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Abstract: Aquaporins (AQPs) constitute an ancient and diverse protein family present in all living
organisms, indicating a common ancient ancestor. However, during evolution, these organisms
appear and evolve differently, leading to different cell organizations and physiological processes.
Amongst the eukaryotes, an important distinction between plants and animals is evident, the most
conspicuous difference being that plants are sessile organisms facing ever-changing environmental
conditions. In addition, plants are mostly autotrophic, being able to synthesize carbohydrates
molecules from the carbon dioxide in the air during the process of photosynthesis, using sunlight as
an energy source. It is therefore interesting to analyze how, in these different contexts specific to both
kingdoms of life, AQP function and regulation evolved. This review aims at highlighting similarities
and differences between plant and mammal AQPs. Emphasis is given to the comparison of isoform
numbers, their substrate selectivity, the regulation of the subcellular localization, and the channel activity.
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1. Introduction

Membrane intrinsic proteins (MIPs), also ambiguously named aquaporins (AQPs), are channel
proteins facilitating the passive movement of water and an increasing list of small solutes across
biological membranes. MIPs constitute an ancient family of proteins, present in all three kingdoms of
life (Eukarya, Bacteria, and Archaea), suggesting their essential role in basal life functions. MIPs are
small proteins (21–35 kDa) comprised of six transmembrane α-helices (TM) connected by five loops as
well as cytosol-facing N- and C-termini. Two additional short α-helices coming from loops B and E dip
halfway into the membrane from opposite sides [1]. The symmetrical structure of the MIPs probably
arose from the duplication and inversion of a half-size gene encoding for three transmembrane helix
motifs [2,3]. The eight membrane-embedded domains form a pore with two selectivity filters allowing
charge and size exclusion of the entering molecules. A pair of NPA (Asn-Pro-Ala) motifs held by
the diving short helices constitutes the first filter region. They position entering molecules correctly
by forming hydrogen bonds and establishing an electrostatic repulsion of cations and protons [4,5].
The second filter, the ar/R (aromatic/arginine) region, located at the extracellular portion of the
channel, creates the narrowest section of the pore [1]. MIPs associate as tetramers in membranes,
each monomer being an independent channel. Interestingly, while homotetramers are mostly observed
in mammals, the association of AQPs in heterotetramers has been thoroughly described in plant species.
The tetrameric structure also suggests the presence of a fifth pore in its center, whose presence and role
in solute transport is still a matter of debate. Despite those shared structural features, the MIP family
is a large and diversified protein family at the sequence and functional levels. A major distinction
is attributed to a putative ancient split of the MIP family between the water channels and glycerol
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facilitators (aka AQP per se and aquaglyceroporins (GLPs)). The traditional view is that both families
then expanded and diversified in multicellular organisms due to rounds of gene/genome duplications
and horizontal gene transfer (HGT) events. In comparison with mammals, plants express a much
greater number of MIPs that were probably conserved due to the functional advantages linked to the
plant lifestyle.

2. Diversity and Phylogeny

Mammals usually possess 12 to 15 isoforms gathered into 13 subfamilies (AQP0–12). Humans
differ by displaying 18 paralogs due to tandem duplications leading to four additional AQP7
pseudogenes and a second copy of AQP12. This classical view recently evolved as older lineages
of mammals (Metatheria and Prototheria) were shown to retain additional classes (AQP13–14) [6].
Animal MIPs are usually classified into four groups: the classical or orthodox AQPs (AQP0, 1, 2,
4, 5, 6, 14) that are associated with water transport, the aqua-ammoniaporins (AQP8) sometimes
included in the orthodox AQPs, the aquaglyceroporins (AQP3, 7, 9, 10, 13), and the unorthodox
AQPs (also called superaquaporins) (AQP11–12) [6–9]. The latter ones have low homology with the
other mammal AQPs and harbor an unusual N-terminal NPA motif (NPC for AQP11 and NPT for
AQP12), the C-terminal NPA motif being conserved [10]. Unlike this relatively stable state shared by
mammals, plants show a much greater diversity. They usually possess far more isoforms, and their
number is species-dependent. This is probably largely due to the greater duplication rates of plant
genomes but also to the adaptation potential brought by AQPs, especially relevant in view of the static
lifestyle of plants. To date, 35 isoforms were found in the model species Arabidopsis thaliana [11,12],
38 in Zea mays [13], and 71 in upland cotton (Gossypium hirsutun) [14]. The greatest number is currently
found in oil seed rape Brassica napus, displaying 121 full-length AQPs [15]. Plants MIPs are traditionally
classified into seven subfamilies, named from their subcellular localization and other specific features.
Five of these subfamilies are found in seed plants: plasma membrane intrinsic proteins (PIPs), tonoplast
intrinsic proteins (TIPs), NOD26-like intrinsic proteins (NIPs), small basic intrinsic proteins (SIPs),
and unknown intrinsic proteins (XIP) that have not been detected in monocots and Brassicaceae so
far [16]. Hybrid intrinsic proteins (HIPs) and GLpF-like intrinsic proteins (GIPs) are only found in older
lineages (mosses), suggesting a loss of these between the ancestor of the vascular and seed plants [8].
It is noteworthy that GIPs are the only GLPs found in plants. Their acquisition by HGT from bacteria
has been suggested [17], and their loss could have been caused by redundancy with the already present
glycerol-transporting NIPs [18]. Furthermore, the origin of NIPs, either as an ancestral family [7,19] or
acquired HGT either from bacterial AQP-Z [20] or other origin, is still questioned [6–8]. Also, whether
the ability of NIPs to transport glycerol comes from their ancestor or was acquired by co-option in plants
after the HGT event is still unknown [8]. Interestingly, green algae show PIPs and GIPs, as well as
other five families (MIP A–E) that are not present in any plant lineage [21]. Finally, a unique family,
comprising the large intrinsic proteins (LIPs) was recently discovered in diatoms [22]. These subfamilies
are additionally divided into paralog groups. The PIP subfamily, for instance, is divided into PIP1
and PIP2 based on their sequence homology [13]. This correlates with their different ability to reach
the plasma membrane and act as active channels [23]. Each plant MIP is usually named with the
abbreviation of its subfamily, followed by two numbers translating their phylogenetic group and
timing of discoveries, respectively. Unlike the mammal AQPs, the nomenclature of plant AQPs leads to
confusion, as two proteins with the same name, coming from two different species, are not necessarily
orthologues. Furthermore, different phylogenetic analyses producing contrasting results are rendering
the paralog group classification inconsistent [8]. Recently, a phylogenetic study defined 19 clusters
of orthologous genes for flowering plants, with, for instance, the PIP family being further divided
into three clusters instead of two [7]. This classification agrees with the former classification and
nomenclature of A. thaliana [11,24]. This illustrates the need for a global nomenclature, based on
the evolutionary framework. Then, nomenclature could help bring the two worlds of animal and
plant MIPs closer together. Indeed, a phylogenetic study restricted to proteins with high (>25%)
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amino acid identity showed the closeness between the four groups of animal MIPs and the plant
subfamilies (PIP, TIP, NIP, and SIP), suggesting a new paradigm of vertical transfer of four ancestral
subfamilies [7]. These four families, A, B, C, and D, gather respectively AQP1-like and PIP, AQP8-like
and TIP, AQP3-like and NIP, and finally AQP11-like and the SIP subfamilies [7]. The relevance of
this gathering to the functional level is consistent to some extent [7,19] and induces predictions about
substrate specificity, for instance, that can be easily verified. However, the evolutionary pathway of the
MIP family is far from being resolved because of blank spaces that need to be filled in and contrasting
results arising from sequence selection criteria and methods used to perform the phylogenetic analyses.
From here, the term AQP will be used in a general way as a synonym of MIP.

3. Specificity and Physiological Roles

In addition to water, AQPs are involved in the transport of small solutes such as glycerol, urea,
ammonia, H2O2, CO2, O2, boron, arsenic, antimony, silicon, sodium ion, and others (Table 1) [25–29].
With such a basic function as transporting water and solutes along their gradient, AQPs are involved
in numerous and diverse physiological functions. In this section, several functions linked to the AQPs
transport capacity will be described, but it is noteworthy that AQPs could have acquired additional
specific roles. For instance, AQP0 is involved in cell junctions, a role specific to animals [30,31].

3.1. Water

AQPs are important players of water homeostasis at the cell, organ, and organism levels.
Even though a complete overview of each mammal or plant AQP expression profile and their different
roles is far beyond the scope of this review, it is noteworthy that AQPs are highly expressed in all
fluid-related structures. Several AQPs are expressed and play important roles in human kidneys
(reviewed by Noda et al. [32]), the obvious key players of mammalian water homeostasis, but also in
salivary and sweat glands (reviewed by Nejsum et al. [33]), pancreatic cells (reviewed by Delporte, [34]),
and lacrimal glands (reviewed by Schey et al. [35]). The involvement of AQPs in plant water
homeostasis is also compelling [36,37], in a completely different way. Unlike animals, plants are
autotrophic. Via the photosynthetic process, plants are able to synthesize sugar molecules from carbon
dioxide and water using light energy. As the major source of CO2 is atmospheric, plants face the
necessity of having a constant exchange of gases with the outside, occurring through stomata located
mainly on leaves. These are multicellular structures working as inflatable doors whose opening can
be modulated in adverse conditions. However, in order to survive, plants have to cope with the
loss of water (called transpiration) that is inevitably associated with CO2 intake. Therefore, water is
constantly taken up by the roots and transported across the plant to the leaves, where it is evaporated
due to a gradient of negative pressure (or tension). This long-distance vertical transport occurs across
the vascular tissues, the xylem vessels consisting mostly in low-resistance dead cells. However,
short-distance radial movement across the root and the leaf requires the involvement of the living
tissues. Water crosses plant tissues using several pathways: the apoplastic path (within the cell
wall), the symplastic path (across the plasmodesmata, which are connections across the cell wall,
allowing a cytoplasmic continuity between cells), or the transcellular path (requiring water to cross
cell membranes). AQPs come into play in the latter case by regulating membrane permeability [36,38].
PIPs and TIPs are probably the most important players regarding water homeostasis in plants thanks
to their high-water transport capacity. Plant reproduction also requires some structures with specific
hydraulic properties. Several studies have shown the involvement of AQPs in anther dehydration [39],
pollen development and germination [40,41], and seed germination in several species [42–44].

In addition, AQPs located in the plasma membrane and tonoplast probably have an important role
in plant cell growth and organ development [45–47]. Indeed, plant cells grow thanks to the turgescence,
meaning the entry and storage of water in large vacuoles. The final size of the cell is obtained
when the pressure from the water-filled vacuole equilibrates with the cell wall rigidity. Analogously,
such hydrodynamics can be relevant for cell migration and movement in mammals.
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Table 1. Functional properties of plant and mammalian aquaporins (AQPs). The substrates transported by plant and mammalian AQPs are shown in following table:
H2O, water; H2O2, Hydrogen peroxide; CO2, carbon dioxide; Urea; NH3, ammonia; Gly, glycerol; As, arsenic; Sb, antimony; Si, silicon; Ions; LA, lactic acid; NO,
Nitric oxide; Se, selenium; O2, oxygen; Polyols; Bo, boric acid; Purines; Pyrimidines; Carbamides and also corresponding references. PIPs, plasma membrane intrinsic
proteins; TIPs, tonoplast intrinsic proteins; NIPs, noduline26-like intrinsic proteins; SIPs, small basic intrinsic proteins and XIPs, uncharacterized X intrinsic proteins.

Plant AQPs
Functional Properties References

H2O H2O2 CO2 Urea NH3 Gly As Sb Si Ions LA NO Se O2 Polyols Bo Purines Pyrimidines Carbamides

PIPs + + + − − − ± NT NT + NT NT NT + NT − NT NT NT [48–52]
TIPs + + − + + + ± − − NT NT NT NT NT NT − NT NT NT [53–56]
NIPs + − + + − + + + + ± + NT + NT NT + NT NT NT [57–66]
SIPs + + − − − − − − − NT NT NT NT NT NT − NT NT NT [67,68]
XIPs + + − + + + + − − NT NT NT NT NT NT + NT NT NT [69–72]

Mammal AQPs
H2O H2O2 CO2 Urea NH3 Gly As Sb Si Ions LA NO Se O2 Polyols Bo Purines Pyrimidines Carbamides

AQP0 + − + − − − − − − + NT NT NT NT NT NT NT NT NT [73–76]
AQP1 + + + − + − − − − + NT + NT NT NT NT NT NT NT [75,77–92]
AQP2 + − − − − − − − − NT NT NT NT NT NT NT NT NT NT [75,93,94]
AQP4 + − + − − − − − − NT NT NT NT NT NT NT NT NT NT [27,75,84,86,95–100]
AQP5 + − + − − − − − − NT NT NT NT NT NT NT NT NT NT [75,82,90,101]
AQP6 + − + + + + − − − + NT NT NT NT NT NT NT NT NT [75,82,90,102]
AQP8 + + − + + + − − − NT NT NT NT NT NT NT NT NT NT [84,98,103,104]
AQP3 + − − + − + + + + NT NT NT NT NT + NT NT NT NT [27,90,105–107]
AQP7 + − − + + + + + + NT NT NT NT NT NT NT NT NT NT [25,27,84,90,108,109]
AQP9 + − + + + + + + + NT + NT NT NT + NT + + + [27,84,90,109–114]

AQP10 + − − + − + + + + NT NT NT NT NT NT NT NT NT NT [25–27,84,90,98,109,115–117]
AQP11 + − − − − + − − − NT NT NT NT NT NT NT NT NT NT [118,119]

AQP12A NT NT NT NT NT NT NT NT NT NT NT NT NT NT NT NT NT NT NT -
AQP12B NT NT NT NT NT NT NT NT NT NT NT NT NT NT NT NT NT NT NT -
AQP13 + − − + − + − − − NT NT NT NT NT NT NT NT NT NT [120]

Here: +, transport; −, not transport; ±, controversial; NT, not yet tested; -, no reference found.
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Indeed, it has been suggested that the polarized transmembrane water flow modulated by AQPs
facilitates cell volume and shape changes as well as propulsion. The role of AQPs was demonstrated
in different migration mechanisms either dependent of cytoskeleton remodeling (actin polymerization
and myosin II-mediated contractility) or not (water permeation only, mediated by polarized localization
of ion pumps and AQPs, “osmotic engine model”) [121]. The large number of reports showing the
implication of various AQPs in the migration of diverse cell types suggests the wide conservation of this
first-unsuspected role of mammal AQPs (reviewed by Papadopoulos, M.C., Saadoun, S. & Verkman,
2008 [122]). Such a role implies many therapeutic interests (relying on either improved or repressed
cell migration), including the reduction of tumor spread. Beyond facilitated motility, the involvement
of AQPs in tumor cell physiology is more and more under the spotlight, as they have been repeatedly
shown to be associated with tumor angiogenesis, metabolism, and grade of numerous types of cancer
(for more information, see Verkman et al. [123], Papadopoulos & Saadoun [124], and Wang et al. [125]).
The recurrent implication of AQPs in cancers and other multiple diseases turned them into key targets
for drug development strategies. Such interest for specific regulators and inhibitors is also increasing
in the plant biology field for scientific purposes.

3.2. Hydrogen Peroxide

Hydrogen peroxide is a signaling molecule regulating a wide range of metabolic processes in all
living organisms [126]. Intracellular levels of H2O2 must be tightly regulated because it can oxidize
various cellular targets that actually cause oxidative damage or apoptosis. Currently, it is an established
fact that AQPs are involved in transmembrane diffusion of H2O2 [53,127]. Although H2O2 is involved
in cytotoxicity and senescence in plants [126], it is also involved in signal transduction as a second
messenger, as well as in the biosynthesis and development-related modifications of structural
components of cell walls [128]. Several PIPs, TIPs, and XIPs have been shown to transport H2O2

when expressed in yeast (Table 1) [52,57,129]. AtPIP1;4 facilitates the cellular entry of apoplastic H2O2

produced after infection with a bacterial pathogen [130], and AtPIP2;1 facilitates H2O2 entry into guard
cells, leading to stomatal closure triggered by abscisic acid or the pathogen associated molecular pattern
flg22 [131]. In mammals, AQP3, 8, and 9 are also capable of facilitating the transmembrane diffusion
of H2O2 [132–135]. AQP3 and AQP8 facilitated H2O2 diffusion is required for NF-κB activation in
keratinocytes in the development of psoriasis or in response to environmental stresses in colonic
epithelia and teleost spermatozoon motility [112,136,137].

3.3. Ammonia and Urea

Nitrogen is one of the constituents of amino acid, which is essential for all living organisms.
Ammonia and urea are broadly used as nitrogen fertilizers for plants and are also the byproducts of
many metabolic processes [138]. Several TIPs showing divergence in the ar/R selectivity filter facilitate
ammonia diffusion (Table 1) [19,139]. The structure of Arabidopsis TIP2;1 reveals an extended selectivity
filter region with a relatively wide pore and polar nature explaining the ammonia permeability [140].
Interestingly, the identified determinants in the extended selectivity filter are sufficient to convert
the water-specific human AQP1 into an TIP2;1-like ammonia channel. The mammalian AQP3,
AQP6, AQP7, AQP8, AQP9, and, possibly, AQP10 are also permeable to ammonia (Table 1) [9,141].
The ammonia-permeable AQPs are associated with nitrogen homeostasis and contribute to the
intracellular acid-base homeostasis [142]. On the other hand, AQP-mediated urea conductance in plants
might contribute to the detoxification of urea excess and facilitate plant organ development [54,129,143].
Indeed, a few NIPs and PIPs have been reported to facilitate urea transmembrane diffusion in
plants (Table 1) [144,145]. In mammals, AQP3, AQP6, AQP7, AQP9, and AQP10 also facilitate urea
diffusion (Table 1) [141] and are involved in energy metabolism and epidermal hydration, but the exact
physiological roles of most aquaglyceroporins in diffusing urea are not yet understood [142].
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3.4. Metalloids

The metalloids are a group of physiologically important elements whose physical and chemical
properties describe them as being neither metals nor nonmetals, some of which are essential or at
least beneficial for plant growth (boron and silicon) while others are toxic (arsenic and antimony).
The ability to AQPs to facilitate the diffusion of the trivalent arsenite (structurally similar to glycerol)
could be an ancestral feature in plants, as several members of NIPs, XIPs, and few homologs of
PIPs share this capacity [50,71] (Table 1). This is an important health issue as arsenic is a food chain
contaminant [146]. Mammalian AQPs (AQP3, AQP7, AQP9, and AQP10) are also able to facilitate the
transmembrane diffusion of arsenite [147]. Arsenite containing compounds are toxic to cells, yet this
metalloid is used as a chemotherapeutic agent for treating acute promyelocytic leukemia and diseases
caused by protozoan parasites [148].

Phytotoxic antimony is transported through AQPs (plant NIPs and the mammalian aquaglyceroporins
AQP3, AQP7, AQP9, and AQP10) in the form of antimonite, a toxic element that can also enter into
the food chain (Table 1) [25,139]. The greater expression of AQP3, AQP7, and AQP9 render human
leukemia cells as well as lung adenocarcinoma cells hypersensitive to the antimonite due to greater levels
of accumulation [149,150]. Antimonite is used to treat leishmaniosis, a disease caused by the parasite
Leishmania spp. Disruption of one of the aquaglyceroporin alleles in Leishmania major led the parasite to be
tenfold more resistant to treatment with antimonite [151]. Antimony is used to treat some other parasitic
infections and some types of leukemia. The discovery of the roles of AQPs in antimonite transport can
lead in the future to therapeutic or toxicological applications.

Boron is an essential element for the plant cell wall and structure. Boric acid has a dimension similar to
urea and was shown to be transported by several NIPs, XIPs, and, more rarely, PIPs (Table 1) [69,152–154].
Up to now, there are no reports demonstrating that mammalian AQPs can permeate boron.

Silicon, commonly absorbed from the soil as silicic acid, is one of the beneficial elements for
plant growth and protection from numerous biotic and abiotic stresses [19]. Plant silicon transporters
belonging to the NIPs have been reported in many higher plants (Table 1) [155–157]. Silicon is also one
of the abundant and differentially distributed trace elements in mammals, where it might play essential
biological functions [27]. Silicon concentrations in body fluids might be regulated by AQP-mediated
silicon permeation at the surface of different cell types. Indeed, the human aquaglyceroporins AQP3,
AQP7, AQP9, and AQP10 are able to act as silicon channels (Table 1) [27].

3.5. Gases

The first evidence of facilitated diffusion of CO2 across membranes came from research on the
human AQP1 [78]. Since then, other studies reported that mammal AQP0, AQP4, AQP5 and AQP6 are
also involved in CO2 diffusion (Table 1). Atomic molecular dynamic simulation data based on mammal
AQP1 crystal structures show that AQP1-mediated CO2 diffusion can be expected in membranes with
low intrinsic CO2 permeability [158]. However, it is more likely that CO2 diffusion is mediated through
the central pore formed by the tetramer, because it is lined by hydrophobic amino acid residues and
therefore is an ideal path for hydrophobic CO2 molecules [159]. In plants, the rate of CO2 conductance
is the limiting factor for photosynthesis. Plasma membrane AQPs belonging to the PIP1 subfamily have
been shown to facilitate CO2 membrane diffusion (Table 1) [19,50,52,160–162]. For instance, reducing
or overexpressing the tobacco AQP1 expression level in plants results in a reduction or increase of the
photosynthesis rate, respectively [51]. Recently, two AQPs (human AQP1 and tobacco PIP1;3) were
shown to most likely act as oxygen (O2) channels when expressed in yeast protoplasts [163]. Finally,
AQP1 has also been reported to facilitate transmembrane diffusion of nitric oxide [81].

