesized by ribosomes are co-translationally inserted
into the ER in which they are folded with the help of chaperons. Generally, the
membrane protein destined to the PM, tonoplast, or other post-Golgi membrane
compartments is transported in the vesicular trafficking network starting from ER to
Golgi trafficking. The ER-to-Golgi trafficking is regulated by three complementary
mechanisms: retention of immature proteins in the ER, selective packaging of
mature proteins into COPII vesicle (ER exit), and retrieval from the Golgi apparatus
of immature cargo proteins through COPI vesicles (Geva and Schuldiner 2014). The
improperly folded proteins in the ER can be transported into the cytoplasm and
degraded by the process known as ER-associated degradation (ERAD; Liu and Li
2014). In the step of ER exit, some cargoes are selectively packaged by direct or
indirect binding to the Sec24 subunit of the COPII complex. Therefore, the binding
sites of cargo proteins to Sec24 or to cargo receptors, which mediate the interaction
to Sec24, function as signals for ER exit. The signals in animal and yeast systems
range from diacidic DXE motifs (where x is an undetermined amino acid residue) to
conformational epitopes and posttranslational modifications (Venditti et al. 2014;
Geva and Schuldiner 2014).

In plant systems, PIP is one of the best-studied cargoes for the ER-to-Golgi traf-
ficking. In ZmPIP2;4 and ZmPIP2;5, a diacidic DIE motif is present at residues 4—6
(Zelazny et al. 2009). In maize mesophyll protoplast, ZmPIP2;4 and PIP2;5 were
targeted to the PM when fused to fluorescent proteins, while ZmPIP2;4AIA and
ZmPIP2;5AIA were retained in ER (Zelazny et al. 2009). A fluorescence resonance
energy transfer (FRET) analysis showed that the ZmPIP2;5AIA mutant still had the
ability to form oligomers. These results indicated the importance of the DIE motif
not for oligomerization but for ER exit (Fig. 1). Furthermore, in root epidermal cells
of Arabidopsis, replacement of the DVE motif of AtPIP2;1 to AVE, DVA, AVA,
EVE, or DVD resulted in ER retention (Sorieul et al. 2011). This result suggested
the requirement of the strict DXE motif rather than just a diacidic motif. The DXE
motifs were shown to be a direct binding site to Sec24 in yeast Golgi protein Sys1
(Votsmeier and Gallwitz 2001; Mossessova et al. 2003; Miller et al. 2003). In plant
cells, the DXE motifs were found to be important in ER-to-Golgi trafficking of the
potassium channel KAT1 (Mikosch et al. 2006) and Golgi-localized proteins
GONST1 and CASP (Hanton et al. 2005). Importantly, KAT1 was shown to interact
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Fig. 1 A model of ER-Golgi trafficking of PIPs. The DXE motif in the N-terminal region, LxxxA
motif in the transmembrane domain 3, and phosphorylation of a serine residue in the C-terminal
region are implicated for the ER exit of PIP2 isoforms (magenta cylinders). PIP1s (blue cylinders)
alone cannot be targeted to the PM by ER retention/retrieval mechanism, while hetero-oligomers
with PIP2 isoforms are targeted to the PM via Golgi apparatus. Under drought stress, E3 ligases
Rmal/RmalH1 in the ER membrane ubiquitinate PIP2s for degradation via the ERAD pathway

with Sec24 by a FRET analysis (Sieben et al. 2008). Therefore, it is likely that some
PIP2s are recruited into COPII vesicles via interaction of the DXE motif to Sec24.
The ER-to-Golgi trafficking of PIPs first attracted attention by the finding that
the heteromerization of PIP1 and PIP2 isoforms allows ER-to-Golgi trafficking of
PIPIs (see chapter “Heteromerization of Plant Aquaporins”, Fig. 1). In Xenopus
laevis oocytes, expression of the maize PIP2s but not PIP1s increased membrane
water permeability (P;) (Chaumont et al. 2000). In this system ZmPIP1;2-GFP was
only slightly detected in the PM when expressed alone, while it was significantly
increased by co-expression of ZmPIP2;5 (Fetter et al. 2004). ZmPIP1;2 and
ZmPIP2;5 were shown to physically interact and synergistically increase the water
permeability of the oocytes. The synergistic effect in the oocytes has been reported
for PIP1s and PIP2s in various plant species (Chaumont and Tyerman 2014).
Subsequently, analysis in maize mesophyll protoplasts showed that ZmPIP1 fusion
proteins were retained in the ER when expressed alone, while relocalized to the PM
when co-expressed with ZmPIP2s (Zelazny et al. 2007). The physical interactions
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of ZmPIP1 and ZmPIP2 were demonstrated by a FRET analysis in the protoplasts
and co-immunoprecipitation in maize roots and suspension cells. These results sug-
gested that heteromerization with PIP2s is required for the ER-to-Golgi trafficking
of PIP1s. This view was confirmed by experiments in Arabidopsis roots using
AtPIP2;1-GFP and its E6D (DVD) variant which is retained in ER (Sorieul et al.
2011). Co-expression of AtPIP2;1-GFP with AtPIP1;4-mCherry resulted in colocal-
ization of these fusion proteins in the PM, while AtPIP2;1-GFP DVD variant
resulted in ER retention of both fusion proteins. Importantly, Arabidopsis plants
overexpressing the ER-retained variants of AtPIP2;1-GFP significantly reduced
root hydraulic conductivity (Lp,). The ER-retained AtPIP2;1-GFP probably inter-
acted also with other endogenous PIPs and hampered their trafficking to the PM.

