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Abstract

Aquaporins function as water and neutral solute channels, signaling hubs,
disease virulence factors, and metabolon components. We consider plant
aquaporins that transport ions compared to some animal counterparts.
These are candidates for important, as yet unidentified, cation and anion
channels in plasma, tonoplast, and symbiotic membranes. For those individ-
ual isoforms that transport ions, water, and gases, the permeability spans 12
orders of magnitude. This requires tight regulation of selectivity via pro-
tein interactions and posttranslational modifications. A phosphorylation-
dependent switch between ion and water permeation in AtPIP2;1 might be
explained by coupling between the gates of the four monomer water chan-
nels and the central pore of the tetramer.We consider the potential for cou-
pling between ion and water fluxes that could form the basis of an elec-
troosmotic transducer. A grand challenge in understanding the roles of ion
transporting aquaporins is their multifunctional modes that are dependent
on location, stress, time, and development.
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Electrogenic: a net
flux of ions across a
membrane resulting in
a change in membrane
voltage (i.e.,
transmembrane
potential difference)

Heterologous
expression:
expression of a protein
experimentally
induced in a cell that
does not normally
make that protein

Isoform: functionally
similar proteins that
have similar but not
identical amino acid
sequences
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INTRODUCTION

Aquaporins (AQPs), known for facilitating passive water permeation across membranes, belong
to an extensive and ancient family of major intrinsic proteins (MIPs). We use the term aquaporin
for members of the MIP family, with the caveat that some do not function as water channels
and many others transport more than water. Nomenclature introduced to indicate specific solute
permeabilities includes peroxiporins (H2O2), aquaglyceroporins (glycerol and urea), metalloido-
porins (boron, silicon, selenium, and others), gas channels (CO2 and O2), and aquaammoniaporins
(NH3).Other reviews detail the different roles of diverse classes of AQPs (20, 46, 107, 130, 201). In
addition to facilitating permeation of small neutral solutes and/or water, some AQPs also facilitate
electrogenic transport of cations or anions, serving as ion-conducting AQPs (icAQPs), which are
distinct from those that may transport an ion as a neutral complex (208). icAQPs are an emerging
area of interest in the AQP field that may reframe our understanding of transport biology. This
review examines the evidence for plant icAQPs and compares their mechanisms with those of
established animal icAQPs.

Based on sequence similarities, plant kingdomAQPs are classified into some 13 subfamilies (42,
107), of which 5 occur in higher plants; evolutionary relationships and proposed origins of sub-
families have been addressed in detail elsewhere (2, 20, 25, 147). Subfamilies can be further divided
based on selectivity for neutral solutes (2, 203), but selectivity and membrane location can overlap
to various degrees, and icAQPs are indicated (some putatively) in four of the five subfamilies in
seed plants [nodulin-26-like intrinsic proteins (NIPs), tonoplast intrinsic proteins (TIPs), plasma
membrane intrinsic proteins (PIPs), and X intrinsic proteins (XIPs), but not small basic intrinsic
proteins (SIPs)] thus far (Figure 1). Not enough detail is yet available to indicate specific ionic
selectivity differences of icAQPs between subfamilies. The icAQPs have been demonstrated in
heterologous expression systems or by incorporation of purified protein into membrane bilayers,
the same methods that have been relied upon to designate water and neutral solute permeation of
AQPs.The putative icAQP isoforms considered in detail here are TaTIP2;1 (77),GmNOD26 (the
archetypal soybean NIP) (54, 87, 210), VvXIP1 (137),OsPIP1;3 (119, 123), AtPIP2;1 (PIP2A) and
AtPIP2;2 (PIP2B) (32, 94, 101), and HvPIP2;8 (190), and in addition some examples of orthologs
that show unorthodox multifunctional roles (Figure 1). However, when assigning ion transport
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Figure 1 (Figure appears on preceding page)