3.6. Ions

The heterologous expression in Xenopus oocytes of human AQP1 led to a PKA-activated ion
permeability probably mediated by phosphorylation of AQP1 [164] and a cGMP-activated ion
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permeability via direct binding of cGMP to the C-terminus of AQP1 [165]. AQP1 can therefore act as
an ion channel, with the ion pathway probably residing in the central pore formed by the tetrameric
assembly. Whether this ion conductance has a physiological relevance remains an open question.
However, dual water:ion movement is vital for several pathophysiological processes including tumour
angiogenesis, cell migration [166], and epilepsy [167], so there is a possibility that AQPs perform this
dual function. The pH-sensitive ion permeability of AQP6 was also demonstrated [168]. In this case,
it is proposed that the monomeric pore is the ion pathway, and assumed that a point mutation to
a pore-lining residue of AQP6 abolished the ion permeability [105]. In plants, there is evidence that
NIP can also act as a voltage-gated, anion-biased ion channel [169,170]. Recently, the discovery
of a non-selective cation channel activity for the Arabidopsis PIP2;1 when expressed in Xenopus
oocytes or Saccharomyces cerevisiae [28] led to the hypothesis that AQPs could play a role in cell
ion homeostasis and also drive water transport in the absence of water potential differences using Na+

and water co-transport.

4. Regulation Mechanisms

AQPs, as membrane integral proteins, are synthesized and co-translationally inserted in the
endoplasmic reticulum (ER) membrane and travel across the secretory pathway to reach their target
membrane. There, their activity can be tightly modulated by opening or closing the channels (gating)
in order to control the water/solute homeostasis of cells [36]. All these processes are subject to various
regulation mechanisms, several of them being described below. However, other mechanisms will
surely be discovered in the future years, due to the extensive list of AQP interactants identified in
different large scale proteomic and interatomic studies (i.e., Bellati et al. [171]).

4.1. Trafficking

AQPs are present in most biological membranes. Plant PIPs and most mammal AQPs usually
localize in the plasma membrane, with a polarized localization in numerous cases (for a complete recent
review about plant and mammal AQPs, see Chevalier and Chaumont [172] and Li and Wang [173]).
Some AQPs have internal localization, such as the TIPs, which are found in the vacuolar membrane.
Mammal superaquaporins and plant SIPs are also found in internal membranes. SIPs and AQP11
remain mainly in the ER [69,174], while the precise intracellular localization of AQP12 is not
determined [175]. While NIPs were first discovered in the peribacteroid membrane of a nitrogen-fixing
symbiosome of soybean [62] and other legume species [176,177], they are mostly present in the
plasma membrane. Some mammal AQPs are present in intracellular vesicles for functional or storage
purposes. While AQP6 seems to have only intracellular functions [107,178], AQP2 shuttles from
intracellular vesicles to the plasma membrane of the principal cells of renal collecting ducts under
a vasopressin-triggered cascade [179,180]. AQP8 localizes mainly in the intracellular vesicles in
rat hepatocytes, while its relocalization to the plasma membrane was stimulated by cAMP [181].
AQP8 and AQP9 were also detected in the inner mitochondrial membrane [182–184]. Similarly, TIP5;1
from Arabidopsis was detected in the mitochondria when expressed under the control of the constitutive
CaMV-35S promoter [185], but this data was not confirmed when its endogenous promoter was
used [40]. Finally, tobacco AQP1, belonging to the PIP1 group, was detected both in the plasma
membrane and the inner membrane of chloroplasts, where photosynthesis takes place [186].

AQP trafficking regulation acts at two sequential steps: targeting to their resident membrane
and removal from the membrane for degradation or recycling in the endosome. These processes
are very dynamic, and since this was the first evidence showing modification of AQP2 subcellular
localization triggered by vasopressin [179,180], the short-term subcellular regulation of AQPs has
become the focus of many studies. In order to fine tune the membrane water flow, cells can indeed
internalize AQPs or relocate them from endomembrane compartments to the plasma membrane,
highlighting the importance of AQP trafficking in the short-term regulation in response to external
stimuli such as environmental stimuli, circadian clock, hormones, and other signaling molecules.
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We will pinpoint/compare below several mechanisms that control plasma membrane localization of
mammal and plant AQPs.

4.1.1. Motifs

Diacidic motifs ([D/E]x[D/E]) are involved in protein ER sorting in both plants and mammals
through interaction with the COPII machinery [187]. Mutation of this signal in plant PIPs results
in protein ER retention, demonstrating that the presence of the diacidic motif is required for proper
plasma membrane targeting [188,189]. However, other ER exit motif(s) should be present in PIPs,
as several isoforms that do not contain such diacidic motifs are still able to reach the plasma membrane.
On the other hand, adding a diacidic motif to maize PIP1;2, an isoform that, when expressed alone,
is retained in the ER, is not sufficient to bring it to the plasma membrane [188]. A new LxxxA
motif located in the TM3 was identified to mediate maize PIP2;5 export from the ER to the plasma
membrane [190,191]. Interestingly, adding both the diacidic and LxxxA motifs into PIP1;2 was not
sufficient to direct the protein to the plasma membrane, suggesting that an ER retention motif is still
present and dominant in PIP1;2 [190]. The presence of diacidic and LxxxA motifs in mammal AQP
trafficking has never been studied to date. Putative diacidic motifs are found in the C-terminus of
human AQP1 to AQP6, AQP9, and AQP10, the N-terminus of AQP8, or at the junction between the
TM4 and loop D of AQP7. Interestingly, some human congenital disorders leading to nephrogenic
diabetes insipidus (NDI) are caused by AQP2 mistargeting (for review, see Bichet 2012 [192] or
Loonen 2008 [193]). Among them, some are retained in the ER and could be linked to a misfolding
due to the mutation. On the other hand, other mutations lead to functional isoforms that failed to
reach the plasma membrane under vasopressin stimulation or are mistargeted [194–196]. Mutations in
motifs involved in trafficking regulation could be an explanation for the mistargeting of these mutated
versions. However, none of them is associated with putative diacidic motifs.

In mammals, the targeting of the AQP4, the predominant isoform in the brain, relies on two motifs
located in the C-terminus: a tyrosine motif (YxxΦ) and a dileucine-like motif [87], both having a role in
basolateral membrane targeting [197,198]. Upon substitution of any of the two motifs in alanine, AQP4
was rerouted to the apical membrane instead of the basolateral membrane. The significance of both the
tyrosine and dileucine motifs was further confirmed by studying the behavior of a mutated version of
AQP2, AQP2-insA [196]. In kidney collecting duct principal cells, AQP2 is mostly found in recycling
endosomes, while upon vasopressin stimulation, it is relocalized to the apical membrane [179,180].
Due to a frame shift in the AQP2 gene, AQP2-insA possesses an extended C-terminus and is targeted
to the basolateral membrane under forskolin treatment rather than to the apical membrane as observed
for WT AQP2. Kamsteeg et al. [196] revealed that both the leucine-based and tyrosine motifs were
added to in the sequence, explaining the new targeting profile.

AQP3 is constitutively targeted to the basolateral membrane of kidney collecting duct principal
cells. This localization relies on an N-terminal YRLL motif mixing both a tyrosine and a dileucine
motif [199]. Interestingly, when this N-terminus is swapped in AQP2, the AQP2 chimera is relocated
into the basolateral membrane, demonstrating the role of both motifs in proper AQP basolateral
targeting. To date, no tyrosine or dileucine like motifs have been characterized in plant AQPs.

4.1.2. Phosphorylation

AQP phosphorylation is a well-studied process involved in both gating (see below) and
trafficking [173,200,201]. In mammals, the most studied case is AQP2 phosphorylation in kidney
collecting duct principal cells. Indeed, the AQP2 relocalization process under vasopressin stimulation
involves the phosphorylation status of various serine residues at the C-terminus. The exact role of
each serine is still not totally elucidated, but phosphorylation of the Ser256 was shown to be necessary
for the proper translocation to the plasma membrane [202,203], while phosphorylation of the Ser264
and Ser269 are not strictly required [204,205]. On the other hand, Ser261 phosphorylation is found in
vesicle-resident AQP2 and must be dephosphorylated for plasma membrane translocation [206–208].
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The trafficking of other AQPs, such as AQP0 [209], AQP1 [210], AQP5 [211], and AQP9 [212], have also
been shown to be regulated by phosphorylation, usually promoting plasma membrane targeting.

Many plant AQPs are also phosphorylated at either the N- or C-termini or the loop B, altering
their gating and/or their trafficking [213–216]. For instance, phosphorylation of the Ser283 in the
C-terminus of Arabidopsis PIP2;1 is required for its trafficking to the plasma membrane in resting
conditions [217]. Moreover, the phosphorylation status of Ser283 is involved in the regulation of salt-
or H2O2-induced AtPIP2;1 internalization [217].

4.1.3. Soluble N-Ethylmaleimide-Sensitive Factor Protein Attachment Protein Receptor (SNAREs)

In plants, recent studies have highlighted the role of SNARE proteins in PIP subcellular trafficking
and regulation [218,219]. The SNARE protein family is conserved among all eukaryotic cells and are
involved in vesicle fusion with membranes [220]. SYP121 is a plasma membrane Qa-SNARE [221]
that regulates proper trafficking of maize PIP2;5 and Arabidopsis PIP2;7 through physical interaction.
Expression of a SYP121 dominant negative mutant, the so-called SP2 fragment [222], reduces the
amount of PIP in the plasma membrane and, consequently, the cell hydraulic conductivity [218,219].
Another trans-Golgi-localized Qc-SNARE, SYP61 has the same impact on PIP2;7 trafficking [219].

In mammals, SNAREs, as well as other members of the trafficking machinery, are involved in
AQP trafficking but, to date, no direct physical interaction has been shown in contrast to what is
observed for PIPs in plants. AQP2 colocalized with many SNAREs such as syntaxin-4, syntaxin-3,
synaptosomal-associated protein (SNAP) 23, and SNAP25, vesicle-associated membrane proteins
(VAMP) 2, VAMP3, and VAMP8 [223–226], and its proper targeting to the plasma membrane,
after vasopressin stimulation, relies on vesicles bearing VAMP2. Indeed, under tetanus toxin treatment,
AQP2 is retained in vesicles due to VAMP2 cleavage [227]. AQP5 is also redistributed under the
influence of botulinum toxin type A and the subsequent SNAP25 cleavage [228].

Interestingly, SNAREs interact with and modulate both potassium and calcium channel activities
in mammals and plants [229–236]. For instance, plant SYP121 physically interacts with the K+ channels
AKT1/KC1 to control their trafficking and activity. Altogether, these data suggest that the SNAREs,
by controlling AQP and potassium or calcium channel abundance and/or activity in the plasma
membrane, act as a coordinator of ion and water uptake to regulate cell expansion.

4.1.4. Ubiquitination

Recycling of proteins is a vital process for cells, and AQPs have been shown to be ubiquitinated
in both mammals and plants. AQP1 is ubiquitinated to control its degradation and, hence, to regulate
the water influx under hypertonic or hypotonic conditions [237]. AQP2 is also ubiquitinated at the
Lys270, a process that, together with phosphorylation, triggers its internalization in kidney collecting
duct principal cells [238]. In plants, overexpression of a homolog of the RING membrane-anchor1
E3 ubiquitin ligase decrease the abundance of Arabidopsis PIP2;1 in the plasma membrane through
a degradation process [239].

4.1.5. Tryptophan-Rich Sensory Protein/Translocator (TSPO)

The Arabidopsis TSPO multi-stress regulator also modulates the accumulation of PIP2;7 in the
plasma membrane through a physical interaction and its degradation through the autophagic pathway.
Interestingly, TSPO in Arabidopsis is induced by abiotic stresses, suggesting a new mechanism for AQP
abundance regulation in such conditions [240]. The exact role of TSPO homologs in mammals is still
today a matter of debate [241] and is, so far, not linked to AQP regulation.

4.1.6. Clathrin

Clathrin-dependent internalization of plant AQPs is highlighted using the drug tyrphostin A23,
a well-known inhibitor of clathrin internalization in plants [242]. Indeed, various studies revealed
that upon tyrphostin A23 treatment, AQPs are stuck at the plasma membrane and not internalized
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upon stimuli known to trigger AQP internalization such as NaCl or H2O2 [243,244]. In mammals,
AQP4 directly interacts with a clathrin adaptor through the same motif involved in basolateral
targeting (see above) to modulate its endocytosis and targeting to the lysosome [245]. Likewise,
AQP2 is concentrated in a clathrin-coated pit and the use of a dominant-negative dynamin blocks
AQP2 internalization, demonstrating that mammal AQP abundance in the plasma membrane is also
dependent on clathrin-dependent internalization [246].

4.1.7. Lysosomal Trafficking Regulator-Interacting Protein 5 (LIP5)

LIP5 is another known AQP2 regulator [247,248]. LIP5 is involved in multi-vesicular body (MVB)
formation and binds MVB cargo proteins [249,250]. LIP5 interacts with the C-terminal tail of AQP2 but
does not interact with AQP3 and AQP4. Van Balkom and colleagues [247] later showed that, in LIP5 KO
mouse renal cells, AQP2 degradation is reduced by a factor two. Finally, LIP5 binds to the C-terminal
MIM1 (MIT-interacting motif 1) of AQP2 preferentially when the Ser264 is phosphorylated [248].
No direct link between the LIP5 homolog in Arabidopsis and AQP has been proven so far. Nevertheless,
LIP5 was recently shown to be involved in drought stress resistance and abscisic acid response [251]
and is also known to regulate plant AQPs.

4.2. Heterotetramerization, a New Paradigm for AQP Regulation

AQPs assemble as tetramers, in which one monomer interacts physically with two adjacent monomers.
However, they do not build one common channel, as it is the case, for instance, for the voltage-gated
K+ channels, but each monomer of the tetramer forms an active pore. Homotetramer assembly was
observed in all the AQP structures elucidated so far [31,140,216,252–263]. Nevertheless, evidence of the
association of different AQP monomers in heterotetramers has been obtained in plants, constituting
a milestone in the field of AQP regulation. The first indication of AQP heteromerization came from
Harvengt et al. [264], who showed that two TIP isoforms from lentil protein storage vacuoles form
hetero-oligomers after cross-linking experiments. The formation of hetero-oligomers composed of
maize PIP1 and PIP2 was then demonstrated after their expression in Xenopus oocytes [48]. While the
expression of PIP2;5 results in an increase in the cell membrane osmotic water permeability coefficient (Pf),
the expression of PIP1;2 does not, as a very low amount of PIP1;2 is detected in the plasma membrane [48].
However, when PIP1;2 is co-expressed with PIP2;5, both PIPs physically interact resulting in a high
amount of PIP1;2 in the plasma membrane and a significant increase in Pf, compared with oocytes
expressing PIP2;5 alone, which depends on the quantity of PIP1;2 cRNA injected [48]. Since this discovery,
a similar synergistic effect was demonstrated between PIP1s and PIP2s from many other plant species,
including beets, mimosa, strawberry, tobacco, rice, and grapevine [265–268]. When expressed in maize
protoplasts, PIP1s are retained in the ER, while PIP2s are targeted to the plasma membrane [23]. However,
upon co-expression, PIP1s physically interact with PIP2s, resulting in their relocalization from the ER to
the plasma membrane [23]. Actually, PIP2 proteins, but not PIP1s, possess signals that allow them to reach
the plasma membrane, and hetero-oligomerization of both proteins is required for plasma membrane
targeting of PIP1s (see above) [188,190].

Other experimental data identified a conserved cysteine residue located in the extra-cytosolic loop
A of PIPs which is involved in disulfide bridge formation resulting in dimerization of two monomers,
suggesting that a tetramer is composed of two pre-assembled dimers [269]. However, this disulfide
bond is not required for PIP tetramer assembly, trafficking, and activity in oocytes or plant cells under
the tested conditions [269].

The striking evidence of the bona fide hetero-oligomers generated by two different PIP isoforms
has been shown by Berny et al. [270]. Nickel affinity chromatography purification of maize
PIP1;2 and PIP2;5 isoforms proved that they oligomerize as heterotetramers with three different
monomer stoichiometries (1:3, 2:2 and 3:1). Subsequently, in silico 3D modeling of PIP1;2 and
PIP2;5 heterotetramers was carried out and highlighted the putative interacting residues in all the
transmembrane domains [270]. Single mutation of some of them had a significant impact on the water
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channel activity of the homo- and/or hetero-tetramers, as well as the protein subcellular localization
and/or expression level.

As mentioned above, PIP1-PIP2 heteromerization enhances the membrane permeability [48,271].
In addition, the stoichiometry of the heterotetramers might also influence the substrate specificity
of the complexes, as exemplified by the water versus CO2 permeability of tobacco AQP1 and PIP2;1
heterotetramers [272]. While the presence of a single PIP2;1 protein within a heterotetramer allows for
an increase in Pf, an increase in the CO2 diffusion requires the presence of at least three AQP1 [272].

It is also possible that plant AQPs belonging to different subfamilies interact. Indeed,
Murozuka et al. [273] showed interactions between Arabidopsis TIPs and a PIP2 isoform when
expressed in yeast, using bimolecular fluorescence complementation assays. The physiological
relevance of such interaction remains an open question.

AQP hetero-oligomerization in mammals is mainly observed between variants/mutants of
monomers encoded by a similar gene. Co-immunoprecipitation of mutated AQP2 (763–772del)
with WT AQP2 demonstrated their ability to interact and build so-called hetero-oligomers [274].
Heteromerization of WT AQP2 can reduce the deleterious impact of recessive mutations (recAQP2)
responsible for NDI [275]. recAQP2 is believed to possess an abnormal folding impeding the proper
oligomerization and, therefore, preventing its targeting to the plasma membrane or leading to its
degradation. The presence of a single monomer of WT AQP2 was sufficient to recover adequate
function of the tetramer and to allow the proper plasma membrane targeting of the recAQP2 monomers.
This finding opens to the possibility of naturally existing wild-type/recessive heterotetramers and
their individual contribution to a less severe phenotype. On the other hand, the assembly of WT
AQP2/AQP2-insA complexes (mutation in AQP2 allele with an insertion of an adenosine causing a
COOH terminal frame shift) leads to a dominant NDI [204]. Indeed, analysis of the immunoprecipitates
revealed that AQP2-insA and WT AQP2 form hetero-oligomers, but, upon co-expression, the WT
AQP2 is not able to reach the apical plasma membrane and is directed along with AQP2-insA to the
basolateral plasma membrane of MDCK cells.

The strongest evidence of hetero-oligomerization among the mammalian AQPs comes from AQP4.
This protein is translated as two major polypeptides, known as AQP4-M1 and AQP4-M23 variants,
and it is possible to detect heterotetramers composed of both of them in the plasma membrane [276].
Interestingly, AQP4-M1 and AQP4-M23 as homo- or heterotetramers are able to aggregate into
higher–order oligomers called orthogonal arrays of particles (OAPs) [277–279]. However, the functional
involvement of OAPs clustering is still not completely understood. Supramolecular structures can
also be formed by AQP0 but, in this case, the interaction occurs between homotetramers from adjacent
plasma membranes, which assemble as octamers, and through specific interactions between loops A
and C, forming membrane junctions [31,248].

While the above described cases of hetero-oligomers of mammalian AQPs resulted from
the assembly of variants of the same isoform, hetero-oligomers composed of two different AQP
isoforms have also been suggested. While a co-localization of AQP5 and AQP2 in Dot1lAC kidneys
(mice with Dot1l deficiency in renal Aqp2-expressing cells) is observed by immunofluorescence,
co-immunoprecipitation of the GFP-AQP2 and FLAG-AQP5 co-expressed in 293T cells confirms
the physical interaction [280]. Interestingly, human AQP5/AQP2 hetero-oligomers are partially
retained in the ER/Golgi [280]. A weak physical interaction between AQP2 and AQP0 is also
detected using bimolecular fluorescence complementation assays [281] and confirmed by affinity
chromatography purification. Despite these interesting data, it cannot be established whether mammal
AQPs oligomerize as heterotetramers or assemble in octamers [281].