An important question underlying the ER-to-Golgi trafficking of PIP1s is whether
PIP1s possess ER retention/retrieval signal or do not possess an ER exit signal. It
was tested whether the DXE motif found in PIP2s was sufficient to confer ER-to-
Golgi trafficking of ZmPIP1;2. The replacement of N-terminal cytosolic region of
ZmPIP1;2 to that of ZmPIP2;5 that contains the DXE motif did not confer PM target-
ing (Zelazny et al. 2009). This result suggests either DXE alone is not sufficient for
ER exit or the existence of an ER retention/retrieval signal in other regions of PIP1s.

To further examine the signal for ER-to-Golgi trafficking of PIPs, a protein
domain swapping of ZmPIP1;2 and ZmPIP2;5 was conducted and demonstrated the
importance of the transmembrane domain 3 (TM3, Chevalier et al. 2014).
Furthermore, a LxxxA motif in the TM3 of ZmPIP2;5 was identified to be required
for the PM targeting. In this study, chimeric proteins unable to target to the PM by
substitution of TM3 (such as mYFP-ZmPIP2;5-TM3pp;,) were localized in the ER
and in punctate structures. The punctate structures overlapped with a Golgi marker
and thus raised a question whether the TM3 is involved in the ER-to-Golgi and/or
PM trafficking from the Golgi apparatus. The authors suggested that the partial
Golgi localization might be a consequence of ER leakage dependent on the pres-
ence of the ER exit DXE motif in the N-terminal region of ZmPIP2;5. Indeed, fewer
punctate structures were observed for mYFP-ZmPIP2;1-TM3pp;,,, which has no
functional DXE motif. Alternatively, the punctate structures overlapping with a
Golgi marker might be actually endoplasmic reticulum export sites (ERESs). The
ERES and Golgi are often associated and thus are difficult to be distinguished by
fluorescent microscopy (da Silva et al. 2004; Takagi et al. 2013). Taken together, it
is most likely that the TM3 is required for ER-to-Golgi but not for later secretory
trafficking (Fig. 1). The TM-based signal is possibly recognized by a transmem-
brane cargo receptor that binds to both cargo and Sec24 for packaging the cargo into
the COPII vesicles (Dancourt and Barlowe 2010; Cosson et al. 2013; Chevalier and
Chaumont 2014). A recent study identified rice cornichon (OsCNIH1), a homolog
of cargo receptors Erv14p in yeast and cornichons in Drosophila and mammals, as
a possible cargo receptor for the Golgi-localized sodium transporter OsHKT1;3
(Rosas-Santiago et al. 2015). In this study, AtPIP2;1 was used as a negative control
for interaction of OsCHIH1 and OsHKT1;3 by bimolecular fluorescence comple-
mentation (BiFC) assay in tobacco leaves. There might be a specific cargo receptor
recognizing the LxxxA motif in the TM3 of PIP2s.
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It should be noted that replacement of both the N-terminal region and TM3 of
ZmPIP1;2 to those of ZmPIP2;5 did not confer the PM targeting (Chevalier et al.
2014). One possible explanation is that ZmPIP1;2 possesses an ER retention or
Golgi-to-ER retrieval signal in a region other than the N-terminus and TM3. The
heteromerization of PIP1s with PIP2s might mask the retention/retrieval signal and
promote ER-to-Golgi trafficking. For example, arginine-based retrieval signals
were identified in cytosolic regions of ATP-sensitive K* channels, GABA receptors,
and kainate receptors in mammals (Zerangue et al. 1999; Margeta-Mitrovic et al.
2000; Ren et al. 2003). ATP-sensitive K* channels have an octameric stoichiometry
consisting of four pore-lining inward rectifier o-subunits and four regulatory
[B-subunits. The arginine-based retrieval signal of each subunit prevents the PM traf-
ficking of unassembled channels, while the octamerization masks the signal and
allows the PM trafficking (Zerangue et al. 1999). The arginine-based signal was
shown to be recognized by the COPI vesicle coat at the Golgi apparatus for retrieval
to the ER (Michelsen et al. 2007). Similar regulations by heteromerization, and with
retrieval signals in transmembrane domain, were reported for the yeast iron trans-
porter Ftrl and Fet3 and mammalian NMDA receptors (Sato et al. 2004; Horak
et al. 2008).