The diverse roles of multifunctional (putative) icAQPs. (a) Plant AQPs are classified into five subfamilies: PIPs (PIP1 and PIP2), TIPs
(5 groups), NIPs (7 groups), SIPs (2 groups), and the uncharacterized XIPs (4 groups). icAQPs have been identified by functional assays
in the PIP (32, 123, 190) and NIP (210) subfamilies and suggested for the TIP (77) and XIP (137) subfamilies. (b) Guard cell TIP and
AtPIP2;1 are implicated in stomatal closure (66, 167, 205). (c) Rose RhPIP2;1 may act as a drought sensor interacting with a
membrane-tethered (putative) transcription factor RhPTM (236). (d) Grape VvXIP1 on the ER in leaves may transport Cu2+ and Ni2+
ions (137) or uncharged complexes (208). (e) Diurnal regulation of Arabidopsis rosette hydraulic conductivity is proposed to occur via
interaction between 14-3-3 proteins and C-terminal phosphorylated AtPIP2;1 (152). ( f ) icAQPs may have a role in xylem embolism
repair (171, 180). (g) Camelina sativa CsPIP2;1 water transport is regulated by interaction with Rare Cold Inducible proteins under
salinity stress (97). (h) Arabidopsis lateral root emergence is regulated by AtPIP2;1 (146) and AtTIP2;1 (163). (i) Barley HvPIP2;8
expressed in leaves and roots transports H2O, Na+, and K+; is inhibited by divalents; and is linked to salt tolerance (190). ( j ) Soybean
GmNOD26 is a candidate NH4

+-NSCC on the SM of N-fixing nodules (128, 193). (k) Arabidopsis AtPIP2;1 and AtPIP2;2 are
candidates for the vi-NSCCs (32, 101) observed in the patch clamp of root protoplasts (44). AtTIP2;1 as an NH4

+-trapping
mechanism in vacuoles (124). (l) Rice OsPIP1;3in transports water and NO3

− (123). See Supplemental Table 1 for summary and
additional details. Symbols and arrows: solid black arrows, transport directions (size indicates relative amount of transport); dashed
black arrows, enzymic or chemical reactions; blunt solid black arrows, inhibition; dashed red arrows, signals; solid gray arrows,
proposed physiological effect; red star, phosphorylation. Abbreviations: AQP, aquaporin; ATP, adenosine triphosphate; CA, carbonic
anhydrase; cGMP, guanosine 3′,5′-cyclic monophosphate; CTD, C-terminal domain; ER, endoplasmic reticulum; GS, glutamine
synthetase; icAQP, ion-conducting aquaporin; Lp, hydraulic conductance of rosette; LRP, lateral root primordium; MVB,
multivesicular bodies; NSCC, nonselective cation channel; NIP, nodulin-26-like protein; PIP, plasma membrane intrinsic protein; PM,
plasma membrane; PTM, PM-tethered MYB; SIP, small basic intrinsic protein; SM, symbiosome membrane; TIP, tonoplast intrinsic
protein; vasc, vascular tissue; vi-NSCC, voltage-independent nonselective cation channel; XIP, X intrinsic protein.

roles to AQPs, caveats must be considered, such as possible artefacts or misinterpretations and the
fact that in planta functions of icAQPs are far from clear. Nonetheless, if validated, the impact on
plant physiology of ion transport through AQPs could be profound. Here, we can take heed of
the initial controversies surrounding cation transport via the first AQP to be identified in animals,
AQP1 (1, 161, 230), contrasting with the generally accepted anion transport via AQP6 (226).