In conclusion, heterotetramerization seems to be a relevant regulatory process by which cells
regulate their transport specificity and trafficking. Taking into account the large number of possible
combinations, studying this process could reveal new insights into how cells adapt to their environment.
Even so, it was already shown that this is not a general rule for all AQPs.
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4.3. Gating

The characterization of spinach PIP2;1 structure in open and closed conformations allowed the
understanding of the regulatory mechanisms controlling the gating of AQPs [216] and, therefore,
the control of the flux through the channel according to the demands. Two main types of AQP pore
gating have been proposed: capping or pinching [282]. According to the PIP2;1 model, in a closed
conformation, the Leu197 located in loop D together with the residues His99, Val104, and Leu108 create
a hydrophobic barrier and serve as a cap of the channel entrance. An opening of the gate is observed
after phosphorylation of the Ser115 and Ser274, resulting in a loop D conformation change [216].
Furthermore, divalent cations, such as Ca2+, play a role in gating by anchoring the loop D onto the
N-terminus, through ionic interactions and hydrogen bonds. In this scenario, phosphorylation of
Ser115 disrupts this network of stable interactions between them, leading to the channel aperture.
Another regulatory component of the gating is the protonation of the pH sensitive His193 located in the
loop D. In acidic environments, protonation of the His193 induces the channel closure [216]. In plants,
the acidification of cytoplasm is a complex event associated with drought and flooding, driving anoxia
stress responses [283]. In mammals, the mechanism of AQP regulation by pH is not as clear as for
plants, and no general mechanism can be proposed as it seems dependent on the AQP subtypes.
To illustrate this, Nemeth-Cahalan et al. [284] demonstrated that the external His residues located
in loop A and C of the bovine AQP0 could play a dual role according to their acid or alkalization
status, leading respectively to less or more water flow. Tornroth-Horsefield et al. [285] suggested
a pinching mechanism for AQP0, in which small conformational changes due to protonation pinch
the constriction region, limiting the passage of molecules. This mechanism has been proposed since
AQP0 water permeability is very low compared to other AQPs, and its cytoplasmic entrance seems to
be blocked by a tyrosine residue. This is also probably true for AQP4, although parts of the N- and
C-termini are missing in both crystals. The phosphorylation in mammals is generally associated with
trafficking, thus leading to an indirect increase in solute transport (see Trafficking section). However,
for AQP4, the phosphorylation of Ser180 causes its activation [286,287]. While gating of AQPs is
observed in plants and mammals and constitutes a rapid way to control the membrane permeability,
it seems that the molecular mechanisms leading to this important regulation have evolved differently
according to the kingdom and even the isoforms.

5. Conclusions

Plant and mammal AQPs are essential channels facilitating and controlling the diffusion of water
and small solutes across the cell membranes. To achieve this fundamental physiological process, the basic
function of AQPs, as channels, has been highly conserved during evolution, from bacteria to multicellular
organisms. However, when comparing plant and mammal AQPs, several differences are observed.
For instance, a huge expansion in the total number of isoforms is detected in plants, and is attributed
to the sessile lifestyle of these organisms. Plants have to tightly control water uptake from the soil and
its movement across the plant body in ever-changing environmental conditions, a vital physiological
process in which AQPs play essential roles in specific cell types and tissues. AQPs are also involved
in the diffusion of many different small molecules, some of them, like boron or CO2, being essential to
plant structure or organic compound synthesis, respectively. Some interesting differences between plant
and mammal AQPs come from comparison of the post-translational regulation processes. For instance,
the tight regulation of AQP2 trafficking and shuttling between internal vesicles and the plasma membrane
controlled by the peptide hormone vasopressin is specific to mammal kidney collecting ducts. In plants,
the trafficking of most PIP1s to the plasma membrane is dependent on their heteromerization with the
PIP2 proteins. These examples show that, since the divergence of plants and animals, specific regulation
processes affecting AQP function have evolved to a better adaptation to the organism development
and physiology. However, to achieve these specific regulation processes, common mechanisms, such as
phosphorylation or interaction with similar cellular components (i.e., SNAREs), are observed for both
kingdoms. Many physiological functions and regulation processes will still have to be discovered and
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characterized in both plants and mammals. In this context, a constant interchange between the plant and
mammal AQP research communities can definitely boost the field and lead to important mutual benefits.
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Abbreviations

AQP Aquaporin
MIP Major intrinsic protein
TM Transmembrane α-helice
GLP Aquaglyceroporin
HGT Homologous gene transfer
PIP Plasma membrane intrinsic protein
TIP Tonoplast intrinsic protein
NIP NOD26-like intrinsic protein
SIP Small intrinsic protein
XIP Uncharacterized X intrinsic protein
GIP GLpF-like intrinsic proteins
LIP Large intrinsic proteins
ER Endoplasmic reticulum
NDI Nephrogenic diabetes insipidus
SNARE Soluble N-ethylmaleimide-sensitive factor protein attachment protein receptor
SNAP Synaptosomal-associated protein
VAMP Vesicle-associated membrane proteins
TSPO Tryptophan-rich sensory protein/translocator
LIP5 Lysosomal Trafficking Regulator-interacting protein 5
MVB Multi-vesicular body
Pf Osmotic water permeability coefficient
OAP Orthogonal arrays of particles

References

1. Murata, K.; Mitsuoka, K.; Hirai, T.; Walz, T.; Agre, P.; Heymann, J.B.; Engel, A.; Fujiyoshi, Y. Structural
determinants of water permeation through aquaporin-1. Nature 2000, 407, 599–605. [PubMed]

2. Pao, G.M.; Wu, L.F.; Johnson, K.D.; Hofte, H.; Chrispeels, M.J.; Sweet, G.; Sandal, N.N.; Saier, M.H., Jr.
Evolution of the MIP family of integral membrane transport proteins. Mol. Microbiol. 1991, 5, 33–37.
[CrossRef] [PubMed]

3. Preston, G.M.; Agre, P. Isolation of the cDNA for erythrocyte integral membrane protein of 28 kilodaltons:
Member of an ancient channel family. Proc. Natl. Acad. Sci. USA 1991, 88, 11110–11114. [CrossRef] [PubMed]

4. De Groot, B.L.; Grubmuller, H. Water permeation across biological membranes: Mechanism and dynamics
of aquaporin-1 and GlpF. Science 2001, 294, 2353–2357. [CrossRef] [PubMed]

5. Tajkhorshid, E.; Nollert, P.; Jensen, M.O.; Miercke, L.J.; O’Connell, J.; Stroud, R.M.; Schulten, K. Control of the
selectivity of the aquaporin water channel family by global orientational tuning. Science 2002, 296, 525–530.
[CrossRef] [PubMed]

6. Finn, R.N.; Chauvigne, F.; Hlidberg, J.B.; Cutler, C.P.; Cerda, J. The lineage-specific evolution of aquaporin
gene clusters facilitated tetrapod terrestrial adaptation. PLoS ONE 2014, 9, e113686. [CrossRef] [PubMed]

7. Soto, G.; Alleva, K.; Amodeo, G.; Muschietti, J.; Ayub, N.D. New insight into the evolution of aquaporins
from flowering plants and vertebrates: Orthologous identification and functional transfer is possible. Gene
2012, 503, 165–176. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/11034202
http://dx.doi.org/10.1111/j.1365-2958.1991.tb01823.x
http://www.ncbi.nlm.nih.gov/pubmed/2014003
http://dx.doi.org/10.1073/pnas.88.24.11110
http://www.ncbi.nlm.nih.gov/pubmed/1722319
http://dx.doi.org/10.1126/science.1062459
http://www.ncbi.nlm.nih.gov/pubmed/11743202
http://dx.doi.org/10.1126/science.1067778
http://www.ncbi.nlm.nih.gov/pubmed/11964478
http://dx.doi.org/10.1371/journal.pone.0113686
http://www.ncbi.nlm.nih.gov/pubmed/25426855
http://dx.doi.org/10.1016/j.gene.2012.04.021
http://www.ncbi.nlm.nih.gov/pubmed/22561693


Int. J. Mol. Sci. 2018, 19, 521 14 of 27

8. Abascal, F.; Irisarri, I.; Zardoya, R. Diversity and evolution of membrane intrinsic proteins. Biochim. Biophys. Acta
2014, 1840, 1468–1481. [CrossRef] [PubMed]

9. Finn, R.N.; Cerdà, J. Evolution and functional diversity of aquaporins. Biol. Bull. 2015, 229, 6–23. [CrossRef]
[PubMed]

10. Morishita, Y.; Sakube, Y.; Sasaki, S.; Ishibashi, K. Molecular mechanisms and drug development in aquaporin
water channel diseases: Aquaporin superfamily (superaquaporins): Expansion of aquaporins restricted to
multicellular organisms. J. Pharmacol. Sci. 2004, 96, 276–279. [CrossRef] [PubMed]

11. Johanson, U.; Karlsson, M.; Johansson, I.; Gustavsson, S.; Sjovall, S.; Fraysse, L.; Weig, A.R.; Kjellbom, P.
The complete set of genes encoding major intrinsic proteins in Arabidopsis provides a framework for a new
nomenclature for major intrinsic proteins in plants. Plant Physiol. 2001, 126, 1358–1369. [CrossRef] [PubMed]

12. Quigley, F.; Rosenberg, J.; Shachar-Hill, Y.; Bohnert, H. From genome to function: The Arabidopsis aquaporins.
Genome Biol. 2001, 3, 1–17. [CrossRef]

13. Chaumont, F.; Barrieu, F.; Wojcik, E.; Chrispeels, M.J.; Jung, R. Aquaporins constitute a large and highly
divergent protein family in maize. Plant Physiol. 2001, 125, 1206–1215. [CrossRef] [PubMed]

14. Park, W.; Scheffler, B.E.; Bauer, P.J.; Campbell, B.T. Identification of the family of aquaporin genes and their
expression in upland cotton (Gossypium hirsutum L.). BMC Plant Biol. 2010, 10, 142. [CrossRef] [PubMed]

15. Yuan, D.; Li, W.; Hua, Y.; King, G.J.; Xu, F.; Shi, L. Genome-wide identification and characterization of the
aquaporin gene family and transcriptional responses to boron deficiency in Brassica napus. Front. Plant Sci.
2017, 8, 1336. [CrossRef] [PubMed]

16. Danielson, J.Å.; Johanson, U. Unexpected complexity of the aquaporin gene family in the moss Physcomitrella
patens. BMC Plant Biol. 2008, 8, 45. [CrossRef] [PubMed]

17. Gustavsson, S.; Lebrun, A.S.; Norden, K.; Chaumont, F.; Johanson, U. A novel plant major intrinsic protein in
Physcomitrella patens most similar to bacterial glycerol channels. Plant Physiol. 2005, 139, 287–295. [CrossRef]
[PubMed]

18. Danielson, J.A.; Johanson, U. Phylogeny of major intrinsic proteins. Adv. Exp. Med. Biol. 2010, 679, 19–31.
[PubMed]

19. Di Giorgio, J.P.; Soto, G.; Alleva, K.; Jozefkowicz, C.; Amodeo, G.; Muschietti, J.P.; Ayub, N.D. Prediction of
aquaporin function by integrating evolutionary and functional analyses. J. Membr. Biol. 2014, 247, 107–125.
[CrossRef] [PubMed]

20. Zardoya, R.; Ding, X.; Kitagawa, Y.; Chrispeels, M.J. Origin of plant glycerol transporters by horizontal gene
transfer and functional recruitment. Proc. Natl. Acad. Sci. USA 2002, 99, 14893–14896. [CrossRef] [PubMed]

21. Anderberg, H.I.; Danielson, J.A.; Johanson, U. Algal mips, high diversity and conserved motifs. BMC Evol. Biol.
2011, 11, 110. [CrossRef] [PubMed]

22. Khabudaev, K.V.; Petrova, D.P.; Grachev, M.A.; Likhoshway, Y.V. A new subfamily LIP of the major intrinsic
proteins. BMC Genom. 2014, 15, 173. [CrossRef] [PubMed]

23. Zelazny, E.; Borst, J.W.; Muylaert, M.; Batoko, H.; Hemminga, M.A.; Chaumont, F. Fret imaging in living
maize cells reveals that plasma membrane aquaporins interact to regulate their subcellular localization.
Proc. Natl. Acad. Sci. USA 2007, 104, 12359–12364. [CrossRef] [PubMed]

24. Weig, A.; Deswarte, C.; Chrispeels, M.J. The major intrinsic protein family of Arabidopsis has 23 members
that form three distinct groups with functional aquaporins in each group. Plant Physiol. 1997, 114, 1347–1357.
[CrossRef] [PubMed]

25. Liu, Z.; Shen, J.; Carbrey, J.M.; Mukhopadhyay, R.; Agre, P.; Rosen, B.P. Arsenite transport by mammalian
aquaglyceroporins AQP7 and AQP9. Proc. Natl. Acad. Sci. USA 2002, 99, 6053–6058. [CrossRef] [PubMed]

26. Carbrey, J.M.; Agre, P. Discovery of the aquaporins and development of the field. In Aquaporins; Springer:
Berlin, Germany, 2009; pp. 3–28.

27. Garneau, A.P.; Carpentier, G.A.; Marcoux, A.-A.; Frenette-Cotton, R.; Simard, C.F.; Rémus-Borel, W.; Caron, L.;
Jacob-Wagner, M.; Noël, M.; Powell, J.J. Aquaporins mediate silicon transport in humans. PLoS ONE 2015,
10, e0136149. [CrossRef] [PubMed]

28. Byrt, C.S.; Zhao, M.; Kourghi, M.; Bose, J.; Henderson, S.W.; Qiu, J.; Gilliham, M.; Schultz, C.; Schwarz, M.;
Ramesh, S.A. Non-selective cation channel activity of aquaporin AtPIP2;1 regulated by Ca2+ and pH.
Plant Cell Environ. 2016, 40, 802–815. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bbagen.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24355433
http://dx.doi.org/10.1086/BBLv229n1p6
http://www.ncbi.nlm.nih.gov/pubmed/26338866
http://dx.doi.org/10.1254/jphs.FMJ04004X7
http://www.ncbi.nlm.nih.gov/pubmed/15548852
http://dx.doi.org/10.1104/pp.126.4.1358
http://www.ncbi.nlm.nih.gov/pubmed/11500536
http://dx.doi.org/10.1186/gb-2001-3-1-research0001
http://dx.doi.org/10.1104/pp.125.3.1206
http://www.ncbi.nlm.nih.gov/pubmed/11244102
http://dx.doi.org/10.1186/1471-2229-10-142
http://www.ncbi.nlm.nih.gov/pubmed/20626869
http://dx.doi.org/10.3389/fpls.2017.01336
http://www.ncbi.nlm.nih.gov/pubmed/28824672
http://dx.doi.org/10.1186/1471-2229-8-45
http://www.ncbi.nlm.nih.gov/pubmed/18430224
http://dx.doi.org/10.1104/pp.105.063198
http://www.ncbi.nlm.nih.gov/pubmed/16113222
http://www.ncbi.nlm.nih.gov/pubmed/20666221
http://dx.doi.org/10.1007/s00232-013-9618-8
http://www.ncbi.nlm.nih.gov/pubmed/24292667
http://dx.doi.org/10.1073/pnas.192573799
http://www.ncbi.nlm.nih.gov/pubmed/12397183
http://dx.doi.org/10.1186/1471-2148-11-110
http://www.ncbi.nlm.nih.gov/pubmed/21510875
http://dx.doi.org/10.1186/1471-2164-15-173
http://www.ncbi.nlm.nih.gov/pubmed/24589353
http://dx.doi.org/10.1073/pnas.0701180104
http://www.ncbi.nlm.nih.gov/pubmed/17636130
http://dx.doi.org/10.1104/pp.114.4.1347
http://www.ncbi.nlm.nih.gov/pubmed/9276952
http://dx.doi.org/10.1073/pnas.092131899
http://www.ncbi.nlm.nih.gov/pubmed/11972053
http://dx.doi.org/10.1371/journal.pone.0136149
http://www.ncbi.nlm.nih.gov/pubmed/26313002
http://dx.doi.org/10.1111/pce.12832
http://www.ncbi.nlm.nih.gov/pubmed/27620834


Int. J. Mol. Sci. 2018, 19, 521 15 of 27

29. Wang, Y.; Li, R.; Li, D.; Jia, X.; Zhou, D.; Li, J.; Lyi, S.M.; Hou, S.; Huang, Y.; Kochian, L.V. NIP1;2 is a plasma
membrane-localized transporter mediating aluminum uptake, translocation, and tolerance in Arabidopsis.
Proc. Natl. Acad. Sci. USA 2017, 114, 5047–5052. [CrossRef] [PubMed]

30. Costello, M.J.; McIntosh, T.J.; Robertson, J.D. Distribution of gap junctions and square array junctions in the
mammalian lens. Investig. Ophthalmol. Vis. Sci. 1989, 30, 975–989.

31. Gonen, T.; Cheng, Y.; Kistler, J.; Walz, T. Aquaporin-0 membrane junctions form upon proteolytic cleavage.
J. Mol. Biol. 2004, 342, 1337–1345. [CrossRef] [PubMed]

32. Noda, Y.; Sasaki, S. Regulation of aquaporin-2 trafficking and its binding protein complex. Biochim. Biophys. Acta
2006, 1758, 1117–1125. [CrossRef] [PubMed]

33. Nejsum, L.N.; Kwon, T.H.; Jensen, U.B.; Fumagalli, O.; Frokiaer, J.; Krane, C.M.; Menon, A.G.; King, L.S.;
Agre, P.C.; Nielsen, S. Functional requirement of aquaporin-5 in plasma membranes of sweat glands.
Proc. Natl. Acad. Sci. USA 2002, 99, 511–516. [CrossRef] [PubMed]

34. Delporte, C. Aquaporins in salivary glands and pancreas. Biochim. Biophys. Acta 2014, 1840, 1524–1532.
[CrossRef] [PubMed]

35. Schey, K.L.; Wang, Z.; L Wenke, J.L.; Qi, Y. Aquaporins in the eye: Expression, function, and roles in ocular
disease. Biochim. Biophys. Acta 2014, 1840, 1513–1523. [CrossRef] [PubMed]

36. Chaumont, F.; Tyerman, S.D. Aquaporins: Highly regulated channels controlling plant water relations.
Plant Physiol. 2014, 164, 1600–1618. [CrossRef] [PubMed]

37. Maurel, C.; Boursiac, Y.; Luu, D.T.; Santoni, V.; Shahzad, Z.; Verdoucq, L. Aquaporins in plants. Physiol. Rev.
2015, 95, 1321–1358. [CrossRef] [PubMed]

38. Heinen, R.B.; Ye, Q.; Chaumont, F. Role of aquaporins in leaf physiology. J. Exp. Bot. 2009, 60, 2971–2985.
[CrossRef] [PubMed]

39. Bots, M.; Vergeldt, F.; Wolters-Arts, M.; Weterings, K.; van As, H.; Mariani, C. Aquaporins of the PIP2
class are required for efficient anther dehiscence in tobacco. Plant Physiol. 2005, 137, 1049–1056. [CrossRef]
[PubMed]

40. Wudick, M.M.; Luu, D.T.; Tournaire-Roux, C.; Sakamoto, W.; Maurel, C. Vegetative and sperm cell-specific
aquaporins of Arabidopsis highlight the vacuolar equipment of pollen and contribute to plant reproduction.
Plant Physiol. 2014, 164, 1697–1706. [CrossRef] [PubMed]

41. Di Giorgio, J.A.; Bienert, G.P.; Ayub, N.D.; Yaneff, A.; Barberini, M.L.; Mecchia, M.A.; Amodeo, G.; Soto, G.C.;
Muschietti, J.P. Pollen-specific aquaporins NIP4;1 and NIP4;2 are required for pollen development and
pollination in Arabidopsis thaliana. Plant Cell 2016, 28, 1053–1077. [CrossRef] [PubMed]

42. Gao, Y.P.; Young, L.; Bonham-Smith, P.; Gusta, L.V. Characterization and expression of plasma and tonoplast
membrane aquaporins in primed seed of Brassica napus during germination under stress conditions.
Plant Mol. Biol. 1999, 40, 635–644. [CrossRef] [PubMed]

43. Shiota, H.; Sudoh, T.; Tanaka, I. Expression analysis of genes encoding plasma membrane aquaporins during
seed and fruit development in tomato. Plant Sci. 2006, 171, 277–285. [CrossRef]

44. Vander Willigen, C.; Postaire, O.; Tournaire-Roux, C.; Boursiac, Y.; Maurel, C. Expression and inhibition of
aquaporins in germinating Arabidopsis seeds. Plant Cell Physiol. 2006, 47, 1241–1250. [CrossRef] [PubMed]

45. Fricke, W.; Chaumont, F. Solute and water relations of growing plant cells. In The Expanding Cell; Verbelen, J.-P.,
Vissenberg, K., Eds.; Springer: Berlin/Heidelberg, Germany, 2007; pp. 7–31.