1.1.2 ER-to-Golgi Trafficking of Arabidopsis PIP2;1 Dependent
on Phosphorylation

Another identified factor for ER-to-Golgi trafficking of PIPs is phosphorylation in
the C-terminal region of AtPIP2;1 (Prak et al. 2008). A phosphoproteomic analysis
identified two phosphorylation sites (S280 and S283) in the C-terminal region of
AtPIP2;1. An S280A mutation did not affect the PM localization of AtPIP2;1; how-
ever, S283A mutation caused apparent ER retention. Consistently, a phosphomimic
mutation S283D allowed PM localization. These results suggest that the phosphory-
lation of S283 is involved in ER-to-Golgi transport, although the mechanism is as
yet unsolved (Fig. 1). The phosphorylation might increase affinity to a COPII sub-
unit for packaging or mask a signal for ER retention/retrieval.

1.1.3 Downregulation of Arabidopsis PIP2s in Early Secretary Pathway

Another posttranslational modification, that of ubiquitination, was shown to control
the amount of AtPIP2;1 trafficking to the PM (Lee et al. 2009). RmalH1 from hot
pepper and Rmal from Arabidopsis are homologs of a human RING membrane-
anchor 1 E3 ubiquitin ligase. Overexpression in Arabidopsis protoplasts of RmalH1
and Rmal, which are both localized in the ER membrane, provoked retention of
AtPIP2;1 in the same compartment and reduced its total amount. This reduction
effect was inhibited by MG132, a proteasome inhibitor, and also by RNA interfer-
ence approach targeting Rma homologs. RmalH1 physically interacted with
AtPIP2;1, and overexpression of RmalH]1 in transgenic Arabidopsis plants resulted
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in decreased total amount and increased ubiquitination of AtPIP2;1. Therefore, it is
likely that RmalH1 and Rmal ubiquitinate PIPs to induce degradation by the
ERAD process (Fig. 1). Various abiotic stresses, including dehydration, increased
the mRNA level of RmalHI in hot pepper plants, and its overexpression in
Arabidopsis plants greatly enhanced tolerance to drought stress (Lee et al. 2009).
Therefore, RmalH1 and Rmal are important factors controlling the level of PIPs at
the ER in response to various stresses.

In addition, abiotic stress-induced multi-stress regulator was shown to reduce the
accumulation of AtPIP2;7 in the PM (Hachez et al. 2014b). The regulator tryptophan-
rich sensory protein/translocator (TSPO) is localized in the Golgi apparatus and is
downregulated through an autophagic pathway (Vanhee et al. 2011). BiFC analysis
showed interaction of TSPO with AtPIP2;7 in the ER and the Golgi apparatus. Their
co-expression in transgenic plants or induction of expression of endogenous TSPO
by ABA treatment decreased the level of AtPIP2;7 (Hachez et al. 2014b). These data
suggest that the PM trafficking of AtPIP2;7 is downregulated by TSPO-mediated
degradation via the autophagic pathway in response to abiotic stresses. In
Arabidopsis, PIP transcripts and protein levels were generally downregulated upon
drought stress (Alexandersson et al. 2005). The various regulations at ER and/or
Golgi levels in addition to the mRNA level can fine-tune the abundance of PIPs in
the PM.