Functional Insights from Structural Comparisons of Aquaporins

It is imperative that plant icAQPs can be reconciled with a protein structure consistent with ion
transport, as has been done with animal AQPs (121, 156, 215, 232). The structural design of AQPs
has been well conserved through evolution, as seen in AQP structures from bacteria, Protista,
invertebrates, vertebrates, and plants. Vascular plants have accrued an expanded complement of
AQPs compared to animals, for example, with 35 genes inArabidopsis (90) and up to 88 inNicotiana
tabacum (2, 42). There are only 13 in humans (86), 3 of which can be assigned as icAQPs (AQP0,
AQP1, and AQP6) (229); thus, it is not surprising that some plant AQPs can demonstrate ion
transport. An expanding portfolio of available crystal structures is revealing subtle differences that
can account for variations in substrate selectivity (60, 99, 120), as well as the gating processes
that open and close intrasubunit water pores (55, 58, 138, 188) (Figure 2). Motifs are recognized
that correlate with the selectivity of the intrasubunit pore (8, 81). Equivalent motifs have not
been identified for ion permeation in icAQPs, though single-residue mutations in mammalian
AQPs can alter ion conductance properties (121, 156). The conserved AQP monomer structure
illustrated by the structures of spinach SoPIP2;1 (138, 188) (Figure 2a,b), Arabidopsis AtPIP2;4
(206) and AtTIP2;1 (99) features six hydrophobic transmembrane (TM) helices (TM1–TM6),
with cytoplasmic amino (N)- and carboxyl (C)-terminal domains. Five loops (LA, LB, LC, LD,
and LE) connect the TM helices, with LA, LC, and LE located extracellularly. Short helices on
LB and LE fold halfway into the membrane, each carrying an NPA (asparagine-proline-alanine)
signature motif (with some variations in different subfamilies) meeting in the center to create an
hourglass-shaped hydrophobic intrasubunit pore (93). The NPAs in concert with four aromatic
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Features of PIP2 AQPs with structural information from the open and closed intrasubunit (water) pores of SoPIP2;1 (58, 138, 188).
(a) Transmembrane-spanning helices (TM1–TM6), half-helices forming the hourglass structure (green), and NPA selectivity regions
and loops (LA–LE). The intrasubunit pore (water channel) is gated via the movement of LD and stabilized in the closed state by
interactions between residues on LD, LB, and the N terminus. Ca2+ (Cd2+ in structure 1z98) might be coordinated by these
negative-charged residues on the N terminus and LD stabilizing the closed state. Protonation of His193 (LD) also stabilizes the closed
state via interaction with the N terminus. The intrasubunit pore is closed by Leu197 of LD forming a hydrophobic plug. Open state is
stabilized by phosphorylation of Ser115 and Ser274 (but is not observed with phosphomimic mutants); phosphorylation of Ser188 on
LD opens the intrasubunit pore (138). TM1 and TM5 move out of the membrane by half a turn when the intrasubunit pore is open.
Phosphorylated Ser274 interacts with an NM near the PLP motif at the N terminus of TM5. (b) The arrangement of the monomer
with TMs is indicated in the same colors as in panel a. Panel b was created using PyMOL. (c) The homotetramer of SoPIP2;l in a
cutaway view from the cytosolic side showing the location of NPAs and ar/R constriction region (60) in one monomer towards the
extracellular side. Abbreviations: AQP, aquaporin; ar/R, aromatic and arginine; NM neighboring monomer; NPA,
asparagine-proline-alanine; PLP, proline-leucine-proline; TM, transmembrane.

and arginine (ar/R) residues (distributed across TM2,TM5, and LE) ring the outer half of the pore
and also impart substrate selectivity (63) (Figure 2c). AQPs assemble as tetramers of homomers
or heteromers (14, 21, 207) and thus have four intrasubunit pores through which water diffuses
in orthodox AQPs (27). A conspicuous fifth pore in the axis of tetrameric symmetry (the central
pore) has been found to contain water, lipids, solvents, and ions, in various crystal structures, and
is linked to ion permeation in AQP1 (231) (Figure 2c).

The Challenge of Multiple Transport Substrates and Diverse Roles

In plants, AQPs transport neutral molecules that are required on a macroscale for growth (wa-
ter, CO2, and NH3 or urea) as well as micronutrients, toxic elements, waste products, signaling
molecules, and ions. In addition to water, the neutral solutes transported by different AQP iso-
forms range over varied permeability levels: from highly lipid permeable gases (e.g., O2, CO2, and
NH3) (83, 124, 197, 240) to hydrogen peroxide (H2O2) (24, 206), organic nitrogen (urea) (122),
metalloids [e.g., boron as boric acid and silica as orthosilicic acid (89, 147)], protonated organic
acids [e.g., lactic acid (38)], and organic metal complexes [e.g., Al malate (208)]. An impressive
range of substrates can be found to permeate a single AQP; for example, AtPIP2;1 transports
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Central pore: a pore
within the central axis
of the tetramer of an
aquaporin

PTM:
posttranslational
modification

PPI: protein-protein
interaction

CO2 (205), possibly via the central pore (3), as well as water, H2O2, and cations (32) (Figure 1).
This wide range in solute selectivity for one isoform may be conditional and under tight control
depending on location, environmental conditions, time, and developmental context. Redundancy
between AQP isoforms in terms of selectivity profiles (67) could provide a portfolio of overlap-
ping properties enabling roles to be tailored based on the locations of the channels within the
plant (Figure 1).