46. Peret, B.; Swarup, K.; Ferguson, A.; Seth, M.; Yang, Y.; Dhondt, S.; James, N.; Casimiro, I.; Perry, P.; Syed, A.;
et al. AUX/LAX genes encode a family of auxin influx transporters that perform distinct functions during
arabidopsis development. Plant Cell 2012, 24, 2874–2885. [CrossRef] [PubMed]

47. Reinhardt, H.; Hachez, C.; Bienert, M.D.; Beebo, A.; Swarup, K.; Voß, U.; Bouhidel, K.; Frigerio, L.;
Schjoerring, J.K.; Bennett, M.J. Tonoplast aquaporins facilitate lateral root emergence. Plant Physiol. 2016,
170, 1640–1654. [CrossRef] [PubMed]

48. Fetter, K.; van Wilder, V.; Moshelion, M.; Chaumont, F. Interactions between plasma membrane aquaporins
modulate their water channel activity. Plant Cell 2004, 16, 215–228. [CrossRef] [PubMed]

49. Hachez, C.; Veselov, D.; Ye, Q.; Reinhardt, H.; Knipfer, T.; Fricke, W.; Chaumont, F. Short-term control of
maize cell and root water permeability through plasma membrane aquaporin isoforms. Plant Cell Environ.
2012, 35, 185–198. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.1618557114
http://www.ncbi.nlm.nih.gov/pubmed/28439024
http://dx.doi.org/10.1016/j.jmb.2004.07.076
http://www.ncbi.nlm.nih.gov/pubmed/15351655
http://dx.doi.org/10.1016/j.bbamem.2006.03.004
http://www.ncbi.nlm.nih.gov/pubmed/16624255
http://dx.doi.org/10.1073/pnas.012588099
http://www.ncbi.nlm.nih.gov/pubmed/11773623
http://dx.doi.org/10.1016/j.bbagen.2013.08.007
http://www.ncbi.nlm.nih.gov/pubmed/23954206
http://dx.doi.org/10.1016/j.bbagen.2013.10.037
http://www.ncbi.nlm.nih.gov/pubmed/24184915
http://dx.doi.org/10.1104/pp.113.233791
http://www.ncbi.nlm.nih.gov/pubmed/24449709
http://dx.doi.org/10.1152/physrev.00008.2015
http://www.ncbi.nlm.nih.gov/pubmed/26336033
http://dx.doi.org/10.1093/jxb/erp171
http://www.ncbi.nlm.nih.gov/pubmed/19542196
http://dx.doi.org/10.1104/pp.104.056408
http://www.ncbi.nlm.nih.gov/pubmed/15734911
http://dx.doi.org/10.1104/pp.113.228700
http://www.ncbi.nlm.nih.gov/pubmed/24492334
http://dx.doi.org/10.1105/tpc.15.00776
http://www.ncbi.nlm.nih.gov/pubmed/27095837
http://dx.doi.org/10.1023/A:1006212216876
http://www.ncbi.nlm.nih.gov/pubmed/10480387
http://dx.doi.org/10.1016/j.plantsci.2006.03.021
http://dx.doi.org/10.1093/pcp/pcj094
http://www.ncbi.nlm.nih.gov/pubmed/16926168
http://dx.doi.org/10.1105/tpc.112.097766
http://www.ncbi.nlm.nih.gov/pubmed/22773749
http://dx.doi.org/10.1104/pp.15.01635
http://www.ncbi.nlm.nih.gov/pubmed/26802038
http://dx.doi.org/10.1105/tpc.017194
http://www.ncbi.nlm.nih.gov/pubmed/14671024
http://dx.doi.org/10.1111/j.1365-3040.2011.02429.x
http://www.ncbi.nlm.nih.gov/pubmed/21950760


Int. J. Mol. Sci. 2018, 19, 521 16 of 27

50. Mosa, K.A.; Kumar, K.; Chhikara, S.; Mcdermott, J.; Liu, Z.; Musante, C.; White, J.C.; Dhankher, O.P. Members
of rice plasma membrane intrinsic proteins subfamily are involved in arsenite permeability and tolerance in
plants. Transgenic Res. 2012, 21, 1265–1277. [CrossRef] [PubMed]

51. Uehlein, N.; Lovisolo, C.; Siefritz, F.; Kaldenhoff, R. The tobacco aquaporin NtAQP1 is a membrane CO2

pore with physiological functions. Nature 2003, 425, 734–737. [CrossRef] [PubMed]
52. Bienert, G.P.; Chaumont, F. Aquaporin-facilitated transmembrane diffusion of hydrogen peroxide.

Biochim. Biophys. Acta 2014, 1840, 1596–1604. [CrossRef] [PubMed]
53. Bienert, G.P.; Møller, A.L.; Kristiansen, K.A.; Schulz, A.; Møller, I.M.; Schjoerring, J.K.; Jahn, T.P. Specific

aquaporins facilitate the diffusion of hydrogen peroxide across membranes. J. Biol. Chem. 2007, 282, 1183–1192.
[CrossRef] [PubMed]

54. Liu, L.-H.; Ludewig, U.; Gassert, B.; Frommer, W.B.; von Wirén, N. Urea transport by nitrogen-regulated
tonoplast intrinsic proteins in Arabidopsis. Plant Physiol. 2003, 133, 1220–1228. [CrossRef] [PubMed]

55. Maurel, C.; Reizer, J.; Schroeder, J.I.; Chrispeels, M.J. The vacuolar membrane protein γ-TIP creates water
specific channels in Xenopus oocytes. EMBO J. 1993, 12, 2241–2247. [PubMed]

56. Klebl, F.; Wolf, M.; Sauer, N. A defect in the yeast plasma membrane urea transporter DUR3p is complemented
by CpNIP1, a Nod26-like protein from zucchini (Cucurbita pepo L.), and by Arabidopsis thaliana δ-TIP or γ-TIP.
FEBS Lett. 2003, 547, 69–74. [CrossRef]

57. Dynowski, M.; Schaaf, G.; Loque, D.; Moran, O.; Ludewig, U. Plant plasma membrane water channels
conduct the signalling molecule H2O2. Biochem. J. 2008, 414, 53–61. [CrossRef] [PubMed]

58. Kamiya, T.; Fujiwara, T. Arabidopsis NIP1;1 transports antimonite and determines antimonite sensitivity.
Plant Cell Physiol. 2009, 50, 1977–1981. [CrossRef] [PubMed]

59. Kamiya, T.; Tanaka, M.; Mitani, N.; Ma, J.F.; Maeshima, M.; Fujiwara, T. NIP1;1, an aquaporin homolog,
determines the arsenite sensitivity of Arabidopsis thaliana. J. Biol. Chem. 2009, 284, 2114–2120. [CrossRef]
[PubMed]

60. Weig, A.R.; Jakob, C. Functional identification of the glycerol permease activity of Arabidopsis thaliana NLM1
and NLM2 proteins by heterologous expression in Saccharomyces cerevisiae. FEBS Lett. 2000, 481, 293–298.
[CrossRef]

61. Schnurbusch, T.; Hayes, J.; Hrmova, M.; Baumann, U.; Ramesh, S.A.; Tyerman, S.D.; Langridge, P.; Sutton, T.
Boron toxicity tolerance in barley through reduced expression of the multifunctional aquaporin HvNIP2;1.
Plant Physiol. 2010, 153, 1706–1715. [CrossRef] [PubMed]

62. Rivers, R.L.; Dean, R.M.; Chandy, G.; Hall, J.E.; Roberts, D.M.; Zeidel, M.L. Functional analysis of Nodulin
26, an aquaporin in soybean root nodule symbiosomes. J. Biol. Chem. 1997, 272, 16256–16261. [CrossRef]
[PubMed]

63. Dean, R.M.; Rivers, R.L.; Zeidel, M.L.; Roberts, D.M. Purification and functional reconstitution of soybean
Nodulin 26. An aquaporin with water and glycerol transport properties. Biochemistry 1999, 38, 347–353.
[CrossRef] [PubMed]

64. Hwang, J.H.; Ellingson, S.R.; Roberts, D.M. Ammonia permeability of the soybean Nodulin 26 channel.
FEBS Lett. 2010, 584, 4339–4343. [CrossRef] [PubMed]

65. Choi, W.-G.; Roberts, D.M. Arabidopsis NIP2;1, a major intrinsic protein transporter of lactic acid induced
by anoxic stress. J. Biol. Chem. 2007, 282, 24209–24218. [CrossRef] [PubMed]

66. Zhao, X.Q.; Mitani, N.; Yamaji, N.; Shen, R.F.; Ma, J.F. Involvement of silicon influx transporter OsNIP2;1 in
selenite uptake in rice. Plant Physiol. 2010, 153, 1871–1877. [CrossRef] [PubMed]

67. Ishikawa, F.; Suga, S.; Uemura, T.; Sato, M.H.; Maeshima, M. Novel type aquaporin SIPs are mainly localized
to the ER membrane and show cell-specific expression in Arabidopsis thaliana. FEBS Lett. 2005, 579, 5814–5820.
[CrossRef] [PubMed]

68. Zhang, D.; Huang, Y.; Kumar, M.; Wan, Q.; Xu, Z.; Shao, H.; Pandey, G.K. Heterologous expression of
GmSIP1;3 from soybean in tobacco showed and growth retardation and tolerance to hydrogen peroxide.
Plant Sci. 2017, 263, 210–218. [CrossRef] [PubMed]

69. Bienert, G.P.; Bienert, M.D.; Jahn, T.P.; Boutry, M.; Chaumont, F. Solanaceae XIPs are plasma membrane
aquaporins that facilitate the transport of many uncharged substrates. Plant J. 2011, 66, 306–317. [CrossRef]
[PubMed]

http://dx.doi.org/10.1007/s11248-012-9600-8
http://www.ncbi.nlm.nih.gov/pubmed/22350764
http://dx.doi.org/10.1038/nature02027
http://www.ncbi.nlm.nih.gov/pubmed/14520414
http://dx.doi.org/10.1016/j.bbagen.2013.09.017
http://www.ncbi.nlm.nih.gov/pubmed/24060746
http://dx.doi.org/10.1074/jbc.M603761200
http://www.ncbi.nlm.nih.gov/pubmed/17105724
http://dx.doi.org/10.1104/pp.103.027409
http://www.ncbi.nlm.nih.gov/pubmed/14576283
http://www.ncbi.nlm.nih.gov/pubmed/8508761
http://dx.doi.org/10.1016/S0014-5793(03)00671-9
http://dx.doi.org/10.1042/BJ20080287
http://www.ncbi.nlm.nih.gov/pubmed/18462192
http://dx.doi.org/10.1093/pcp/pcp130
http://www.ncbi.nlm.nih.gov/pubmed/19783540
http://dx.doi.org/10.1074/jbc.M806881200
http://www.ncbi.nlm.nih.gov/pubmed/19029297
http://dx.doi.org/10.1016/S0014-5793(00)02027-5
http://dx.doi.org/10.1104/pp.110.158832
http://www.ncbi.nlm.nih.gov/pubmed/20581256
http://dx.doi.org/10.1074/jbc.272.26.16256
http://www.ncbi.nlm.nih.gov/pubmed/9195927
http://dx.doi.org/10.1021/bi982110c
http://www.ncbi.nlm.nih.gov/pubmed/9890916
http://dx.doi.org/10.1016/j.febslet.2010.09.033
http://www.ncbi.nlm.nih.gov/pubmed/20875821
http://dx.doi.org/10.1074/jbc.M700982200
http://www.ncbi.nlm.nih.gov/pubmed/17584741
http://dx.doi.org/10.1104/pp.110.157867
http://www.ncbi.nlm.nih.gov/pubmed/20498338
http://dx.doi.org/10.1016/j.febslet.2005.09.076
http://www.ncbi.nlm.nih.gov/pubmed/16223486
http://dx.doi.org/10.1016/j.plantsci.2017.07.018
http://www.ncbi.nlm.nih.gov/pubmed/28818377
http://dx.doi.org/10.1111/j.1365-313X.2011.04496.x
http://www.ncbi.nlm.nih.gov/pubmed/21241387


Int. J. Mol. Sci. 2018, 19, 521 17 of 27

70. Ampah-Korsah, H.; Anderberg, H.I.; Engfors, A.; Kirscht, A.; Norden, K.; Kjellstrom, S.; Kjellbom, P.;
Johanson, U. The aquaporin splice variant NbXIP1;1α is permeable to boric acid and is phosphorylated in
the N-terminal domain. Front. Plant Sci. 2016, 7, 862. [CrossRef] [PubMed]

71. Noronha, H.; Araújo, D.; Conde, C.; Martins, A.P.; Soveral, G.; Chaumont, F.; Delrot, S.; Gerós, H.
The grapevine uncharacterized intrinsic protein 1 (VvXIP1) is regulated by drought stress and transports
glycerol, hydrogen peroxide, heavy metals but not water. PLoS ONE 2016, 11, e0160976. [CrossRef] [PubMed]

72. Lopez, D.; Bronner, G.; Brunel, N.; Auguin, D.; Bourgerie, S.; Brignolas, F.; Carpin, S.; Tournaire-Roux, C.;
Maurel, C.; Fumanal, B. Insights into populus XIP aquaporins: Evolutionary expansion, protein functionality,
and environmental regulation. J. Exp. Bot. 2012, 63, 2217–2230. [CrossRef] [PubMed]

73. Froger, A.; Thomas, D.; Delamarche, C.; Tallur, B. Prediction of functional residues in water channels and
related proteins. Protein Sci. 1998, 7, 1458–1468. [CrossRef] [PubMed]

74. Chandy, G.; Zampighi, G.; Kreman, M.; Hall, J. Comparison of the water transporting properties of MIP and
AQP1. J. Membr. Biol. 1997, 159, 29–39. [CrossRef] [PubMed]

75. Yang, B.; Verkman, A. Water and glycerol permeabilities of aquaporins 1–5 and MIP determined quantitatively
by expression of epitope-tagged constructs in Xenopus oocytes. J. Biol. Chem. 1997, 272, 16140–16146. [CrossRef]
[PubMed]

76. Chauvigné, F.; Zapater, C.; Stavang, J.A.; Taranger, G.L.; Cerdà, J.; Finn, R.N. The pH sensitivity of AQP0
channels in tetraploid and diploid teleosts. FASEB J. 2015, 29, 2172–2184. [CrossRef] [PubMed]

77. Preston, G.M.; Agre, P. Appearance of water channels in Xenopus oocytes expressing red cell CHIP28 protein.
Science 1992, 256, 385–387. [CrossRef] [PubMed]

78. Nakhoul, N.L.; Davis, B.A.; Romero, M.F.; Boron, W.F. Effect of expressing the water channel aquaporin-1 on
the CO2 permeability of Xenopus oocytes. Am. J. Physiol. Cell Physiol. 1998, 274, C543–C548. [CrossRef]

79. Nakhoul, N.L.; Hering-Smith, K.S.; Abdulnour-Nakhoul, S.M.; Hamm, L.L. Transport of NH3/NH4+ in
oocytes expressing aquaporin-1. Am. J. Physiol. Ren. Physiol. 2001, 281, F255–F263. [CrossRef] [PubMed]

80. Fabra, M.; Raldúa, D.; Bozzo, M.G.; Deen, P.M.; Lubzens, E.; Cerdà, J. Yolk proteolysis and aquaporin-1o play
essential roles to regulate fish oocyte hydration during meiosis resumption. Dev. Biol. 2006, 295, 250–262.
[CrossRef] [PubMed]

81. Herrera, M.; Hong, N.J.; Garvin, J.L. Aquaporin-1 transports NO across cell membranes. Hypertension 2006,
48, 157–164. [CrossRef] [PubMed]

82. Musa-Aziz, R.; Chen, L.-M.; Pelletier, M.F.; Boron, W.F. Relative CO2/NH3 selectivities of AQP1, AQP4,
AQP5, AmtB, and RhAG. Proc. Natl. Acad. Sci. USA 2009, 106, 5406–5411. [CrossRef] [PubMed]

83. Raldúa, D.; Otero, D.; Fabra, M.; Cerda, J. Differential localization and regulation of two aquaporin-1 homologs
in the intestinal epithelia of the marine teleost Sparus aurata. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2008,
294, R993–R1003. [CrossRef] [PubMed]

84. Tingaud-Sequeira, A.; Calusinska, M.; Finn, R.N.; Chauvigné, F.; Lozano, J.; Cerdà, J. The zebrafish genome
encodes the largest vertebrate repertoire of functional aquaporins with dual paralogy and substrate specificities
similar to mammals. BMC Evol. Biol. 2010, 10, 38. [CrossRef] [PubMed]

85. Tingaud-Sequeira, A.; Chauvigné, F.; Fabra, M.; Lozano, J.; Raldúa, D.; Cerdà, J. Structural and functional
divergence of two fish aquaporin-1 water channels following teleost-specific gene duplication. BMC Evol. Biol.
2008, 8, 259. [CrossRef] [PubMed]

86. Tingaud-Sequeira, A.; Zapater, C.; Chauvigné, F.; Otero, D.; Cerda, J. Adaptive plasticity of killifish
(Fundulus heteroclitus) embryos: Dehydration-stimulated development and differential aquaporin-3
expression. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2009, 296, R1041–R1052. [CrossRef] [PubMed]

87. Chen, L.-M.; Zhao, J.; Musa-Aziz, R.; Pelletier, M.F.; Drummond, I.A.; Boron, W.F. Cloning and
characterization of a zebrafish homologue of human AQP1: A bifunctional water and gas channel. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2010, 299, R1163–R1174. [CrossRef] [PubMed]

88. Zapater, C.; Chauvigné, F.; Norberg, B.; Finn, R.N.; Cerdà, J. Dual neofunctionalization of a rapidly evolving
aquaporin-1 paralog resulted in constrained and relaxed traits controlling channel function during meiosis
resumption in teleosts. Mol. Biol. Evol. 2011, 28, 3151–3169. [CrossRef] [PubMed]

89. Itel, F.; Al-Samir, S.; Öberg, F.; Chami, M.; Kumar, M.; Supuran, C.T.; Deen, P.M.; Meier, W.; Hedfalk, K.;
Gros, G. CO2 permeability of cell membranes is regulated by membrane cholesterol and protein gas channels.
FASEB J. 2012, 26, 5182–5191. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fpls.2016.00862
http://www.ncbi.nlm.nih.gov/pubmed/27379142
http://dx.doi.org/10.1371/journal.pone.0160976
http://www.ncbi.nlm.nih.gov/pubmed/27504956
http://dx.doi.org/10.1093/jxb/err404
http://www.ncbi.nlm.nih.gov/pubmed/22223812
http://dx.doi.org/10.1002/pro.5560070623
http://www.ncbi.nlm.nih.gov/pubmed/9655351
http://dx.doi.org/10.1007/s002329900266
http://www.ncbi.nlm.nih.gov/pubmed/9309208
http://dx.doi.org/10.1074/jbc.272.26.16140
http://www.ncbi.nlm.nih.gov/pubmed/9195910
http://dx.doi.org/10.1096/fj.14-267625
http://www.ncbi.nlm.nih.gov/pubmed/25667219
http://dx.doi.org/10.1126/science.256.5055.385
http://www.ncbi.nlm.nih.gov/pubmed/1373524
http://dx.doi.org/10.1152/ajpcell.1998.274.2.C543
http://dx.doi.org/10.1152/ajprenal.2001.281.2.F255
http://www.ncbi.nlm.nih.gov/pubmed/11457716
http://dx.doi.org/10.1016/j.ydbio.2006.03.034
http://www.ncbi.nlm.nih.gov/pubmed/16643885
http://dx.doi.org/10.1161/01.HYP.0000223652.29338.77
http://www.ncbi.nlm.nih.gov/pubmed/16682607
http://dx.doi.org/10.1073/pnas.0813231106
http://www.ncbi.nlm.nih.gov/pubmed/19273840
http://dx.doi.org/10.1152/ajpregu.00695.2007
http://www.ncbi.nlm.nih.gov/pubmed/18171690
http://dx.doi.org/10.1186/1471-2148-10-38
http://www.ncbi.nlm.nih.gov/pubmed/20149227
http://dx.doi.org/10.1186/1471-2148-8-259
http://www.ncbi.nlm.nih.gov/pubmed/18811940
http://dx.doi.org/10.1152/ajpregu.91002.2008
http://www.ncbi.nlm.nih.gov/pubmed/19193936
http://dx.doi.org/10.1152/ajpregu.00319.2010
http://www.ncbi.nlm.nih.gov/pubmed/20739606
http://dx.doi.org/10.1093/molbev/msr146
http://www.ncbi.nlm.nih.gov/pubmed/21653921
http://dx.doi.org/10.1096/fj.12-209916
http://www.ncbi.nlm.nih.gov/pubmed/22964306


Int. J. Mol. Sci. 2018, 19, 521 18 of 27

90. Geyer, R.R.; Musa-Aziz, R.; Qin, X.; Boron, W.F. Relative CO2/NH3 selectivities of mammalian aquaporins
0–9. Am. J. Physiol. Cell Physiol. 2013, 304, C985–C994. [CrossRef] [PubMed]

91. Martos-Sitcha, J.A.; Campinho, M.A.; Mancera, J.M.; Martínez-Rodríguez, G.; Fuentes, J. Vasotocin and
isotocin regulate aquaporin 1 function in the sea bream. J. Exp. Biol. 2015, 218, 684–693. [CrossRef] [PubMed]

92. Almasalmeh, A.; Krenc, D.; Wu, B.; Beitz, E. Structural determinants of the hydrogen peroxide permeability
of aquaporins. FEBS J. 2014, 281, 647–656. [CrossRef] [PubMed]

93. Bai, L.; Fushimi, K.; Sasaki, S.; Marumo, F. Structure of aquaporin-2 vasopressin water channel. J. Biol. Chem.
1996, 271, 5171–5176. [PubMed]