1.1.4 PM Trafficking of PIPs Dependent on SNAREs and a Rab GTPase

Recent studies have uncovered the role of molecules involved in the trafficking to
the PM of cargoes such as PIPs. For instance, regulation by SNAREs (soluble
N-ethylmaleimide-sensitive factor protein attachment protein receptors) of the syn-
taxin family has been established (Besserer et al. 2012; Hachez et al. 2014a). The
PM-localized SNARE isoform SYP121 has been shown to mediate the trafficking
of vesicles between intracellular compartments and the cell surface (Geelen et al.
2002; Tyrrell et al. 2007). Interestingly, the overexpression of a dominant-negative
cytosolic fragment of SYP121 (SYP121-Sp2) could impair the targeting to the PM
of the K* channel KAT 1, but not of the H*-ATPase PMA?2 (Sutter et al. 2006; Tyrrell
et al. 2007). These results show that such a strategy of dominant-negative expres-
sion could be informative and indicate that SYP121 syntaxin exhibits a function for
targeting to the PM of specific cargoes through vesicle fusion. Indeed, in maize
mesophyll protoplasts, co-expression of an mYFP-ZmPIP2;5 construct and the
SYP121-Sp2 impaired the targeting to the PM of the aquaporin isoform (Besserer
et al. 2012). As a control, the full-length SYP121 did not exhibit any phenotype.
Moreover, expression of Sp2 fragment of either the syntaxins in the PM SYP71 and
SYP122 or the syntaxin in the prevacuolar compartment SYP21 had no effect on
targeting of the ZmPIP2;5 construct, indicating the specific function of SYP121 on
PIP targeting. Functional analysis of the role of SYP121 has been performed by
using protoplast swelling assays. Here, protoplasts expressing the ZmPIP2;5 con-
struct alone or co-expressed with the full-length SYP121 exhibited P; values higher
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than protoplasts co-expressing ZmPIP2;5 construct with SYP121-Sp2 fragment or
expressing only SYP121-Sp2 fragment or mock protoplasts. This series of experi-
ments showed that SYP121 can regulate the function of an aquaporin by controlling
the targeting. The authors noticed that although impaired, targeting of the ZmPIP2;5
construct to the PM was not negligible. However, they did not record any increase
in P; consistent with the presence of PIPs in the PM. This observation suggested
that SYP121 could have a regulatory function on the intrinsic activity of PIPs.
Indeed, the authors used Xenopus oocytes swelling assays and observed that when
they co-expressed SYP121-Sp2 fragment and ZmPIP2;5 construct, there was
reduced P; values compared to oocytes expressing ZmPIP2;5 construct alone or co-
expressed with the full-length SYP121. Importantly, when co-expressed in oocytes
with full-length SYP121 or SYP121-Sp2 fragment, the ZmPIP2;5 construct was
still localized in the PM, indicating that reduced P; was related to an inhibition of
ZmPIP2;5 intrinsic activity. To go further, affinity chromatography purification,
BiFC, and FRET also indicated a direct physical interactions between ZmPIP2;5
and SYPI121. This series of experiments shows that SYP121 not only impairs the
targeting of PIPs but also physically interacts with them and inhibits their intrinsic
activity (Besserer et al. 2012). Such a dual function of SYP121 in trafficking and
activity regulation has been also demonstrated on AKT1/KC1 K* channel complex
(Grefen et al. 2010).

Another SNARE, SYP61, mainly localized in the trans-Golgi network/early
endosomal compartments (TGN/EE), cycles between this compartment and the PM
and has been shown to colocalize with AtPIP2;7 (Hachez et al. 2014a). Physical
interactions between SYP61 and AtPIP2;7 have been established. In the syp67
mutant background, it was observed that a miss targeting of an overexpressed
AtPIP2;7 construct to globular or lenticular structures corresponds to ER-derived
stacked membrane arrays, suggesting a key function of this SNARE in targeting of
PIPs to the PM. Importantly, SYP61 and SYP121 belong to the same complex, and
it is believed that they might regulate PIP trafficking (Besserer et al. 2012; Hachez
et al. 2014a, b).

As for SNARES, there is evidence that any molecules with a role in the traffick-
ing between the TGN/EE and the PM might control PIP targeting. For instance,
RAS Genes From Rat BrainA1b (RabA1b) is a small GTPase localized in TGN/EE,
and the corresponding mutant has been screened for defects in exocytosis (Feraru
et al. 2012). Interestingly, the fungal toxin Brefeldin A (BFA) inhibits intracellular
trafficking, mainly secretion, and causes accumulation of PM proteins into large
aggregates known as BFA compartments or BFA bodies (Geldner et al. 2001). BFA
is an inhibitor of a subset of guanine nucleotide exchange factors (GEFs) for the
ADP ribosylation factor (ARF) GTPase, which function in recruitment of coat com-
ponents of vesicles. Washout of BFA allows the gradual disappearance of PM pro-
teins from the BFA bodies and their relocation to the PM. Interestingly, in bex5, a
mutant of RabA1b, washout experiments did not completely suppress the labeling
of aggregates by an AtPIP2;1 construct, suggesting a role of this small GTPase in
the exocytosis of PIPs (Feraru et al. 2012).
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1.2 Dynamic Properties of PIPs
1.2.1 Approaches Developed to Study the Lateral Diffusion of PIPs