Control of the specialized properties of AQP-mediated transport can be regulated at multi-
ple levels, including transcription (224, 239), posttranslational modification (PTM) (45, 82, 153,
170, 174), heterooligomerization (52, 222, 233), and protein-protein interactions (PPIs) that af-
fect membrane targeting (70, 71, 109) and levels of activity (97, 115, 205). AQP sensitivity to
activation or inhibition by calcium or pH (32, 140, 189, 200, 202, 221) offers dynamic layers of
modulation. AQP-mediated transport of signals such as H2O2 (23, 24, 48, 53, 209) and nitric oxide
(207) has clear relevance for control and systemic integration of responses. The regulatory roles
of the interactions of AQPs with many dissimilar proteins (15, 97, 115) or mRNA (162) remain
to be explored. In association with interacting proteins, plant AQPs have been proposed as con-
stituents of functional complexes such as a drought-sensing unit (236), CO2-sensing unit (205), or
metabolon (128).

Here, consideration is given to each of the icAQPs so far identified (or indicated) with their ion
conductance features integrated with previously proposed functions in the plant. This entails dis-
cussion of their structure, regulation, and similarity with ion channels in plants revealed biophysi-
cally but, so far, not identified genetically. This leads to several testable hypotheses on the function
of each of the isoforms discussed in a large range of plant physiological functions ranging from
signaling, osmoregulation or turgor regulation, nitrogen assimilation, and water-ion coupling.

PLANT ION-CONDUCTING AQUAPORINS

Tonoplast Intrinsic Proteins

A member of the tonoplast intrinsic protein (TIP) subfamily, Arabidopsis γ-TIP (AtTIP1;1), was
the first recognized plant water channel AQP (131). Heterologous expression of AtTIP1;1 com-
plementary RNA (cRNA) in Xenopus laevis oocytes demonstrated an osmotically induced water
channel comparable to that seen for human AQP1 (155). No ion currents were observed in either
isotonic or hypotonic conditions during water flow (131). After this landmark publication, it was
generally accepted that ions would not permeate via plant AQPs, and reported tests for ion con-
ductance in the literature are rare for plant AQPs (43, 77, 179). AtTIP1;1 was subsequently shown
to also transport H2O2 and NH3 (220); it would seem that our knowledge of substrate selectivity
in AQPs necessarily depends on what has been tested.

TIP2;1 and NH4
+ currents. Several TIPs serve as good NH3 transporters, including AtTIP2;1

(124) and the wheat homolog TaTIP2;1 (87). Both TaTIP2;1 and a rat AQP8, when expressed
in Xenopus laevis oocytes, enabled inwardly directed ion currents when NH4

+ was present in the
external solution (77). Based on measurements of oocyte swelling simultaneously with NH4

+-
induced inward currents and external pH, the most parsimonious interpretation indicated that
both NH3 and NH4

+ were transported by TaTIP2;1. A preferred model envisioned an NH3-
gated NH4

+ conductance, in which NH3 first binds to a site in the intrasubunit pore, then protons
enter, associate with NH3, and move across the pore as NH4

+. Because NH3 does not share the
dipole properties of water, it was thought not to require the reorientation needed for water to pass
the NPA selectivity filter, allowing NH3 to retain a proton interaction throughout the pore. Both
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NPA (Figure 2a,c) and ar/R selectivity filters are important for proton and ion exclusion in water
pores (14).

A transport rate of NH4
+ in a single TIP2;1 channel was estimated at 50 s−1, based on the

whole-cell currents and the probable density of TIP2;1 expressed in the oocyte membrane, as-
suming a channel density and unitary water transport rate similar to those of AQP1 (but see 99).
This estimate at 50 s−1 is strikingly low compared to the conductance of a moderately sized ion
channel (2 pA, approximately 107 ions per second). Water flux is even faster, approximately 109

molecules per second per subunit in AQP1 (103). An alternative explanation might be that only
a small fraction of the total population of water channels are available for gating as ion channels
(231).