94. Deen, P.M.; Verdijk, M.A.; Knoers, N.; Wieringa, B.; Monnens, L.A.; Os, C.V.; Oost, B.V. Requirement of
human renal water channel aquaporin-2 for vasopressin-dependent concentration of urine. Science 1994, 264,
92–94. [CrossRef] [PubMed]

95. Echevarria, M.; Windhager, E.E.; Tate, S.S.; Frindt, G. Cloning and expression of AQP3, a water channel from
the medullary collecting duct of rat kidney. Proc. Natl. Acad. Sci. USA 1994, 91, 10997–11001. [CrossRef]
[PubMed]

96. Ishibashi, K.; Sasaki, S.; Fushimi, K.; Uchida, S.; Kuwahara, M.; Saito, H.; Furukawa, T.; Nakajima, K.;
Yamaguchi, Y.; Gojobori, T. Molecular cloning and expression of a member of the aquaporin family with
permeability to glycerol and urea in addition to water expressed at the basolateral membrane of kidney
collecting duct cells. Proc. Natl. Acad. Sci. USA 1994, 91, 6269–6273. [CrossRef] [PubMed]

97. Ma, T.; Frigeri, A.; Hasegawa, H.; Verkman, A. Cloning of a water channel homolog expressed in brain
meningeal cells and kidney collecting duct that functions as a stilbene-sensitive glycerol transporter.
J. Biol. Chem. 1994, 269, 21845–21849. [PubMed]

98. Hamdi, M.; Sanchez, M.A.; Beene, L.C.; Liu, Q.; Landfear, S.M.; Rosen, B.P.; Liu, Z. Arsenic transport by
zebrafish aquaglyceroporins. BMC Mol. Biol. 2009, 10, 104. [CrossRef] [PubMed]

99. MacIver, B.; Cutler, C.P.; Yin, J.; Hill, M.G.; Zeidel, M.L.; Hill, W.G. Expression and functional characterization
of four aquaporin water channels from the european eel (Anguilla anguilla). J. Exp. Biol. 2009, 212, 2856–2863.
[CrossRef] [PubMed]

100. Chauvigné, F.; Lubzens, E.; Cerdà, J. Design and characterization of genetically engineered zebrafish
aquaporin-3 mutants highly permeable to the cryoprotectant ethylene glycol. BMC Biotechnol. 2011, 11, 34.
[CrossRef] [PubMed]

101. Jung, J.S.; Bhat, R.V.; Preston, G.M.; Guggino, W.B.; Baraban, J.M.; Agre, P. Molecular characterization of
an aquaporin cDNA from brain: Candidate osmoreceptor and regulator of water balance. Proc. Natl. Acad.
Sci. USA 1994, 91, 13052–13056. [CrossRef] [PubMed]

102. Raina, S.; Preston, G.M.; Guggino, W.B.; Agre, P. Molecular cloning and characterization of an aquaporin
cDBA from salivary, lacrimal, and respiratory tissues. J. Biol. Chem. 1995, 270, 1908–1912. [CrossRef]
[PubMed]

103. Santos, C.; Estêvão, M.D.; Fuentes, J.; Cardoso, J.; Fabra, M.; Passos, A.; Detmers, F.; Deen, P.; Cerdà, J.;
Power, D. Isolation of a novel aquaglyceroporin from a marine teleost (Sparus auratus): Function and tissue
distribution. J. Exp. Biol. 2004, 207, 1217–1227. [CrossRef] [PubMed]

104. Ishibashi, K.; Morinaga, T.; Kuwahara, M.; Sasaki, S.; Imai, M. Cloning and identification of a new member
of water channel (AQP10) as an aquaglyceroporin. Biochim. Biophys. Acta 2002, 1576, 335–340. [CrossRef]

105. Ikeda, M.; Beitz, E.; Kozono, D.; Guggino, W.B.; Agre, P.; Yasui, M. Characterization of aquaporin-6 as
a nitrate channel in mammalian cells requirement of pore-lining residue threonine 63. J. Biol. Chem. 2002,
277, 39873–39879. [CrossRef] [PubMed]

106. Yasui, M.; Hazama, A.; Kwon, T.-H.; Nielsen, S.; Guggino, W.B.; Agre, P. Rapid gating and anion permeability
of an intracellular aquaporin. Nature 1999, 402, 184–187. [CrossRef] [PubMed]

107. Holm, L.M.; Klaerke, D.A.; Zeuthen, T. Aquaporin 6 is permeable to glycerol and urea. Pflügers Arch. 2004,
448, 181–186. [CrossRef] [PubMed]

108. Ishibashi, K.; Kuwahara, M.; Gu, Y.; Kageyama, Y.; Tohsaka, A.; Suzuki, F.; Marumo, F.; Sasaki, S. Cloning
and functional expression of a new water channel abundantly expressed in the testis permeable to water,
glycerol, and urea. J. Biol. Chem. 1997, 272, 20782–20786. [CrossRef] [PubMed]

109. Chauvigné, F.; Boj, M.; Vilella, S.; Finn, R.N.; Cerdà, J. Subcellular localization of selectively permeable
aquaporins in the male germ line of a marine teleost reveals spatial redistribution in activated spermatozoa.
Biol. Reprod. 2013, 89, 37. [CrossRef] [PubMed]

http://dx.doi.org/10.1152/ajpcell.00033.2013
http://www.ncbi.nlm.nih.gov/pubmed/23485707
http://dx.doi.org/10.1242/jeb.114546
http://www.ncbi.nlm.nih.gov/pubmed/25573823
http://dx.doi.org/10.1111/febs.12653
http://www.ncbi.nlm.nih.gov/pubmed/24286224
http://www.ncbi.nlm.nih.gov/pubmed/8617798
http://dx.doi.org/10.1126/science.8140421
http://www.ncbi.nlm.nih.gov/pubmed/8140421
http://dx.doi.org/10.1073/pnas.91.23.10997
http://www.ncbi.nlm.nih.gov/pubmed/7526388
http://dx.doi.org/10.1073/pnas.91.14.6269
http://www.ncbi.nlm.nih.gov/pubmed/7517548
http://www.ncbi.nlm.nih.gov/pubmed/8063828
http://dx.doi.org/10.1186/1471-2199-10-104
http://www.ncbi.nlm.nih.gov/pubmed/19939263
http://dx.doi.org/10.1242/jeb.025882
http://www.ncbi.nlm.nih.gov/pubmed/19684221
http://dx.doi.org/10.1186/1472-6750-11-34
http://www.ncbi.nlm.nih.gov/pubmed/21477270
http://dx.doi.org/10.1073/pnas.91.26.13052
http://www.ncbi.nlm.nih.gov/pubmed/7528931
http://dx.doi.org/10.1074/jbc.270.4.1908
http://www.ncbi.nlm.nih.gov/pubmed/7530250
http://dx.doi.org/10.1242/jeb.00867
http://www.ncbi.nlm.nih.gov/pubmed/14978062
http://dx.doi.org/10.1016/S0167-4781(02)00393-7
http://dx.doi.org/10.1074/jbc.M207008200
http://www.ncbi.nlm.nih.gov/pubmed/12177001
http://dx.doi.org/10.1038/46045
http://www.ncbi.nlm.nih.gov/pubmed/10647010
http://dx.doi.org/10.1007/s00424-004-1245-x
http://www.ncbi.nlm.nih.gov/pubmed/14985982
http://dx.doi.org/10.1074/jbc.272.33.20782
http://www.ncbi.nlm.nih.gov/pubmed/9252401
http://dx.doi.org/10.1095/biolreprod.113.110783
http://www.ncbi.nlm.nih.gov/pubmed/23782838


Int. J. Mol. Sci. 2018, 19, 521 19 of 27

110. Ishibashi, K.; Kuwahara, M.; Kageyama, Y.; Tohsaka, A.; Marumo, F.; Sasaki, S. Cloning and functional
expression of a second new aquaporin abundantly expressed in testis. Biochem. Biophys. Res. Commun. 1997,
237, 714–718. [CrossRef] [PubMed]

111. Jahn, T.P.; Møller, A.L.; Zeuthen, T.; Holm, L.M.; Klærke, D.A.; Mohsin, B.; Kühlbrandt, W.; Schjoerring, J.K.
Aquaporin homologues in plants and mammals transport ammonia. FEBS Lett. 2004, 574, 31–36. [CrossRef]
[PubMed]

112. Chauvigné, F.; Boj, M.; Finn, R.N.; Cerda, J. Mitochondrial aquaporin-8-mediated hydrogen peroxide
transport is essential for teleost spermatozoon motility. Sci. Rep. 2015, 5, 7789. [CrossRef] [PubMed]

113. Engelund, M.B.; Chauvigné, F.; Christensen, B.M.; Finn, R.N.; Cerdà, J.; Madsen, S.S. Differential expression
and novel permeability properties of three aquaporin 8 paralogs from seawater-challenged atlantic salmon
smolts. J. Exp. Biol. 2013, 216, 3873–3885. [CrossRef] [PubMed]

114. Rothert, M.; Rönfeldt, D.; Beitz, E. Electrostatic attraction of weak monoacid anions increases probability for
protonation and passage through aquaporins. J. Biol. Chem. 2017, 292, 9358–9364. [CrossRef] [PubMed]

115. Ishibashi, K.; Kuwahara, M.; Gu, Y.; Tanaka, Y.; Marumo, F.; Sasaki, S. Cloning and functional expression of
a new aquaporin (AQP9) abundantly expressed in the peripheral leukocytes permeable to water and urea,
but not to glycerol. Biochem. Biophys. Res. Commun. 1998, 244, 268–274. [CrossRef] [PubMed]

116. Tsukaguchi, H.; Weremowicz, S.; Morton, C.C.; Hediger, M.A. Functional and molecular characterization of
the human neutral solute channel aquaporin-9. Am. J. Physiol. Ren. Physiol. 1999, 277, F685–F696. [CrossRef]

117. Carbrey, J.M.; Gorelick-Feldman, D.A.; Kozono, D.; Praetorius, J.; Nielsen, S.; Agre, P. Aquaglyceroporin
AQP9: Solute permeation and metabolic control of expression in liver. Proc. Natl. Acad. Sci. USA 2003, 100,
2945–2950. [CrossRef] [PubMed]

118. Ikeda, M.; Andoo, A.; Shimono, M.; Takamatsu, N.; Taki, A.; Muta, K.; Matsushita, W.; Uechi, T.; Matsuzaki, T.;
Kenmochi, N. The NPC motif of aquaporin-11, unlike the NPA motif of known aquaporins, is essential for
full expression of molecular function. J. Biol. Chem. 2011, 286, 3342–3350. [CrossRef] [PubMed]

119. Yakata, K.; Tani, K.; Fujiyoshi, Y. Water permeability and characterization of aquaporin-11. J. Struct. Biol.
2011, 174, 315–320. [CrossRef] [PubMed]

120. Virkki, L.V.; Franke, C.; Somieski, P.; Boron, W.F. Cloning and functional characterization of a novel aquaporin
from Xenopus laevis oocytes. J. Biol. Chem. 2002, 277, 40610–40616. [CrossRef] [PubMed]

121. Stroka, K.M.; Jiang, H.; Chen, S.H.; Tong, Z.; Wirtz, D.; Sun, S.X.; Konstantopoulos, K. Water permeation
drives tumor cell migration in confined microenvironments. Cell 2014, 157, 611–623. [CrossRef] [PubMed]

122. Papadopoulos, M.C.; Saadoun, S.; Verkman, A.S. Aquaporins and cell migration. Pflügers Arch. 2008, 456,
693–700. [CrossRef] [PubMed]

123. Verkman, A.S.; Hara-Chikuma, M.; Papadopoulos, M.C. Aquaporins—New players in cancer biology.
J. Mol. Med. 2008, 86, 523–529. [CrossRef] [PubMed]

124. Papadopoulos, M.C.; Saadoun, S. Key roles of aquaporins in tumor biology. Biochim. Biophys. Acta 2015,
1848, 2576–2583. [CrossRef] [PubMed]

125. Wang, J.; Feng, L.; Zhu, Z.; Zheng, M.; Wang, D.; Chen, Z.; Sun, H. Aquaporins as diagnostic and therapeutic
targets in cancer: How far we are? J. Transl. Med. 2015, 13, 96. [CrossRef] [PubMed]

126. Neill, S.; Desikan, R.; Hancock, J. Hydrogen peroxide signalling. Curr. Opin. Plant Biol. 2002, 5, 388–395.
[CrossRef]

127. Bienert, G.P.; Schjoerring, J.K.; Jahn, T.P. Membrane transport of hydrogen peroxide. Biochim. Biophys. Acta
2006, 1758, 994–1003. [CrossRef] [PubMed]

128. McInnis, S.M.; Desikan, R.; Hancock, J.T.; Hiscock, S.J. Production of reactive oxygen species and reactive
nitrogen species by angiosperm stigmas and pollen: Potential signalling crosstalk? New Phytol. 2006, 172,
221–228. [CrossRef] [PubMed]

129. Azad, A.K.; Yoshikawa, N.; Ishikawa, T.; Sawa, Y.; Shibata, H. Substitution of a single amino acid residue
in the aromatic/arginine selectivity filter alters the transport profiles of tonoplast aquaporin homologs.
Biochim. Biophys. Acta 2012, 1818, 1–11. [CrossRef] [PubMed]

130. Tian, S.; Wang, X.; Li, P.; Wang, H.; Ji, H.; Xie, J.; Qiu, Q.; Shen, D.; Dong, H. Plant aquaporin AtPIP1;4 links
apoplastic H2O2 induction to disease immunity pathways. Plant Physiol. 2016, 171, 1635–1650. [CrossRef]
[PubMed]

http://dx.doi.org/10.1006/bbrc.1997.7219
http://www.ncbi.nlm.nih.gov/pubmed/9299432
http://dx.doi.org/10.1016/j.febslet.2004.08.004
http://www.ncbi.nlm.nih.gov/pubmed/15358535
http://dx.doi.org/10.1038/srep07789
http://www.ncbi.nlm.nih.gov/pubmed/25586329
http://dx.doi.org/10.1242/jeb.087890
http://www.ncbi.nlm.nih.gov/pubmed/23868847
http://dx.doi.org/10.1074/jbc.M117.782516
http://www.ncbi.nlm.nih.gov/pubmed/28360107
http://dx.doi.org/10.1006/bbrc.1998.8252
http://www.ncbi.nlm.nih.gov/pubmed/9514918
http://dx.doi.org/10.1152/ajprenal.1999.277.5.F685
http://dx.doi.org/10.1073/pnas.0437994100
http://www.ncbi.nlm.nih.gov/pubmed/12594337
http://dx.doi.org/10.1074/jbc.M110.180968
http://www.ncbi.nlm.nih.gov/pubmed/21118806
http://dx.doi.org/10.1016/j.jsb.2011.01.003
http://www.ncbi.nlm.nih.gov/pubmed/21251984
http://dx.doi.org/10.1074/jbc.M206157200
http://www.ncbi.nlm.nih.gov/pubmed/12192003
http://dx.doi.org/10.1016/j.cell.2014.02.052
http://www.ncbi.nlm.nih.gov/pubmed/24726433
http://dx.doi.org/10.1007/s00424-007-0357-5
http://www.ncbi.nlm.nih.gov/pubmed/17968585
http://dx.doi.org/10.1007/s00109-008-0303-9
http://www.ncbi.nlm.nih.gov/pubmed/18311471
http://dx.doi.org/10.1016/j.bbamem.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25204262
http://dx.doi.org/10.1186/s12967-015-0439-7
http://www.ncbi.nlm.nih.gov/pubmed/25886458
http://dx.doi.org/10.1016/S1369-5266(02)00282-0
http://dx.doi.org/10.1016/j.bbamem.2006.02.015
http://www.ncbi.nlm.nih.gov/pubmed/16566894
http://dx.doi.org/10.1111/j.1469-8137.2006.01875.x
http://www.ncbi.nlm.nih.gov/pubmed/16995910
http://dx.doi.org/10.1016/j.bbamem.2011.09.014
http://www.ncbi.nlm.nih.gov/pubmed/21963407
http://dx.doi.org/10.1104/pp.15.01237
http://www.ncbi.nlm.nih.gov/pubmed/26945050


Int. J. Mol. Sci. 2018, 19, 521 20 of 27

131. Rodrigues, O.; Reshetnyak, G.; Grondin, A.; Saijo, Y.; Leonhardt, N.; Maurel, C.; Verdoucq, L. Aquaporins
facilitate hydrogen peroxide entry into guard cells to mediate ABA-and pathogen-triggered stomatal closure.
Proc. Natl. Acad. Sci. USA 2017, 114, 9200–9205. [CrossRef] [PubMed]

132. Miller, E.W.; Dickinson, B.C.; Chang, C.J. Aquaporin-3 mediates hydrogen peroxide uptake to regulate
downstream intracellular signaling. Proc. Natl. Acad. Sci. USA 2010, 107, 15681–15686. [CrossRef] [PubMed]

133. Hara-Chikuma, M.; Chikuma, S.; Sugiyama, Y.; Kabashima, K.; Verkman, A.S.; Inoue, S.; Miyachi, Y.
Chemokine-dependent T cell migration requires aquaporin-3-mediated hydrogen peroxide uptake.
J. Exp. Med. 2012, 209, 1743–1752. [CrossRef] [PubMed]

134. Medraño-Fernandez, I.; Bestetti, S.; Bertolotti, M.; Bienert, G.P.; Bottino, C.; Laforenza, U.; Rubartelli, A.;
Sitia, R. Stress regulates aquaporin-8 permeability to impact cell growth and survival. Antioxid. Redox Signal.
2016, 24, 1031–1044. [CrossRef] [PubMed]

135. Watanabe, S.; Moniaga, C.S.; Nielsen, S.; Hara-Chikuma, M. Aquaporin-9 facilitates membrane transport
of hydrogen peroxide in mammalian cells. Biochem. Biophys. Res. Commun. 2016, 471, 191–197. [CrossRef]
[PubMed]

136. Hara-Chikuma, M.; Satooka, H.; Watanabe, S.; Honda, T.; Miyachi, Y.; Watanabe, T.; Verkman, A.
Aquaporin-3-mediated hydrogen peroxide transport is required for NF-κB signalling in keratinocytes
and development of psoriasis. Nat. Commun. 2015, 6, 7454. [CrossRef] [PubMed]

137. Thiagarajah, J.R.; Chang, J.; Goettel, J.A.; Verkman, A.S.; Lencer, W.I. Aquaporin-3 mediates hydrogen
peroxide-dependent responses to environmental stress in colonic epithelia. Proc. Natl. Acad. Sci. USA 2017,
114, 568–573. [CrossRef] [PubMed]

138. Miller, A.J.; Cramer, M.D. Root nitrogen acquisition and assimilation. Plant Soil 2005, 274, 1–36. [CrossRef]
139. Azad, A.K.; Ahmed, J.; Alum, M.A.; Hasan, M.M.; Ishikawa, T.; Sawa, Y.; Katsuhara, M. Genome-wide

characterization of major intrinsic proteins in four grass plants and their non-aqua transport selectivity
profiles with comparative perspective. PLoS ONE 2016, 11, e0157735. [CrossRef] [PubMed]

140. Kirscht, A.; Kaptan, S.S.; Bienert, G.P.; Chaumont, F.; Nissen, P.; de Groot, B.L.; Kjellbom, P.; Gourdon, P.;
Johanson, U. Crystal structure of an ammonia-permeable aquaporin. PLoS Biol. 2016, 14, e1002411. [CrossRef]
[PubMed]

141. Litman, T.; Søgaard, R.; Zeuthen, T. Ammonia and urea permeability of mammalian aquaporins. In Aquaporins;
Springer: Berlin/Heidelberg, Germany, 2009; pp. 327–358.

142. Li, C.; Wang, W. Urea transport mediated by aquaporin water channel proteins. Sub-Cell. Biochem. 2014, 73,
227–265.

143. Soto, G.; Alleva, K.; Mazzella, M.A.; Amodeo, G.; Muschietti, J.P. AtTIP1;3 and AtTIP5;1, the only highly
expressed Arabidopsis pollen-specific aquaporins, transport water and urea. FEBS Lett. 2008, 582, 4077–4082.
[CrossRef] [PubMed]

144. Gaspar, M.l.; Bousser, A.; Sissoëff, I.; Roche, O.; Hoarau, J.; Mahé, A. Cloning and characterization of
ZmPIP1-5b, an aquaporin transporting water and urea. Plant Sci. 2003, 165, 21–31. [CrossRef]

145. Gu, R.L.; Zhou, Y.L. Isolation and characterization of three maize aquaporin genes, ZmNIP2;1, ZmNIP2;4
and ZmTIP4;4 involved in urea transport. Biochem. Mol. Biol. Rep. 2012, 45, 96–101. [CrossRef] [PubMed]

146. Bienert, G.P.; Thorsen, M.; Schüssler, M.D.; Nilsson, H.R.; Wagner, A.; Tamás, M.J.; Jahn, T.P. A subgroup of
plant aquaporins facilitate the bi-directional diffusion of As(OH)3 and Sb(OH)3 across membranes. BMC Biol.
2008, 6, 26. [CrossRef] [PubMed]

147. Tsukaguchi, H.; Shayakul, C.; Berger, U.V.; Mackenzie, B.; Devidas, S.; Guggino, W.B.; Van Hoek, A.N.;
Hediger, M.A. Molecular characterization of a broad selectivity neutral solute channel. J. Biol. Chem. 1998,
273, 24737–24743. [CrossRef] [PubMed]

148. Rosen, B.P.; Tamás, M.J. Arsenic transport in prokaryotes and eukaryotic microbes. In Mips and Their Role in
the Exchange of Metalloids; Springer: New York, NY, USA, 2010; pp. 47–55.