Different microscopy approaches such as variable-angle epifluorescence micros-
copy (VAEM), also named total internal reflection fluorescence microscopy, in
combination with fluorescence correlation spectroscopy (FCS) or super-resolution,
provided recent quantitative insights into the immobility of AtPIPs in the plane of
the PM and their endocytosis ((Hosy et al. 2015; Li et al. 2011), also see (Li et al.
2013) for a review of these techniques in plant cells). However, it has to be men-
tioned that fluorescence recovery after photobleaching (FRAP) technique was used
in pioneer studies to address the mobility of membrane proteins such as AtNIP5;1
and AtPIP2;1 (Takano et al. 2010; Luu et al. 2012; Martiniere et al. 2012).

VAEM in combination with single particle tracking (sptVAEM) allowed to track
single particles of AtPIP2;1-GFP constructs expressed in epidermal cells of
Arabidopsis roots at a high spatiotemporal resolution. In a pioneer study using an
AtPIP2;1 construct, four types of trajectories and modes of diffusion were exam-
ined: Brownian (33.7+3.3 %), directed (27.5+2.4 %), restricted (17.5+2.1 %), or
mixed trajectories (21.2+3.1 %) (Li et al. 2011). It was also concluded that the dif-
fusion coefficient of AtPIP2;1-construct particles (2.46x 10~ pm*s~') was ten
times lower than that for LTi6a (2.37 x 10~ pm2.s~"), confirming the immobility or
the extremely low lateral diffusion for the aquaporins in the PM. FCS, by measuring
the intensity of the fluorescence and its variation in a volume, allowed an estimation
of the density of the AtPIP2;1-GFP molecules in the PM of 30.3+5.1 pm~2 in cells
under resting conditions.

VAEM combined with high-density SPT and photoactivated localization micros-
copy (sptPALM) was used in epidermal cells of Arabidopsis roots expressing
fusions of mEos2 with PM (AtPIP2;1, LTi6a) or tonoplast (AtTIP1;1) proteins
(Hosy et al. 2015). This imaging method provides images with a spatial resolution
beyond the diffraction limit, i.e., at the nanometer level, and thus is so-called super-
resolution microscopy (Manley et al. 2008). It also provided the diffusion coeffi-
cient for each construct: 4.7x 107* pm? s~! (AtPIP2;1), 7.7x 1072 pm? s~! (LTi6a),
and 4.8 x 10~! um? s~! (AtTIP1;1). This analysis revealed that AtPIP2;1 has a mobil-
ity seven- to 19-fold lower than that of its mammalian homolog AQP1 (Crane and
Verkman 2008) and that LTi6a exhibited a mobility similar to lipids in the PM of
plant cells (Dugas et al. 1989). Also, the values obtained for AtPIP2;1 and LTi6a are
consistent with previous data by FRAP analysis (Luu et al. 2012) and stressed the
immobile nature of the aquaporin. Considering the value of 2.5x 10~> pm* s~! as a
threshold between the immobile and mobile fractions, it was observed that only
22 % of AtPIP2;1 particles were mobile. The authors addressed the molecular mech-
anisms involved in the high confinement of AtPIP2;1. In an analysis with sptPALM
in combination with pharmacological interference, they treated the cells with either
oryzalin, latrunculin B, or cytochalasin D, used as an inhibitor of microtubule
polymerization, an actin polymerization inhibitor, or an actin depolymerization
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inducer, respectively. Whereas treatments with oryzalin did not change the confine-
ment of AtPIP2;1 particles, drugs targeting actin filaments provoked a significant
increase in their mobility, suggesting that actin is one of the molecules involved in
this confinement (Fig. 2a). Gradual plasmolysis of the cells allowing to progres-
sively separate the PM and the cell wall provoked a gradual increase in the mobility
of AtPIP2;1 particles. Since plasmolysis may also disrupt actin filaments, it is sug-
gested that these molecules and the cell wall, by its close association with the PM,
can immobilize aquaporin AtPIP2;1.

1.2.2 Approaches Developed to Study the Constitutive Cycling

PIPs as other PM cargoes are subjected to constitutive cycling. As canonical pro-
teins of the PM, they have been used as reference markers in several studies which
employed pharmacological interference on the constitutive cycling. For instance,
the tyrosine analogue, Tyrphostin A23 (A23), is believed to prevent the interaction
between the p2 subunit of the clathrin-binding adaptor protein AP2 complex and
cytosolic motifs of cargo PM proteins (Banbury et al. 2003). Indeed, A23 treatments
of Arabidopsis root cells prevented the labeling of BFA bodies by AtPIP2;1-GFP
construct, suggesting an inhibition of its endocytosis by a clathrin-dependent path-
way (Dhonukshe et al. 2007). Consistent with this explanation, A23 treatments also
increased the density of AtPIP2;1 constructs in the PM (Li et al. 2011). Next, the
synthetic auxin analogue, 1-naphthaleneacetic acid (NAA), has also been shown to
inhibit the endocytosis of several PM cargoes including AtPIP2;1 (Dhonukshe et al.
2008; Paciorek et al. 2005; Pan et al. 2009). Wortmannin (Wm), an inhibitor of
phosphatidylinositol-3-phosphate and phosphatidylinositol-4-phosphate kinases,
induces in Arabidopsis root cells clustering, fusion, and swelling of TGN vesicles
and late endosomes/multivesicular bodies (LE/MVB) (Jaillais et al. 2006; Niemes
et al. 2010; Takac et al. 2012). The labeling of Wm-induced enlarged endosomes by
AtPIP2;1 indicates that this aquaporin traffics between TGN and LE/MVB (Jaillais
et al. 2006). The polyene antibiotic filipin that has also sterol fluorescence detection
properties has been used to show a role for membrane sterols in the endocytosis of
AtPIP2;1 (Kleine-Vehn et al. 2006).

As a complement of the pharmacological interference approach using A23, a
dominant-negative mutant strategy was employed to prove the role of clathrin-
dependent pathway on AtPIP2;1 endocytosis (Dhonukshe et al. 2007). The clathrin
hub corresponding to the C-terminal part of clathrin heavy chain was overexpressed
in plant cells, provoking the binding to and titering away the clathrin light chains,
thus making them unavailable for clathrin cage formation. AtPIP2;1 was unable to
label anymore BFA bodies, indicating a disruption of its endocytosis by the clathrin-
dependent pathway.

FRAP and photoactivation of a photoactivatable version of GFP (paGFP) were
classical techniques for the analysis of the lateral diffusion of membrane proteins.
Their use has been extended to study the cycling of PM aquaporins (Luu et al. 2012).
The low lateral mobility of AtPIP2;1 in the plane of the PM compared to a variant
retained into the ER membranes has been previously shown (Sorieul et al. 2011).
FRAP experiments were performed using Arabidopsis root epidermal cells stably
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Fig. 2 Dynamic properties of plant PM aquaporins. (a) In resting conditions, PIPs undergo con-
stitutive cycling from the TGN to the surface of the cell. SNAREs and clathrin-mediated endocy-
tosis are involved. Their lateral mobility is restricted by a combination of actin filaments and cell
wall interactions. (b) A marked change in PIP dynamics occurs in stimuli-challenged conditions,
where enhanced cycling and higher mobility in the plane of the PM could be observed, concomi-
tant to a trafficking to MVBs. Importantly, a clathrin-independent pathway overcomes the clathrin-
mediated pathway, hypothetically involving flotillins. Chemicals used in pharmacological
interference approach to block trafficking processes are indicated
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expressing fusions of GFP with AtPIP1;2, AtPIP2;1, LTi6a, or AtTIP1;1 proteins.
The fluorescence signal of AtPIP constructs had recovered below 60 % even after
30 min, whereas LTi6a construct exhibited a recovery of ~55 % at only 50 sec and
almost completely at 7 min after photobleaching. Kymograms, representing as a
function of time the recovery of the fluorescence signal along a line which crosses the
bleached region, also showed slow dynamics of AtPIP constructs in the plane of the
PM compared to LTi6a. Photoactivation of paGFP in LTi6a or AtPIP2;1 constructs
confirmed their fast or slow dynamics, respectively. The whole set of data indicates a
significant immobility of AtPIP1;2 and AtPIP2;1 constructs in the PM of Arabidopsis
root epidermal cells. However, a marked FRAP response was observed over the
30 min of records. This cannot be explained only by the lateral diffusion of the
AtPIP1;2 and AtPIP2;1 constructs, and other processes must be invoked. Interestingly,
the fluorescence recovery curves of AtPIP1;2 and AtPIP2;1 constructs were biphasic,
with a fast process up to 60 s and a slower process that developed for up to 30 min
and beyond. Thus, the authors suggested that the first process could account for a fast
cytoplasmic streaming which drags intracellular compartments containing AtPIP1;2
and AtPIP2;1 constructs into the initially bleached region. Because of the immobility
of the AtPIP1;2 and AtPIP2;1 constructs in the PM, it was suggested that constitutive
cycling could account for the slower recovery observed during the next 30 min. They
came to the conclusion that the early recovery phase could account for an estimation
of the intracellular labeling of the constructs, and the constitutive cycling rate could
be accounted by the slow recovery phase including sequential steps in endocytosis,
sorting in the endosomes, and exocytosis. Pharmacological interference validated
this tentative model. For instance, A23 treatments not only reduced the labeling of
endomembrane compartments by AtPIP constructs but provoked a reduced recovery
of fluorescence at 30 min and beyond. A similar response was found with NAA and
BFA treatments. NAA did not change noticeably the intensity of endosomal labeling
in these experiments, suggesting that the site of NAA inhibition may be downstream
of endocytotic uptake and upstream of the TGN. Importantly, this new approach
using FRAP experiments provided a higher quantitative resolution of constitutive
cycling than standard confocal microscopy.