149. Bhattacharjee, H.; Carbrey, J.; Rosen, B.P.; Mukhopadhyay, R. Drug uptake and pharmacological modulation
of drug sensitivity in leukemia by AQP9. Biochem. Biophys. Res. Commun. 2004, 322, 836–841. [CrossRef]
[PubMed]

150. Mukhopadhyay, R.; Bhattacharjee, H.; Rosen, B.P. Aquaglyceroporins: Generalized metalloid channels.
Biochim. Biophys. Acta 2014, 1840, 1583–1591. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.1704754114
http://www.ncbi.nlm.nih.gov/pubmed/28784763
http://dx.doi.org/10.1073/pnas.1005776107
http://www.ncbi.nlm.nih.gov/pubmed/20724658
http://dx.doi.org/10.1084/jem.20112398
http://www.ncbi.nlm.nih.gov/pubmed/22927550
http://dx.doi.org/10.1089/ars.2016.6636
http://www.ncbi.nlm.nih.gov/pubmed/26972385
http://dx.doi.org/10.1016/j.bbrc.2016.01.153
http://www.ncbi.nlm.nih.gov/pubmed/26837049
http://dx.doi.org/10.1038/ncomms8454
http://www.ncbi.nlm.nih.gov/pubmed/26100668
http://dx.doi.org/10.1073/pnas.1612921114
http://www.ncbi.nlm.nih.gov/pubmed/28049834
http://dx.doi.org/10.1007/s11104-004-0965-1
http://dx.doi.org/10.1371/journal.pone.0157735
http://www.ncbi.nlm.nih.gov/pubmed/27327960
http://dx.doi.org/10.1371/journal.pbio.1002411
http://www.ncbi.nlm.nih.gov/pubmed/27028365
http://dx.doi.org/10.1016/j.febslet.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19022253
http://dx.doi.org/10.1016/S0168-9452(03)00117-1
http://dx.doi.org/10.5483/BMBRep.2012.45.2.96
http://www.ncbi.nlm.nih.gov/pubmed/22360887
http://dx.doi.org/10.1186/1741-7007-6-26
http://www.ncbi.nlm.nih.gov/pubmed/18544156
http://dx.doi.org/10.1074/jbc.273.38.24737
http://www.ncbi.nlm.nih.gov/pubmed/9733774
http://dx.doi.org/10.1016/j.bbrc.2004.08.002
http://www.ncbi.nlm.nih.gov/pubmed/15336539
http://dx.doi.org/10.1016/j.bbagen.2013.11.021
http://www.ncbi.nlm.nih.gov/pubmed/24291688


Int. J. Mol. Sci. 2018, 19, 521 21 of 27

151. Gourbal, B.; Sonuc, N.; Bhattacharjee, H.; Legare, D.; Sundar, S.; Ouellette, M.; Rosen, B.P.; Mukhopadhyay, R.
Drug uptake and modulation of drug resistance in Leishmania by an aquaglyceroporin. J. Biol. Chem. 2004,
279, 31010–31017. [CrossRef] [PubMed]

152. Tanaka, M.; Wallace, I.S.; Takano, J.; Roberts, D.M.; Fujiwara, T. NIP6;1 is a boric acid channel for preferential
transport of boron to growing shoot tissues in Arabidopsis. Plant Cell 2008, 20, 2860–2875. [CrossRef]
[PubMed]

153. Bienert, G.P.; Schüssler, M.D.; Jahn, T.P. Metalloids: Essential, beneficial or toxic? Major intrinsic proteins
sort it out. Trends Biochem. Sci. 2008, 33, 20–26. [CrossRef] [PubMed]

154. Fitzpatrick, K.L.; Reid, R.J. The involvement of aquaglyceroporins in transport of boron in barley roots.
Plant Cell Environ. 2009, 32, 1357–1365. [CrossRef] [PubMed]

155. Ma, J.F.; Yamaji, N. Silicon uptake and accumulation in higher plants. Trends Plant Sci. 2006, 11, 392–397.
[CrossRef] [PubMed]

156. Mitani, N.; Yamaji, N.; Ma, J.F. Characterization of substrate specificity of a rice silicon transporter, Lsi1.
Pflügers Arch. 2008, 456, 679–686. [CrossRef] [PubMed]

157. Chiba, Y.; Mitani, N.; Yamaji, N.; Ma, J.F. HvLsi1 is a silicon influx transporter in barley. Plant J. 2009, 57,
810–818. [CrossRef] [PubMed]

158. Hub, J.S.; de Groot, B.L. Does CO2 permeate through aquaporin-1? Biophys. J. 2006, 91, 842–848. [CrossRef]
[PubMed]

159. Wang, Y.; Tajkhorshid, E. Molecular mechanisms of conduction and selectivity in aquaporin water channels.
J. Nutr. 2007, 137, 1509S–1515S. [CrossRef] [PubMed]

160. Uehlein, N.; Kaldenhoff, R. Aquaporins and plant leaf movements. Ann. Bot. 2008, 101, 1–4. [CrossRef]
[PubMed]

161. Heckwolf, M.; Pater, D.; Hanson, D.T.; Kaldenhoff, R. The Arabidopsis thaliana aquaporin AtPIP1;2 is
a physiologically relevant CO2 transport facilitator. Plant J. 2011, 67, 795–804. [CrossRef] [PubMed]

162. Mori, I.C.; Rhee, J.; Shibasaka, M.; Sasano, S.; Kaneko, T.; Horie, T.; Katsuhara, M. CO2 transport by PIP2
aquaporins of barley. Plant Cell Physiol. 2014, 55, 251–257. [CrossRef] [PubMed]

163. Zwiazek, J.J.; Xu, H.; Tan, X.; Navarro-Ródenas, A.; Morte, A. Significance of oxygen transport through
aquaporins. Sci. Rep. 2017, 7, 40411. [CrossRef] [PubMed]

164. Yool, A.J.; Stamer, W.D.; Regan, J.W. Forskolin stimulation of water and cation permeability in aquaporin 1
water channels. Science 1996, 273, 1216–1218. [CrossRef] [PubMed]

165. Anthony, T.L.; Brooks, H.L.; Boassa, D.; Leonov, S.; Yanochko, G.M.; Regan, J.W.; Yool, A.J. Cloned human
aquaporin-1 is a cyclic GMP-gated ion channel. Mol. Pharmacol. 2000, 57, 576–588. [CrossRef] [PubMed]

166. Saadoun, S.; Papadopoulos, M.C.; Hara-Chikuma, M.; Verkman, A. Impairment of angiogenesis and cell
migration by targeted aquaporin-1 gene disruption. Nature 2005, 434, 786–792. [CrossRef] [PubMed]

167. Binder, D.K.; Nagelhus, E.A.; Ottersen, O.P. Aquaporin-4 and epilepsy. Glia 2012, 60, 1203–1214. [CrossRef]
[PubMed]

168. Yool, A.J.; Campbell, E.M. Structure, function and translational relevance of aquaporin dual water and ion
channels. Mol. Asp. Med. 2012, 33, 553–561. [CrossRef] [PubMed]

169. Weaver, C.D.; Shomer, N.H.; Louis, C.F.; Roberts, D.M. Nodulin 26, a nodule-specific symbiosome membrane
protein from soybean, is an ion channel. J. Biol. Chem. 1994, 269, 17858–17862. [PubMed]

170. Lee, J.W.; Zhang, Y.; Weaver, C.D.; Shomer, N.H.; Louis, C.F.; Roberts, D.M. Phosphorylation of nodulin 26
on serine 262 affects its voltage-sensitive channel activity in planar lipid bilayers. J. Biol. Chem. 1995, 270,
27051–27057. [CrossRef] [PubMed]

171. Bellati, J.; Champeyroux, C.; Hem, S.; Rofidal, V.; Krouk, G.; Maurel, C.; Santoni, V. Novel aquaporin
regulatory mechanisms revealed by interactomics. Mol. Cell. Proteom. 2016, 15, 3473–3487. [CrossRef]
[PubMed]

172. Chevalier, A.S.; Chaumont, F. Trafficking of plant plasma membrane aquaporins: Multiple regulation levels
and complex sorting signals. Plant Cell Physiol. 2015, 56, 819–829. [CrossRef] [PubMed]

173. Li, C.; Wang, W. Molecular biology of aquaporins. Adv. Exp. Med. Biol. 2017, 969, 1–34. [PubMed]
174. Morishita, Y.; Matsuzaki, T.; Hara-chikuma, M.; Andoo, A.; Shimono, M.; Matsuki, A.; Kobayashi, K.;

Ikeda, M.; Yamamoto, T.; Verkman, A.; et al. Disruption of aquaporin-11 produces polycystic kidneys
following vacuolization of the proximal tubule. Mol. Cell. Biol. 2005, 25, 7770–7779. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M403959200
http://www.ncbi.nlm.nih.gov/pubmed/15138256
http://dx.doi.org/10.1105/tpc.108.058628
http://www.ncbi.nlm.nih.gov/pubmed/18952773
http://dx.doi.org/10.1016/j.tibs.2007.10.004
http://www.ncbi.nlm.nih.gov/pubmed/18068370
http://dx.doi.org/10.1111/j.1365-3040.2009.02003.x
http://www.ncbi.nlm.nih.gov/pubmed/19552667
http://dx.doi.org/10.1016/j.tplants.2006.06.007
http://www.ncbi.nlm.nih.gov/pubmed/16839801
http://dx.doi.org/10.1007/s00424-007-0408-y
http://www.ncbi.nlm.nih.gov/pubmed/18214526
http://dx.doi.org/10.1111/j.1365-313X.2008.03728.x
http://www.ncbi.nlm.nih.gov/pubmed/18980663
http://dx.doi.org/10.1529/biophysj.106.081406
http://www.ncbi.nlm.nih.gov/pubmed/16698771
http://dx.doi.org/10.1093/jn/137.6.1509S
http://www.ncbi.nlm.nih.gov/pubmed/17513417
http://dx.doi.org/10.1093/aob/mcm278
http://www.ncbi.nlm.nih.gov/pubmed/18024416
http://dx.doi.org/10.1111/j.1365-313X.2011.04634.x
http://www.ncbi.nlm.nih.gov/pubmed/21564354
http://dx.doi.org/10.1093/pcp/pcu003
http://www.ncbi.nlm.nih.gov/pubmed/24406630
http://dx.doi.org/10.1038/srep40411
http://www.ncbi.nlm.nih.gov/pubmed/28079178
http://dx.doi.org/10.1126/science.273.5279.1216
http://www.ncbi.nlm.nih.gov/pubmed/8703053
http://dx.doi.org/10.1124/mol.57.3.576
http://www.ncbi.nlm.nih.gov/pubmed/10692499
http://dx.doi.org/10.1038/nature03460
http://www.ncbi.nlm.nih.gov/pubmed/15815633
http://dx.doi.org/10.1002/glia.22317
http://www.ncbi.nlm.nih.gov/pubmed/22378467
http://dx.doi.org/10.1016/j.mam.2012.02.001
http://www.ncbi.nlm.nih.gov/pubmed/22342689
http://www.ncbi.nlm.nih.gov/pubmed/7517934
http://dx.doi.org/10.1074/jbc.270.45.27051
http://www.ncbi.nlm.nih.gov/pubmed/7592955
http://dx.doi.org/10.1074/mcp.M116.060087
http://www.ncbi.nlm.nih.gov/pubmed/27609422
http://dx.doi.org/10.1093/pcp/pcu203
http://www.ncbi.nlm.nih.gov/pubmed/25520405
http://www.ncbi.nlm.nih.gov/pubmed/28258563
http://dx.doi.org/10.1128/MCB.25.17.7770-7779.2005
http://www.ncbi.nlm.nih.gov/pubmed/16107722


Int. J. Mol. Sci. 2018, 19, 521 22 of 27

175. Itoh, T.; Rai, T.; Kuwahara, M.; Ko, S.B.; Uchida, S.; Sasaki, S.; Ishibashi, K. Identification of a novel aquaporin,
AQP12, expressed in pancreatic acinar cells. Biochem. Biophys. Res. Commun. 2005, 330, 832–838. [CrossRef]
[PubMed]

176. Guenther, J.F.; Roberts, D.M. Water-selective and multifunctional aquaporins from Lotus japonicus nodules.
Planta 2000, 210, 741–748. [CrossRef] [PubMed]

177. Catalano, C.M.; Lane, W.S.; Sherrier, D.J. Biochemical characterization of symbiosome membrane proteins
from Medicago truncatula root nodules. Electrophoresis 2004, 25, 519–531. [CrossRef] [PubMed]

178. Beitz, E.; Liu, K.; Ikeda, M.; Guggino, W.B.; Agre, P.; Yasui, M. Determinants of AQP6 trafficking to
intracellular sites versus the plasma membrane in transfected mammalian cells. Biol. Cell 2006, 98, 101–109.
[CrossRef] [PubMed]

179. Marples, D.; Knepper, M.A.; Christensen, E.I.; Nielsen, S. Redistribution of aquaporin-2 water channels
induced by vasopressin in rat kidney inner medullary collecting duct. Am. J. Physiol. 1995, 269, C655–C664.
[CrossRef] [PubMed]

180. Nielsen, S.; Chou, C.L.; Marples, D.; Christensen, E.I.; Kishore, B.K.; Knepper, M.A. Vasopressin increases
water permeability of kidney collecting duct by inducing translocation of aquaporin-CD water channels to
plasma membrane. Proc. Natl. Acad. Sci. USA 1995, 92, 1013–1017. [CrossRef] [PubMed]

181. Garcia, F.; Kierbel, A.; Larocca, M.C.; Gradilone, S.A.; Splinter, P.; LaRusso, N.F.; Marinelli, R.A. The water
channel aquaporin-8 is mainly intracellular in rat hepatocytes, and its plasma membrane insertion is
stimulated by cyclic AMP. J. Biol. Chem. 2001, 276, 12147–12152. [CrossRef] [PubMed]

182. Amiry-Moghaddam, M.; Lindland, H.; Zelenin, S.; Roberg, B.A.; Gundersen, B.B.; Petersen, P.; Rinvik, E.;
Torgner, I.A.; Ottersen, O.P. Brain mitochondria contain aquaporin water channels: Evidence for the
expression of a short AQP9 isoform in the inner mitochondrial membrane. FASEB J. 2005, 19, 1459–1467.
[CrossRef] [PubMed]

183. Calamita, G.; Ferri, D.; Gena, P.; Liquori, G.E.; Cavalier, A.; Thomas, D.; Svelto, M. The inner mitochondrial
membrane has aquaporin-8 water channels and is highly permeable to water. J. Biol. Chem. 2005, 280,
17149–17153. [CrossRef] [PubMed]

184. Molinas, S.M.; Trumper, L.; Marinelli, R.A. Mitochondrial aquaporin-8 in renal proximal tubule cells:
Evidence for a role in the response to metabolic acidosis. Am. J. Physiol. Ren. Physiol. 2012, 303, F458–F466.
[CrossRef] [PubMed]

185. Soto, G.; Fox, R.; Ayub, N.; Alleva, K.; Guaimas, F.; Erijman, E.J.; Mazzella, A.; Amodeo, G.; Muschietti, J.
TIP5;1 is an aquaporin specifically targeted to pollen mitochondria and is probably involved in nitrogen
remobilization in Arabidopsis thaliana. Plant J. 2010, 64, 1038–1047. [CrossRef] [PubMed]

186. Uehlein, N.; Otto, B.; Hanson, D.T.; Fischer, M.; McDowell, N.; Kaldenhoff, R. Function of Nicotiana tabacum
aquaporins as chloroplast gas pores challenges the concept of membrane CO2 permeability. Plant Cell 2008,
20, 648–657. [CrossRef] [PubMed]

187. Venditti, R.; Wilson, C.; De Matteis, M.A. Exiting the ER: What we know and what we don’t. Trends Cell Biol.
2014, 24, 9–18. [CrossRef] [PubMed]

188. Zelazny, E.; Miecielica, U.; Borst, J.W.; Hemminga, M.A.; Chaumont, F. An N-terminal diacidic motif is
required for the trafficking of maize aquaporins ZmPIP2;4 and ZmPIP2;5 to the plasma membrane. Plant J.
2009, 57, 346–355. [CrossRef] [PubMed]

189. Sorieul, M.; Santoni, V.; Maurel, C.; Luu, D.T. Mechanisms and effects of retention of over-expressed
aquaporin AtPIP2;1 in the endoplasmic reticulum. Traffic 2011, 12, 473–482. [CrossRef] [PubMed]

190. Chevalier, A.S.; Bienert, G.P.; Chaumont, F. A new LxxxA motif in the transmembrane helix3 of maize
aquaporins belonging to the plasma membrane intrinsic protein PIP2 group is required for their trafficking
to the plasma membrane. Plant Physiol. 2014, 166, 125–138. [CrossRef] [PubMed]

191. Chevalier, A.S.; Chaumont, F. The LxxxA motif in the third transmembrane helix of the maize aquaporin
ZmPIP2;5 acts as an er export signal. Plant Signal. Behav. 2015, 10, e990845. [CrossRef] [PubMed]

192. Bichet, D.G.; El Tarazi, A.; Matar, J.; Lussier, Y.; Arthus, M.F.; Lonergan, M.; Bockenhauer, D.; Bissonnette, P.
Aquaporin-2: New mutations responsible for autosomal-recessive nephrogenic diabetes insipidus-update
and epidemiology. Clin. Kidney J. 2012, 5, 195–202. [CrossRef] [PubMed]

193. Loonen, A.J.; Knoers, N.V.; van Os, C.H.; Deen, P.M. Aquaporin 2 mutations in nephrogenic diabetes
insipidus. Semin. Nephrol. 2008, 28, 252–265. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bbrc.2005.03.046
http://www.ncbi.nlm.nih.gov/pubmed/15809071
http://dx.doi.org/10.1007/s004250050675
http://www.ncbi.nlm.nih.gov/pubmed/10805445
http://dx.doi.org/10.1002/elps.200305711
http://www.ncbi.nlm.nih.gov/pubmed/14760646
http://dx.doi.org/10.1042/BC20050025
http://www.ncbi.nlm.nih.gov/pubmed/15892693
http://dx.doi.org/10.1152/ajpcell.1995.269.3.C655
http://www.ncbi.nlm.nih.gov/pubmed/7573395
http://dx.doi.org/10.1073/pnas.92.4.1013
http://www.ncbi.nlm.nih.gov/pubmed/7532304
http://dx.doi.org/10.1074/jbc.M009403200
http://www.ncbi.nlm.nih.gov/pubmed/11278499
http://dx.doi.org/10.1096/fj.04-3515com
http://www.ncbi.nlm.nih.gov/pubmed/16126913
http://dx.doi.org/10.1074/jbc.C400595200
http://www.ncbi.nlm.nih.gov/pubmed/15749715
http://dx.doi.org/10.1152/ajprenal.00226.2012
http://www.ncbi.nlm.nih.gov/pubmed/22622463
http://dx.doi.org/10.1111/j.1365-313X.2010.04395.x
http://www.ncbi.nlm.nih.gov/pubmed/21143683
http://dx.doi.org/10.1105/tpc.107.054023
http://www.ncbi.nlm.nih.gov/pubmed/18349152
http://dx.doi.org/10.1016/j.tcb.2013.08.005
http://www.ncbi.nlm.nih.gov/pubmed/24076263
http://dx.doi.org/10.1111/j.1365-313X.2008.03691.x
http://www.ncbi.nlm.nih.gov/pubmed/18808456
http://dx.doi.org/10.1111/j.1600-0854.2010.01154.x
http://www.ncbi.nlm.nih.gov/pubmed/21182578
http://dx.doi.org/10.1104/pp.114.240945
http://www.ncbi.nlm.nih.gov/pubmed/24989232
http://dx.doi.org/10.4161/15592324.2014.990845
http://www.ncbi.nlm.nih.gov/pubmed/25897469
http://dx.doi.org/10.1093/ckj/sfs029
http://www.ncbi.nlm.nih.gov/pubmed/26069764
http://dx.doi.org/10.1016/j.semnephrol.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18519086


Int. J. Mol. Sci. 2018, 19, 521 23 of 27

194. Tamarappoo, B.K.; Verkman, A.S. Defective Aquaporin-2 trafficking in nephrogenic diabetes insipidus and
correction by chemical chaperones. J. Clin. Investig. 1998, 101, 2257–2267. [CrossRef] [PubMed]

195. Kamsteeg, E.J.; Savelkoul, P.J.; Hendriks, G.; Konings, I.B.; Nivillac, N.M.; Lagendijk, A.K.; van der Sluijs, P.;
Deen, P.M. Missorting of the Aquaporin-2 mutant E258K to multivesicular bodies/lysosomes in dominant
NDI is associated with its monoubiquitination and increased phosphorylation by PKC but is due to the loss
of E258. Pflügers Arch. 2008, 455, 1041–1054. [CrossRef] [PubMed]

196. Kamsteeg, E.J.; Bichet, D.G.; Konings, I.B.; Nivet, H.; Lonergan, M.; Arthus, M.F.; van Os, C.H.; Deen, P.M.
Reversed polarized delivery of an aquaporin-2 mutant causes dominant nephrogenic diabetes insipidus.
J. Cell Biol. 2003, 163, 1099–1109. [CrossRef] [PubMed]

197. Matter, K.; Hunziker, W.; Mellman, I. Basolateral sorting of LDL receptor in MDCK cells: The cytoplasmic
domain contains two tyrosine-dependent targeting determinants. Cell 1992, 71, 741–753. [CrossRef]

198. Hunziker, W.; Fumey, C. A di-leucine motif mediates endocytosis and basolateral sorting of macrophage IgG
Fc receptors in MDCK cells. EMBO J. 1994, 13, 2963–2969. [PubMed]

199. Rai, T.; Sasaki, S.; Uchida, S. Polarized trafficking of the aquaporin-3 water channel is mediated by
an NH2-terminal sorting signal. Am. J. Physiol. Cell Physiol. 2006, 290, C298–C304. [CrossRef] [PubMed]

200. Santoni, V. Plant aquaporin posttranslational regulation. In Plant Aquaporins: From Transport to Signaling;
Chaumont, F., Tyerman, S.D., Eds.; Springer International Publishing: Cham, Switzerland, 2017; pp. 83–105.