1.2.3 Stress-Induced Change of PIP Dynamics and Localization

Salt treatments (150 mM NacCl) or exogenous application of salicylic acid (0.5 mM
SA) concomitantly inhibits the Lp, and provokes an accumulation of reactive oxygen
species (ROS) (Boursiac et al. 2008, 2005). These effects are fast and associated
with the internalization of the analyzed AtPIP constructs. Importantly, the internal-
ization could be counteracted by ROS-scavenging catalase treatments, indicating the
central role of ROS in the cellular relocalization of aquaporins. ROS, and more
specifically hydrogen peroxide (H,0,), have well-known cell-signaling functions in
plants (Apel and Hirt 2004; Foyer and Noctor 2009). An in-depth cell biology analy-
sis of PIP trafficking under ROS stimulus was described by combining several
approaches inroot cells of Arabidopsis (Wudick et al. 2015). Subcellular fractionation
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experiments revealed that H,O, treatments induced an enhanced localization of
AtPIPs in intracellular membranes, as early as 15 min. In parallel, a twofold increase
in the lateral mobility of AtPIP2;1 particles and a 40 % decrease of their density in
the PM were observed by sptVAEM and FCS, respectively. This indicates not only
a change in the mobility of AtPIP2;1 at the cell surface but also a change in their
subcellular localization. This change was clearly observed as labeling of intracellu-
lar spherical bodies of ~1-2 pm, dot-shaped-like structures, and a more diffuse
labeling. Co-expression of AtPIP2;1 constructs with endomembrane markers or
staining with the lipophilic styryl dye FM4-64 identified the LE/MVB as the poten-
tial compartments of relocalization. This result suggested the possibility of a stress-
induced degradation process similar to well-described ones occurring for the borate
transporter BOR1, the flagellin receptor FLS2, the iron transporter IRT1, or the
auxin efflux facilitator AtPIN2 (Takano et al. 2005; Robatzek 2007; Barberon et al.
2011; Laxmi et al. 2008). Furthermore, a sequestration process could be possible as
for the K*-channel AtKAT 1, which is reversibly sequestered upon ABA (Sutter et al.
2007). However, a series of experiments including biochemical and microscopy
approaches did not support either the degradation or the reversible sequestration
process, suggesting a stress-induced sequestration of PM aquaporins in LE/MVB
that is strictly disconnected from vacuolar degradation. The labeling of spherical
bodies observed in these stress-induced conditions may correspond to enlarged
MYVBs described in Arabidopsis mutants of SAND-CCZ1 complex involved in the
trafficking toward lysosome/vacuole (Ebine et al. 2014; Singh et al. 2014).

Milder concentration of salt (100 mM NaCl) not only significantly reduces Lp; of
Arabidopsis plants but affects the distributions of PIPs and TIPs (Boursiac et al.
2005). The effects on PIP dynamics under these mild salt stress conditions were
analyzed by using approaches to study the lateral diffusion of PIPs in the plane of
the PM and their cycling in root epidermal cells of Arabidopsis (Li et al. 2011; Luu
et al. 2012). sptVAEM revealed an increase by twofold of the diffusion coefficient
of AtPIP2;1 particles and by 60 % proportion of particles with a restricted diffusion
mode. Furthermore, the density of AtPIP2;1 construct in the PM was reduced by
46 %. This reduction could be prevented by pretreatments with A23 or methyl-p-
cyclodextrin (MPCD), a sterol-disrupting reagent. Thus, these data support the
hypothesis that under standard conditions, the endocytosis of PIPs occurs via pre-
dominantly the clathrin-dependent pathway, but it is enhanced under salt stress and
occurs via both clathrin-mediated and membrane microdomain-mediated pathways
(Li et al. 2011). A dissection of the cycling properties of AtPIP1;2 and AtPIP2;1
under salt stress was investigated using a FRAP approach. A twofold increase in the
amplitude of fluorescence recovery curves was observed, suggesting an enhanced
cycling of PIPs. To validate this hypothesis, the authors observed an earlier labeling
of BFA bodies by AtPIP constructs under a concomitant treatment with NaCl and
BFA. As a complementary experiment, an earlier decrease in the labeling of the
BFA bodies was observed in the washout of BFA with NaCl solutions. A combina-
tion of FRAP and pharmacological interference approaches showed that PIP cycling
under salt stress was blocked by NAA but had become insensitive to A23. The
whole set of data suggests that salt stress enhances both endocytosis and exocytosis
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of PIPs, and therefore their cycling, and that an endocytotic mechanism independent
of clathrin-mediated pathway could occur (Luu et al. 2012). This hypothesis sup-
ports the possible involvement of a membrane microdomain-dependent pathway
previously uncovered in plant cells (Li et al. 2011).

As previously shown, posttranslational modifications on PIPs such as phosphor-
ylation could alter ER-to-Golgi trafficking in resting conditions. Such a regulatory
role has also been uncovered in salt stress conditions (Prak et al. 2008). Salt treat-
ments for 2—4 h caused 30 % decrease in the abundance of phosphorylated S283
form AtPIP2;1. S280A mutation of GFP-AtPIP construct was associated with the
labeling of “fuzzy” structures, whereas the S283D mutation allowed a labeling of
spherical bodies. An adaptive response of plant root to limit the delivery of PIPs to
the PM upon salt stress could be invoked.

1.3 Polar Localization of Aquaporins in Plant Cells
1.3.1 Polar Localization of Mammalian Aquaporins

Polar localization has been observed on several aquaporins in plant cells, although
its physiological role in directional transport of substrates has not been shown.
Before summarizing the knowledge on plant aquaporins, we introduce the preced-
ing models of polar localization of mammalian aquaporins. In mammalian epithe-
lial cells, three aquaporins are known to show polarity in their localization in the
PM. In the renal collecting duct principal cells, AQP2 is targeted to the apical
domain of the PM facing the ducts, while AQP3 and AQP4 are localized to basolat-
eral domain of the PM (Edemir et al. 2011; Fig. 3a).

AQP?2 is localized to intracellular vesicles, and vasopressin promotes transloca-
tion of AQP2 to the apical PM domain for efficient reabsorption of water from the
ducts (Nedvetsky et al. 2007). It has been revealed that phosphorylation at S256 and
S269 is crucial for the translocation (Hoffert et al. 2008; Van Balkom et al. 2002).
Phosphorylation of S256 promotes translocation to the apical PM (Tamma et al.
2011), while phosphorylation at S269, which depends on the prior phosphorylation
at S256, represses the clathrin-mediated endocytosis from the apical PM (Moeller
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Fig. 3 Models of mechanisms underlying the polar localization of aquaporins in epithelial cells of
mammalian renal collecting duct. (a) AQP2 is localized in the apical domain of the PM in the
epithelial cell and cycled between the PM and Rab11-positive apical recycling endosomes. Rab5-
and dynein-dependent transcytosis from basolateral to apical domain is required for the polar
localization. AQP3 and AQP4 are distributed to basolateral domain of the PM. Tight junctions
restrict the lateral diffusion of the AQPs. (b) In the PM, AQP2 is predominantly accumulated in the
microdomains. Phosphorylation at S256 and S269 of AQP2 promotes its apical localization.
Phosphorylation at S269 inhibits clathrin-mediated endocytosis and retains the localization of
AQP2 in the apical PM domain. AQP2-bearing vesicles are transported along actin filaments and
fused with the apical PM in VAMP-2 and syntaxin 4-dependent manner. AQP2-bearing vesicles are
trafficked by Myosin-Vb motor protein along actin filaments
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et al. 2009, 2014). PM-residing AQP2 is predominantly accumulated in the
detergent-resistant membrane (DRM) and thus suggested to be localized in the PM
microdomain (Yu et al. 2008). Endocytosis of microdomain-residing proteins is
supposed to be through not clathrin- but caveolae-dependent pathway in mamma-
lian cells (Roy and Wrana 2005). The phosphorylation state of AQP2 might alter its
distribution between microdomain and non-microdomain to control the endocytic
rate of AQP2 cycling (Fig. 3b). This set of data strongly supports the more recent
discovery of the membrane microdomain-dependent pathway involved in endocyto-
sis of AtPIP2;1 upon salt stress (Li et al. 2011). However, a caveolae homolog has
not been discovered so far in plants. Flotillin endocytosis was also described to be
independent from the clathrin-mediated pathway in plant cells and could hypotheti-
cally have the same function in plants as caveolae have in mammals (Li et al.