201. Takano, J.; Yoshinari, A.; Luu, D.-T. Plant aquaporin trafficking. In Plant Aquaporins: From Transport to
Signaling; Chaumont, F., Tyerman, S.D., Eds.; Springer International Publishing: Cham, Switzerland, 2017;
pp. 47–81.

202. Fushimi, K.; Sasaki, S.; Marumo, F. Phosphorylation of serine 256 is required for cAMP-dependent regulatory
exocytosis of the aquaporin-2 water channel. J. Biol. Chem. 1997, 272, 14800–14804. [CrossRef] [PubMed]

203. Van Balkom, B.W.; Savelkoul, P.J.; Markovich, D.; Hofman, E.; Nielsen, S.; van der Sluijs, P.; Deen, P.M.
The role of putative phosphorylation sites in the targeting and shuttling of the aquaporin-2 water channel.
J. Biol. Chem. 2002, 277, 41473–41479. [CrossRef] [PubMed]

204. Fenton, R.A.; Moeller, H.B.; Hoffert, J.D.; Yu, M.J.; Nielsen, S.; Knepper, M.A. Acute regulation of aquaporin-2
phosphorylation at Ser-264 by vasopressin. Proc. Natl. Acad. Sci. USA 2008, 105, 3134–3139. [CrossRef]
[PubMed]

205. Hoffert, J.D.; Fenton, R.A.; Moeller, H.B.; Simons, B.; Tchapyjnikov, D.; McDill, B.W.; Yu, M.-J.; Pisitkun, T.;
Chen, F.; Knepper, M.A. Vasopressin-stimulated increase in phosphorylation at Ser(269) potentiates plasma
membrane retention of aquaporin-2. J. Biol. Chem. 2008, 283, 24617–24627. [CrossRef] [PubMed]

206. Hoffert, J.D.; Nielsen, J.; Yu, M.J.; Pisitkun, T.; Schleicher, S.M.; Nielsen, S.; Knepper, M.A. Dynamics of
aquaporin-2 serine-261 phosphorylation in response to short-term vasopressin treatment in collecting duct.
Am. J. Physiol. Ren. Physiol. 2007, 292, F691–F700. [CrossRef] [PubMed]

207. Lu, H.J.; Matsuzaki, T.; Bouley, R.; Hasler, U.; Qin, Q.H.; Brown, D. The phosphorylation state of serine 256 is
dominant over that of serine 261 in the regulation of AQP2 trafficking in renal epithelial cells. Am. J. Physiol.
Ren. Physiol. 2008, 295, F290–F294. [CrossRef] [PubMed]

208. Tamma, G.; Robben, J.H.; Trimpert, C.; Boone, M.; Deen, P.M. Regulation of AQP2 localization by S256 and
S261 phosphorylation and ubiquitination. Am. J. Physiol. Cell Physiol. 2011, 300, C636–C646. [CrossRef]
[PubMed]

209. Golestaneh, N.; Fan, J.; Zelenka, P.; Chepelinsky, A.B. PKC putative phosphorylation site Ser235 is required
for MIP/AQP0 translocation to the plasma membrane. Mol. Vis. 2008, 14, 1006–1014. [PubMed]

210. Han, Z.; Patil, R.V. Protein kinase A-dependent phosphorylation of aquaporin-1. Biochem. Biophys. Res. Commun.
2000, 273, 328–332. [CrossRef] [PubMed]

211. Kitchen, P.; Öberg, F.; Sjöhamn, J.; Hedfalk, K.; Bill, R.M.; Conner, A.C.; Conner, M.T.; Törnroth-Horsefield, S.
Plasma membrane abundance of human aquaporin 5 is dynamically regulated by multiple pathways.
PLoS ONE 2015, 10, e0143027. [CrossRef] [PubMed]

212. Karlsson, T.; Glogauer, M.; Ellen, R.P.; Loitto, V.M.; Magnusson, K.E.; Magalhaes, M.A. Aquaporin 9
phosphorylation mediates membrane localization and neutrophil polarization. J. Leukoc. Biol. 2011, 90,
963–973. [CrossRef] [PubMed]

213. Maurel, C.; Kado, R.T.; Guern, J.; Chrispeels, M.J. Phosphorylation regulates the water channel activity of
the seed-specific aquaporin α-TIP. EMBO J. 1995, 14, 3028–3035. [PubMed]

http://dx.doi.org/10.1172/JCI2303
http://www.ncbi.nlm.nih.gov/pubmed/9593782
http://dx.doi.org/10.1007/s00424-007-0364-6
http://www.ncbi.nlm.nih.gov/pubmed/17965877
http://dx.doi.org/10.1083/jcb.200309017
http://www.ncbi.nlm.nih.gov/pubmed/14662748
http://dx.doi.org/10.1016/0092-8674(92)90551-M
http://www.ncbi.nlm.nih.gov/pubmed/8039492
http://dx.doi.org/10.1152/ajpcell.00356.2005
http://www.ncbi.nlm.nih.gov/pubmed/16135541
http://dx.doi.org/10.1074/jbc.272.23.14800
http://www.ncbi.nlm.nih.gov/pubmed/9169447
http://dx.doi.org/10.1074/jbc.M207525200
http://www.ncbi.nlm.nih.gov/pubmed/12194985
http://dx.doi.org/10.1073/pnas.0712338105
http://www.ncbi.nlm.nih.gov/pubmed/18287043
http://dx.doi.org/10.1074/jbc.M803074200
http://www.ncbi.nlm.nih.gov/pubmed/18606813
http://dx.doi.org/10.1152/ajprenal.00284.2006
http://www.ncbi.nlm.nih.gov/pubmed/16985212
http://dx.doi.org/10.1152/ajprenal.00072.2008
http://www.ncbi.nlm.nih.gov/pubmed/18434387
http://dx.doi.org/10.1152/ajpcell.00433.2009
http://www.ncbi.nlm.nih.gov/pubmed/21148409
http://www.ncbi.nlm.nih.gov/pubmed/18523655
http://dx.doi.org/10.1006/bbrc.2000.2944
http://www.ncbi.nlm.nih.gov/pubmed/10873606
http://dx.doi.org/10.1371/journal.pone.0143027
http://www.ncbi.nlm.nih.gov/pubmed/26569106
http://dx.doi.org/10.1189/jlb.0910540
http://www.ncbi.nlm.nih.gov/pubmed/21873454
http://www.ncbi.nlm.nih.gov/pubmed/7542585


Int. J. Mol. Sci. 2018, 19, 521 24 of 27

214. Johansson, I.; Karlsson, M.; Shukla, V.K.; Chrispeels, M.J.; Larsson, C.; Kjellbom, P. Water transport activity
of the plasma membrane aquaporin PM28a is regulated by phosphorylation. Plant Cell 1998, 10, 451–459.
[CrossRef] [PubMed]

215. Van Wilder, V.; Miecielica, U.; Degand, H.; Derua, R.; Waelkens, E.; Chaumont, F. Maize plasma membrane
aquaporins belonging to the PIP1 and PIP2 subgroups are in vivo phosphorylated. Plant Cell Physiol. 2008,
49, 1364–1377. [CrossRef] [PubMed]

216. Tornroth-Horsefield, S.; Wang, Y.; Hedfalk, K.; Johanson, U.; Karlsson, M.; Tajkhorshid, E.; Neutze, R.;
Kjellbom, P. Structural mechanism of plant aquaporin gating. Nature 2006, 439, 688–694. [CrossRef] [PubMed]

217. Prak, S.; Hem, S.; Boudet, J.; Viennois, G.; Sommerer, N.; Rossignol, M.; Maurel, C.; Santoni, V. Multiple
phosphorylations in the C-terminal tail of plant plasma membrane aquaporins: Role in subcellular trafficking
of AtPIP2;1 in response to salt stress. Mol. Cell. Proteom. 2008, 7, 1019–1030. [CrossRef] [PubMed]

218. Besserer, A.; Burnotte, E.; Bienert, G.P.; Chevalier, A.S.; Errachid, A.; Grefen, C.; Blatt, M.R.; Chaumont, F.
Selective regulation of maize plasma membrane aquaporin trafficking and activity by the SNARE SYP121.
Plant Cell 2012, 24, 3463–3481. [CrossRef] [PubMed]

219. Hachez, C.; Laloux, T.; Reinhardt, H.; Cavez, D.; Degand, H.; Grefen, C.; De Rycke, R.; Inze, D.; Blatt, M.R.;
Russinova, E.; et al. Arabidopsis SNAREs SYP61 and SYP121 coordinate the trafficking of plasma membrane
aquaporin PIP2;7 to modulate the cell membrane water permeability. Plant Cell 2014, 26, 3132–3147.
[CrossRef] [PubMed]

220. Lipka, V.; Kwon, C.; Panstruga, R. SNARE-ware: The role of SNARE-domain proteins in plant biology.
Annu. Rev. Cell Dev. Biol. 2007, 23, 147–174. [CrossRef] [PubMed]

221. Bassham, D.C.; Brandizzi, F.; Otegui, M.S.; Sanderfoot, A.A. The secretory system of Arabidopsis.
Arabidopsis Book 2008, 6, e0116. [CrossRef] [PubMed]

222. Tyrrell, M.; Campanoni, P.; Sutter, J.U.; Pratelli, R.; Paneque, M.; Sokolovski, S.; Blatt, M.R. Selective targeting
of plasma membrane and tonoplast traffic by inhibitory (dominant-negative) SNARE fragments. Plant J.
2007, 51, 1099–1115. [CrossRef] [PubMed]

223. Inoue, T.; Nielsen, S.; Mandon, B.; Terris, J.; Kishore, B.K.; Knepper, M.A. SNAP-23 in rat kidney:
Colocalization with aquaporin-2 in collecting duct vesicles. Am. J. Physiol. 1998, 275, F752–F760. [CrossRef]
[PubMed]

224. Mandon, B.; Chou, C.L.; Nielsen, S.; Knepper, M.A. Syntaxin-4 is localized to the apical plasma membrane
of rat renal collecting duct cells: Possible role in aquaporin-2 trafficking. J. Clin. Investig. 1996, 98, 906–913.
[CrossRef] [PubMed]

225. Wang, C.C.; Ng, C.P.; Shi, H.; Liew, H.C.; Guo, K.; Zeng, Q.; Hong, W. A role for VAMP8/endobrevin in
surface deployment of the water channel aquaporin 2. Mol. Cell. Biol. 2010, 30, 333–343. [CrossRef] [PubMed]

226. Moeller, H.B.; Fenton, R.A. Cell biology of vasopressin-regulated aquaporin-2 trafficking. Pflügers Arch. 2012,
464, 133–144. [CrossRef] [PubMed]

227. Gouraud, S.; Laera, A.; Calamita, G.; Carmosino, M.; Procino, G.; Rossetto, O.; Mannucci, R.; Rosenthal, W.;
Svelto, M.; Valenti, G. Functional involvement of VAMP/synaptobrevin-2 in cAMP-stimulated aquaporin 2
translocation in renal collecting duct cells. J. Cell Sci. 2002, 115, 3667–3674. [CrossRef] [PubMed]

228. Xu, H.; Shan, X.F.; Cong, X.; Yang, N.Y.; Wu, L.L.; Yu, G.Y.; Zhang, Y.; Cai, Z.G. Pre- and post-synaptic effects
of botulinum toxin a on submandibular glands. J. Dent. Res. 2015, 94, 1454–1462. [CrossRef] [PubMed]

229. Leung, Y.M.; Kwan, E.P.; Ng, B.; Kang, Y.; Gaisano, H.Y. SNAREing voltage-gated K+ and ATP-sensitive K+

channels: Tuning β-cell excitability with syntaxin-1A and other exocytotic proteins. Endocr. Rev. 2007, 28,
653–663. [CrossRef] [PubMed]

230. Honsbein, A.; Sokolovski, S.; Grefen, C.; Campanoni, P.; Pratelli, R.; Paneque, M.; Chen, Z.; Johansson, I.;
Blatt, M.R. A tripartite SNARE-K+ channel complex mediates in channel-dependent K+ nutrition in
Arabidopsis. Plant Cell 2009, 21, 2859–2877. [CrossRef] [PubMed]

231. Sokolovski, S.; Hills, A.; Gay, R.A.; Blatt, M.R. Functional interaction of the SNARE protein NtSYP121 in
Ca2+ channel gating, Ca2+ transients and aba signalling of stomatal guard cells. Mol. Plant 2008, 1, 347–358.
[CrossRef] [PubMed]

232. Chao, C.C.; Mihic, A.; Tsushima, R.G.; Gaisano, H.Y. SNARE protein regulation of cardiac potassium channels
and atrial natriuretic factor secretion. J. Mol. Cell. Cardiol. 2011, 50, 401–407. [CrossRef] [PubMed]

233. Chen, P.-C.; Bruederle, C.E.; Gaisano, H.Y.; Shyng, S.-L. Syntaxin 1A regulates surface expression of β-cell
ATP-sensitive potassium channels. Am. J. Physiol. Cell Physiol. 2011, 300, C506–C516. [CrossRef] [PubMed]

http://dx.doi.org/10.1105/tpc.10.3.451
http://www.ncbi.nlm.nih.gov/pubmed/9501117
http://dx.doi.org/10.1093/pcp/pcn112
http://www.ncbi.nlm.nih.gov/pubmed/18682426
http://dx.doi.org/10.1038/nature04316
http://www.ncbi.nlm.nih.gov/pubmed/16340961
http://dx.doi.org/10.1074/mcp.M700566-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/18234664
http://dx.doi.org/10.1105/tpc.112.101758
http://www.ncbi.nlm.nih.gov/pubmed/22942383
http://dx.doi.org/10.1105/tpc.114.127159
http://www.ncbi.nlm.nih.gov/pubmed/25082856
http://dx.doi.org/10.1146/annurev.cellbio.23.090506.123529
http://www.ncbi.nlm.nih.gov/pubmed/17506694
http://dx.doi.org/10.1199/tab.0116
http://www.ncbi.nlm.nih.gov/pubmed/22303241
http://dx.doi.org/10.1111/j.1365-313X.2007.03206.x
http://www.ncbi.nlm.nih.gov/pubmed/17662029
http://dx.doi.org/10.1152/ajprenal.1998.275.5.F752
http://www.ncbi.nlm.nih.gov/pubmed/9815132
http://dx.doi.org/10.1172/JCI118873
http://www.ncbi.nlm.nih.gov/pubmed/8770861
http://dx.doi.org/10.1128/MCB.00814-09
http://www.ncbi.nlm.nih.gov/pubmed/19841070
http://dx.doi.org/10.1007/s00424-012-1129-4
http://www.ncbi.nlm.nih.gov/pubmed/22744229
http://dx.doi.org/10.1242/jcs.00053
http://www.ncbi.nlm.nih.gov/pubmed/12186952
http://dx.doi.org/10.1177/0022034515590087
http://www.ncbi.nlm.nih.gov/pubmed/26078423
http://dx.doi.org/10.1210/er.2007-0010
http://www.ncbi.nlm.nih.gov/pubmed/17878408
http://dx.doi.org/10.1105/tpc.109.066118
http://www.ncbi.nlm.nih.gov/pubmed/19794113
http://dx.doi.org/10.1093/mp/ssm029
http://www.ncbi.nlm.nih.gov/pubmed/19825544
http://dx.doi.org/10.1016/j.yjmcc.2010.11.018
http://www.ncbi.nlm.nih.gov/pubmed/21129378
http://dx.doi.org/10.1152/ajpcell.00429.2010
http://www.ncbi.nlm.nih.gov/pubmed/21209369


Int. J. Mol. Sci. 2018, 19, 521 25 of 27

234. Weiss, N.; Hameed, S.; Fernandez-Fernandez, J.M.; Fablet, K.; Karmazinova, M.; Poillot, C.; Proft, J.; Chen, L.;
Bidaud, I.; Monteil, A.; et al. A Cav3.2/Syntaxin-1A signaling complex controls T-type channel activity and
low-threshold exocytosis. J. Biol. Chem. 2012, 287, 2810–2818. [CrossRef] [PubMed]

235. Sutter, J.U.; Campanoni, P.; Tyrrell, M.; Blatt, M.R. Selective mobility and sensitivity to snares is exhibited
by the arabidopsis KAT1 K+ channel at the plasma membrane. Plant Cell 2006, 18, 935–954. [CrossRef]
[PubMed]

236. Grefen, C.; Chen, Z.; Honsbein, A.; Donald, N.; Hills, A.; Blatt, M.R. A novel motif essential for SNARE
interaction with the K+ channel KC1 and channel gating in Arabidopsis. Plant Cell 2010, 22, 3076–3092.
[CrossRef] [PubMed]

237. Leitch, V.; Agre, P.; King, L.S. Altered ubiquitination and stability of aquaporin-1 in hypertonic stress.
Proc. Natl. Acad. Sci. USA 2001, 98, 2894–2898. [CrossRef] [PubMed]

238. Kamsteeg, E.J.; Hendriks, G.; Boone, M.; Konings, I.B.; Oorschot, V.; van der Sluijs, P.; Klumperman, J.;
Deen, P.M. Short-chain ubiquitination mediates the regulated endocytosis of the aquaporin-2 water channel.
Proc. Natl. Acad. Sci. USA 2006, 103, 18344–18349. [CrossRef] [PubMed]

239. Lee, H.K.; Cho, S.K.; Son, O.; Xu, Z.; Hwang, I.; Kim, W.T. Drought stress-induced Rma1H1, a RING
membrane-anchor E3 ubiquitin ligase homolog, regulates aquaporin levels via ubiquitination in transgenic
Arabidopsis plants. Plant Cell 2009, 21, 622–641. [CrossRef] [PubMed]

240. Hachez, C.; Veljanovski, V.; Reinhardt, H.; Guillaumot, D.; Vanhee, C.; Chaumont, F.; Batoko, H.
The Arabidopsis abiotic stress-induced TSPO-related protein reduces cell-surface expression of the aquaporin
PIP2;7 through protein-protein interactions and autophagic degradation. Plant Cell 2014, 26, 4974–4990.
[CrossRef] [PubMed]

241. Selvaraj, V.; Stocco, D.M. The changing landscape in translocator protein (TSPO) function. Trends Endocrinol. Metab.
2015, 26, 341–348. [CrossRef] [PubMed]

242. Banbury, D.N.; Oakley, J.D.; Sessions, R.B.; Banting, G. Tyrphostin A23 inhibits internalization of the
transferrin receptor by perturbing the interaction between tyrosine motifs and the medium chain subunit of
the AP-2 adaptor complex. J. Biol. Chem. 2003, 278, 12022–12028. [CrossRef] [PubMed]

243. Li, X.; Wang, X.; Yang, Y.; Li, R.; He, Q.; Fang, X.; Luu, D.T.; Maurel, C.; Lin, J. Single-molecule analysis
of PIP2;1 dynamics and partitioning reveals multiple modes of Arabidopsis plasma membrane aquaporin
regulation. Plant Cell 2011, 23, 3780–3797. [CrossRef] [PubMed]

244. Wudick, M.M.; Li, X.; Valentini, V.; Geldner, N.; Chory, J.; Lin, J.; Maurel, C.; Luu, D.T. Subcellular
redistribution of root aquaporins induced by hydrogen peroxide. Mol. Plant 2015, 8, 1103–1114. [CrossRef]
[PubMed]

245. Madrid, R.; LeMaout, S.; Barrault, M.-B.; Janvier, K.; Benichou, S.; Mérot, J. Polarized trafficking and surface
expression of the AQP4 water channel are coordinated by serial and regulated interactions with different
clathrin–adaptor complexes. EMBO J. 2001, 20, 7008–7021. [CrossRef] [PubMed]

246. Sun, T.X.; Van Hoek, A.; Huang, Y.; Bouley, R.; McLaughlin, M.; Brown, D. Aquaporin-2 localization in
clathrin-coated pits: Inhibition of endocytosis by dominant-negative dynamin. Am. J. Physiol. Ren. Physiol.
2002, 282, F998–F1011. [CrossRef] [PubMed]

247. Van Balkom, B.W.M.; Boone, M.; Hendriks, G.; Kamsteeg, E.-J.; Robben, J.H.; Stronks, H.C.;
van der Voorde, A.; van Herp, F.; van der Sluijs, P.; Deen, P.M.T. LIP5 interacts with Aquaporin 2 and
facilitates its lysosomal degradation. J. Am. Soc. Nephrol. 2009, 20, 990–1001. [CrossRef] [PubMed]

248. Roche, J.V.; Survery, S.; Kreida, S.; Nesverova, V.; Ampah-Korsah, H.; Gourdon, M.; Deen, P.M.T.;
Tornroth-Horsefield, S. Phosphorylation of human aquaporin 2 (AQP2) allosterically controls its interaction
with the lysosomal trafficking protein LIP5. J. Biol. Chem. 2017, 292, 14636–14648. [CrossRef] [PubMed]

249. Skalicky, J.J.; Arii, J.; Wenzel, D.M.; Stubblefield, W.M.; Katsuyama, A.; Uter, N.T.; Bajorek, M.; Myszka, D.G.;
Sundquist, W.I. Interactions of the human LIP5 regulatory protein with endosomal sorting complexes
required for transport. J. Biol. Chem. 2012, 287, 43910–43926. [CrossRef] [PubMed]

250. Vild, C.J.; Li, Y.; Guo, E.Z.; Liu, Y.; Xu, Z. A novel mechanism of regulating the ATPase VPS4 by its cofactor
LIP5 and the endosomal sorting complex required for transport (ESCRT)-III protein CHMP5. J. Biol. Chem.
2015, 290, 7291–7303. [CrossRef] [PubMed]

251. Xia, Z.; Huo, Y.; Wei, Y.; Chen, Q.; Xu, Z.; Zhang, W. The Arabidopsis LYST INTERACTING PROTEIN 5 acts in
regulating abscisic acid signaling and drought response. Front. Plant Sci. 2016, 7, 758. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M111.290882
http://www.ncbi.nlm.nih.gov/pubmed/22130660
http://dx.doi.org/10.1105/tpc.105.038950
http://www.ncbi.nlm.nih.gov/pubmed/16531497
http://dx.doi.org/10.1105/tpc.110.077768
http://www.ncbi.nlm.nih.gov/pubmed/20884800
http://dx.doi.org/10.1073/pnas.041616498
http://www.ncbi.nlm.nih.gov/pubmed/11226337
http://dx.doi.org/10.1073/pnas.0604073103
http://www.ncbi.nlm.nih.gov/pubmed/17101973
http://dx.doi.org/10.1105/tpc.108.061994
http://www.ncbi.nlm.nih.gov/pubmed/19234086
http://dx.doi.org/10.1105/tpc.114.134080
http://www.ncbi.nlm.nih.gov/pubmed/25538184
http://dx.doi.org/10.1016/j.tem.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25801473
http://dx.doi.org/10.1074/jbc.M211966200
http://www.ncbi.nlm.nih.gov/pubmed/12556528
http://dx.doi.org/10.1105/tpc.111.091454
http://www.ncbi.nlm.nih.gov/pubmed/22010034
http://dx.doi.org/10.1016/j.molp.2015.02.017
http://www.ncbi.nlm.nih.gov/pubmed/25749111
http://dx.doi.org/10.1093/emboj/20.24.7008
http://www.ncbi.nlm.nih.gov/pubmed/11742978
http://dx.doi.org/10.1152/ajprenal.00257.2001
http://www.ncbi.nlm.nih.gov/pubmed/11997316
http://dx.doi.org/10.1681/ASN.2008060648
http://www.ncbi.nlm.nih.gov/pubmed/19357255
http://dx.doi.org/10.1074/jbc.M117.788364
http://www.ncbi.nlm.nih.gov/pubmed/28710278
http://dx.doi.org/10.1074/jbc.M112.417899
http://www.ncbi.nlm.nih.gov/pubmed/23105106
http://dx.doi.org/10.1074/jbc.M114.616730
http://www.ncbi.nlm.nih.gov/pubmed/25637630
http://dx.doi.org/10.3389/fpls.2016.00758
http://www.ncbi.nlm.nih.gov/pubmed/27313589


Int. J. Mol. Sci. 2018, 19, 521 26 of 27

252. Walz, T.; Smith, B.L.; Agre, P.; Engel, A. The three-dimensional structure of human erythrocyte aquaporin
CHIP. EMBO J. 1994, 13, 2985–2993. [PubMed]

253. Gonen, T.; Cheng, Y.; Sliz, P.; Hiroaki, Y.; Fujiyoshi, Y.; Harrison, S.C.; Walz, T. Lipid-protein interactions in
double-layered two-dimensional AQP0 crystals. Nature 2005, 438, 633–638. [CrossRef] [PubMed]

254. Harries, W.E.; Akhavan, D.; Miercke, L.J.; Khademi, S.; Stroud, R.M. The channel architecture of aquaporin 0
at a 2.2-Å resolution. Proc. Natl. Acad. Sci. USA 2004, 101, 14045–14050. [CrossRef] [PubMed]

255. Palanivelu, D.V.; Kozono, D.E.; Engel, A.; Suda, K.; Lustig, A.; Agre, P.; Schirmer, T. Co-axial association of
recombinant eye lens aquaporin-0 observed in loosely packed 3D crystals. J. Mol. Biol. 2006, 355, 605–611.
[CrossRef] [PubMed]

256. Hite, R.K.; Li, Z.; Walz, T. Principles of membrane protein interactions with annular lipids deduced from
aquaporin-0 2D crystals. EMBO J. 2010, 29, 1652–1658. [CrossRef] [PubMed]

257. Schenk, A.D.; Werten, P.J.; Scheuring, S.; de Groot, B.L.; Muller, S.A.; Stahlberg, H.; Philippsen, A.; Engel, A.
The 4.5 Å structure of human AQP2. J. Mol. Biol. 2005, 350, 278–289. [CrossRef] [PubMed]

258. Frick, A.; Eriksson, U.K.; de Mattia, F.; Oberg, F.; Hedfalk, K.; Neutze, R.; de Grip, W.J.; Deen, P.M.;
Tornroth-Horsefield, S. X-ray structure of human aquaporin 2 and its implications for nephrogenic diabetes
insipidus and trafficking. Proc. Natl. Acad. Sci. USA 2014, 111, 6305–6310. [CrossRef] [PubMed]

259. Horsefield, R.; Nordén, K.; Fellert, M.; Backmark, A.; Törnroth-Horsefield, S.; Terwisscha van Scheltinga, A.C.;
Kvassman, J.; Kjellbom, P.; Johanson, U.; Neutze, R. High-resolution X-ray structure of human aquaporin 5.
Proc. Natl. Acad. Sci. USA 2008, 105, 13327–13332. [CrossRef] [PubMed]

260. Ho, J.D.; Yeh, R.; Sandstrom, A.; Chorny, I.; Harries, W.E.; Robbins, R.A.; Miercke, L.J.; Stroud, R.M. Crystal
structure of human aquaporin 4 at 1.8 Å and its mechanism of conductance. Proc. Natl. Acad. Sci. USA 2009,
106, 7437–7442. [CrossRef] [PubMed]

261. Hiroaki, Y.; Tani, K.; Kamegawa, A.; Gyobu, N.; Nishikawa, K.; Suzuki, H.; Walz, T.; Sasaki, S.; Mitsuoka, K.;
Kimura, K.; et al. Implications of the aquaporin-4 structure on array formation and cell adhesion. J. Mol. Biol.
2006, 355, 628–639. [CrossRef] [PubMed]

262. Agemark, M.; Kowal, J.; Kukulski, W.; Norden, K.; Gustavsson, N.; Johanson, U.; Engel, A.; Kjellbom, P.
Reconstitution of water channel function and 2D-crystallization of human aquaporin 8. Biochim. Biophys. Acta
2012, 1818, 839–850. [CrossRef] [PubMed]

263. Viadiu, H.; Gonen, T.; Walz, T. Projection map of aquaporin-9 at 7 Å resolution. J. Mol. Biol. 2007, 367, 80–88.
[CrossRef] [PubMed]

264. Harvengt, P.; Vlerick, A.; Fuks, B.; Wattiez, R.; Ruysschaert, J.M.; Homble, F. Lentil seed aquaporins form
a hetero-oligomer which is phosphorylated by a Mg2+-dependent and Ca2+-regulated kinase. Biochem. J.
2000, 352 Pt 1, 183–190. [CrossRef] [PubMed]

265. Temmei, Y.; Uchida, S.; Hoshino, D.; Kanzawa, N.; Kuwahara, M.; Sasaki, S.; Tsuchiya, T. Water channel
activities of Mimosa pudica plasma membrane intrinsic proteins are regulated by direct interaction and
phosphorylation. FEBS Lett. 2005, 579, 4417–4422. [CrossRef] [PubMed]

266. Mahdieh, M.; Mostajeran, A. Abscisic acid regulates root hydraulic conductance via aquaporin expression
modulation in Nicotiana tabacum. J. Plant Physiol. 2009, 166, 1993–2003. [CrossRef] [PubMed]

267. Sakurai, J.; Ishikawa, F.; Yamaguchi, T.; Uemura, M.; Maeshima, M. Identification of 33 rice aquaporin genes
and analysis of their expression and function. Plant Cell Physiol. 2005, 46, 1568–1577. [CrossRef] [PubMed]

268. Vandeleur, R.K.; Mayo, G.; Shelden, M.C.; Gilliham, M.; Kaiser, B.N.; Tyerman, S.D. The role of plasma
membrane intrinsic protein aquaporins in water transport through roots: Diurnal and drought stress
responses reveal different strategies between isohydric and anisohydric cultivars of grapevine. Plant Physiol.
2009, 149, 445–460. [CrossRef] [PubMed]

269. Bienert, G.P.; Cavez, D.; Besserer, A.; Berny, M.C.; Gilis, D.; Rooman, M.; Chaumont, F. A conserved cysteine
residue is involved in disulfide bond formation between plant plasma membrane aquaporin monomers.
Biochem. J. 2012, 445, 101–111. [CrossRef] [PubMed]

270. Berny, M.C.; Gilis, D.; Rooman, M.; Chaumont, F. Single mutations in the transmembrane domains of maize
plasma membrane aquaporins affect the activity of monomers within a heterotetramer. Mol. Plant 2016, 9,
986–1003. [CrossRef] [PubMed]

271. Yaneff, A.; Sigaut, L.; Marquez, M.; Alleva, K.; Pietrasanta, L.I.; Amodeo, G. Heteromerization of PIP
aquaporins affects their intrinsic permeability. Proc. Natl. Acad. Sci. USA 2014, 111, 231–236. [CrossRef]
[PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/7518771
http://dx.doi.org/10.1038/nature04321
http://www.ncbi.nlm.nih.gov/pubmed/16319884
http://dx.doi.org/10.1073/pnas.0405274101
http://www.ncbi.nlm.nih.gov/pubmed/15377788
http://dx.doi.org/10.1016/j.jmb.2005.10.032
http://www.ncbi.nlm.nih.gov/pubmed/16309700
http://dx.doi.org/10.1038/emboj.2010.68
http://www.ncbi.nlm.nih.gov/pubmed/20389283
http://dx.doi.org/10.1016/j.jmb.2005.04.030
http://www.ncbi.nlm.nih.gov/pubmed/15922355
http://dx.doi.org/10.1073/pnas.1321406111
http://www.ncbi.nlm.nih.gov/pubmed/24733887
http://dx.doi.org/10.1073/pnas.0801466105
http://www.ncbi.nlm.nih.gov/pubmed/18768791
http://dx.doi.org/10.1073/pnas.0902725106
http://www.ncbi.nlm.nih.gov/pubmed/19383790
http://dx.doi.org/10.1016/j.jmb.2005.10.081
http://www.ncbi.nlm.nih.gov/pubmed/16325200
http://dx.doi.org/10.1016/j.bbamem.2011.12.006
http://www.ncbi.nlm.nih.gov/pubmed/22192778
http://dx.doi.org/10.1016/j.jmb.2006.12.042
http://www.ncbi.nlm.nih.gov/pubmed/17239399
http://dx.doi.org/10.1042/bj3520183
http://www.ncbi.nlm.nih.gov/pubmed/11062071
http://dx.doi.org/10.1016/j.febslet.2005.06.082
http://www.ncbi.nlm.nih.gov/pubmed/16061230
http://dx.doi.org/10.1016/j.jplph.2009.06.001
http://www.ncbi.nlm.nih.gov/pubmed/19576659
http://dx.doi.org/10.1093/pcp/pci172
http://www.ncbi.nlm.nih.gov/pubmed/16033806
http://dx.doi.org/10.1104/pp.108.128645
http://www.ncbi.nlm.nih.gov/pubmed/18987216
http://dx.doi.org/10.1042/BJ20111704
http://www.ncbi.nlm.nih.gov/pubmed/22506965
http://dx.doi.org/10.1016/j.molp.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27109604
http://dx.doi.org/10.1073/pnas.1316537111
http://www.ncbi.nlm.nih.gov/pubmed/24367080


Int. J. Mol. Sci. 2018, 19, 521 27 of 27

272. Otto, B.; Uehlein, N.; Sdorra, S.; Fischer, M.; Ayaz, M.; Belastegui-Macadam, X.; Heckwolf, M.; Lachnit, M.;
Pede, N.; Priem, N.; et al. Aquaporin tetramer composition modifies the function of tobacco aquaporins.
J. Biol. Chem. 2010, 285, 31253–31260. [CrossRef] [PubMed]

273. Murozuka, E.; Hanisch, S.; Pomorski, T.G.; Jahn, T.P.; Schjoerring, J.K. Bimolecular fluorescence
complementation and interaction of various Arabidopsis major intrinsic proteins expressed in yeast.
Physiol. Plant 2013, 148, 422–431. [CrossRef] [PubMed]

274. Sohara, E.; Rai, T.; Yang, S.S.; Uchida, K.; Nitta, K.; Horita, S.; Ohno, M.; Harada, A.; Sasaki, S.; Uchida, S.
Pathogenesis and treatment of autosomal-dominant nephrogenic diabetes insipidus caused by an aquaporin
2 mutation. Proc. Natl. Acad. Sci. USA 2006, 103, 14217–14222. [CrossRef] [PubMed]

275. El Tarazi, A.; Lussier, Y.; Da Cal, S.; Bissonnette, P.; Bichet, D.G. Functional recovery of AQP2 recessive
mutations through hetero-oligomerization with wild-type counterpart. Sci. Rep. 2016, 6, 33298. [CrossRef]
[PubMed]

276. Neely, J.D.; Christensen, B.M.; Nielsen, S.; Agre, P. Heterotetrameric composition of aquaporin-4 water
channels. Biochemistry 1999, 38, 11156–11163. [CrossRef] [PubMed]

277. Rash, J.E.; Yasumura, T.; Hudson, C.S.; Agre, P.; Nielsen, S. Direct immunogold labeling of aquaporin-4 in
square arrays of astrocyte and ependymocyte plasma membranes in rat brain and spinal cord. Proc. Natl.
Acad. Sci. USA 1998, 95, 11981–11986. [CrossRef] [PubMed]

278. Sorbo, J.G.; Moe, S.E.; Ottersen, O.P.; Holen, T. The molecular composition of square arrays. Biochemistry
2008, 47, 2631–2637. [CrossRef] [PubMed]

279. Rossi, A.; Ratelade, J.; Papadopoulos, M.C.; Bennett, J.L.; Verkman, A.S. Consequences of NMO-IgG binding
to aquaporin-4 in neuromyelitis optica. Proc. Natl. Acad. Sci. USA 2012, 109, E1511. [CrossRef] [PubMed]

280. Wu, H.; Chen, L.; Zhang, X.; Zhou, Q.; Li, J.-M.; Berger, S.; Borok, Z.; Zhou, B.; Xiao, Z.; Yin, H.; et al. Aqp5
is a new transcriptional target of Dot1a and a regulator of Aqp2. PLOS ONE 2013, 8, e53342. [CrossRef]
[PubMed]

281. Sjohamn, J.; Bath, P.; Neutze, R.; Hedfalk, K. Applying bimolecular fluorescence complementation to screen
and purify aquaporin protein:protein complexes. Protein Sci. 2016, 25, 2196–2208. [CrossRef] [PubMed]

282. Hedfalk, K.; Tornroth-Horsefield, S.; Nyblom, M.; Johanson, U.; Kjellbom, P.; Neutze, R. Aquaporin gating.
Curr. Opin. Struct. Biol. 2006, 16, 447–456. [CrossRef] [PubMed]

283. Tournaire-Roux, C.; Sutka, M.; Javot, H.; Gout, E.; Gerbeau, P.; Luu, D.T.; Bligny, R.; Maurel, C. Cytosolic pH
regulates root water transport during anoxic stress through gating of aquaporins. Nature 2003, 425, 393–397.
[CrossRef] [PubMed]

284. Németh-Cahalan, K.L.; Kalman, K.; Hall, J.E. Molecular basis of pH and Ca2+ regulation of aquaporin water
permeability. J. Gen. Physiol. 2004, 123, 573–580. [CrossRef] [PubMed]

285. Tornroth-Horsefield, S.; Hedfalk, K.; Fischer, G.; Lindkvist-Petersson, K.; Neutze, R. Structural insights into
eukaryotic aquaporin regulation. FEBS Lett. 2010, 584, 2580–2588. [CrossRef] [PubMed]

286. Gunnarson, E.; Zelenina, M.; Axehult, G.; Song, Y.; Bondar, A.; Krieger, P.; Brismar, H.; Zelenin, S.; Aperia, A.
Identification of a molecular target for glutamate regulation of astrocyte water permeability. Glia 2008, 56,
587–596. [CrossRef] [PubMed]

287. Zelenina, M.; Zelenin, S.; Bondar, A.A.; Brismar, H.; Aperia, A. Water permeability of aquaporin-4 is
decreased by protein kinase C and dopamine. Am. J. Physiol. Ren. Physiol. 2002, 283, F309–F318. [CrossRef]
[PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.M110.115881
http://www.ncbi.nlm.nih.gov/pubmed/20657033
http://dx.doi.org/10.1111/j.1399-3054.2012.12000.x
http://www.ncbi.nlm.nih.gov/pubmed/23163742
http://dx.doi.org/10.1073/pnas.0602331103
http://www.ncbi.nlm.nih.gov/pubmed/16968783
http://dx.doi.org/10.1038/srep33298
http://www.ncbi.nlm.nih.gov/pubmed/27641679
http://dx.doi.org/10.1021/bi990941s
http://www.ncbi.nlm.nih.gov/pubmed/10460172
http://dx.doi.org/10.1073/pnas.95.20.11981
http://www.ncbi.nlm.nih.gov/pubmed/9751776
http://dx.doi.org/10.1021/bi702146k
http://www.ncbi.nlm.nih.gov/pubmed/18247481
http://dx.doi.org/10.1073/pnas.1203463109
http://www.ncbi.nlm.nih.gov/pubmed/22589299
http://dx.doi.org/10.1371/journal.pone.0053342
http://www.ncbi.nlm.nih.gov/pubmed/23326416
http://dx.doi.org/10.1002/pro.3046
http://www.ncbi.nlm.nih.gov/pubmed/27643892
http://dx.doi.org/10.1016/j.sbi.2006.06.009
http://www.ncbi.nlm.nih.gov/pubmed/16837191
http://dx.doi.org/10.1038/nature01853
http://www.ncbi.nlm.nih.gov/pubmed/14508488
http://dx.doi.org/10.1085/jgp.200308990
http://www.ncbi.nlm.nih.gov/pubmed/15078916
http://dx.doi.org/10.1016/j.febslet.2010.04.037
http://www.ncbi.nlm.nih.gov/pubmed/20416297
http://dx.doi.org/10.1002/glia.20627
http://www.ncbi.nlm.nih.gov/pubmed/18286643
http://dx.doi.org/10.1152/ajprenal.00260.2001
http://www.ncbi.nlm.nih.gov/pubmed/12110515
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Diversity and Phylogeny 
	Specificity and Physiological Roles 
	Water 
	Hydrogen Peroxide 
	Ammonia and Urea 
	Metalloids 
	Gases 
	Ions 

	Regulation Mechanisms 
	Trafficking 
	Motifs 
	Phosphorylation 
	Soluble N-Ethylmaleimide-Sensitive Factor Protein Attachment Protein Receptor (SNAREs) 
	Ubiquitination 
	Tryptophan-Rich Sensory Protein/Translocator (TSPO) 
	Clathrin 
	Lysosomal Trafficking Regulator-Interacting Protein 5 (LIP5) 

	Heterotetramerization, a New Paradigm for AQP Regulation 
	Gating 

	Conclusions 
	References