AQP8, a TIP2;1 model in bilayers? AQP8, like TaTIP2;1, appeared to carry NH4
+ currents

when expressed in Xenopus oocytes (77). Purified AQP8 protein in an artificial bilayer membrane
showed water andNH3 fluxes, but no single ion channel currents were observed (176), contrasting
with the currents observed for AQP1 using the same technique (175). The water:NH3 selectiv-
ity ratio was about 1:2 (176). Similar properties might be presumed to apply to TaTIP2;1 and
AtTIP2;1. Alternative explanations have been suggested for the observed ion currents in oocytes;
for example, endogenous currents might be activated by low pH near the membrane, or an inward
proton current might be activated to counteract increased cytosolic pH caused byNH3 influx (14),
or TaTIP2;1 might induce a parallel trafficking of endogenous oocyte channels to the membrane
(176).When a mutated TaTIP2;1 was expressed in oocytes, it did not transport NH3 or show ion
currents (77) but still transported water, indicating it was routed to the plasma membrane yet did
not pull along an endogenous transporter. However, the possibility that NH3 entry stimulates a
native channel remains to be addressed.

TIP2;1 structure and gating.The structure of AtTIP2;1 resolved at 1.18 Å provided insight into
features of an NH3-transporting AQP (99). This revealed an extended ar/R selectivity filter and
a wider pore as compared with PIPs and AQP1. Molecular dynamics (MD) simulation supported
fluxes of water and NH3, but not NH4

+, via the intrasubunit pore and suggested a cytosolic gating
mechanism based on sporadic pore blockade by a histidine residue,H81 (120). The importance of
the extended selectivity filter was demonstrated bymutating equivalent residues in AQP1, creating
an NH3-conducting channel (99). In the solved structure, there was an interesting side channel
filled with water that connected the vacuole side of the pore to the selectivity filter (99). This was
speculated to be a possible pathway for H+ such that NH4

+ might enter the pore from the vacuole
side and deprotonate to NH3 with the protons exiting back to the vacuole via the side pore. The
vacuolar side of the pore was negatively charged and attracted NH4

+ in the MD simulations.
There is similarity between this hypothetical mechanism and the model presented in Reference
77 for NH3-gated NH4

+ permeation via TaTIP2;1.
The grapevine VvTIP2;1 is closely related to AtTIP2;1 andTaTIP2;1,with identical selectivity

residues, and shows 93% sequence similarity to AtTIP2;1. Interestingly, VvTIP2;1 is gated by
pH (113). Sensitivity to changes in pH would be important for NH3/NH4

+ permeation. In yeast
cells expressing VvTIP2;1, acidification of the cytoplasm decreased water permeability, while high
water permeability was maintained with an acidic pH in the external medium corresponding to
the vacuole (113). His131 was identified as the pH-sensitive gating residue, a position involved
in the selectivity filter of AtTIP2;1 (99). Dissection of pH-dependent gating of NH3 permeation
will be difficult to analyze in heterologously expressing cells or in artificial systems due to the
nonindependence of permeation from changes in pH.
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Hypoosmotic:
a solution diluted with
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concentration of solute
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Posttranslational modifications may explain discrepancies. Although the weight of evidence
indicates thatTIP2;1 (or AQP4) in its purified formdoes not transportNH4

+, it is possible that full
channel functionality depends on signaling cascades or regulatory factors.TIP2;1 in vivo might be
modified or interact with an intracellular messenger, analogous to the phosphorylation-dependent
activation of the ion conductance in PIP2s (158, 190) or the guanosine 3′,5′-cyclic monophosphate
(cGMP) activation of an ion conductance in AQP1 (6, 175). The TIP2;1 channel analyzed in the
oocyte might differ from the protein purified and incorporated into bilayers or crystallized. There
also remains the possibility that the central pore may allow NH4

+ permeation.

Proposed roles for TIP2;1.Multifunctionality appears to be a feature of AtTIP2;1 since its water
permeation is implicated in the emergence of lateral roots (163) and NH3 permeation for the
storage ofNH4

+ in the vacuole by acid trapping (87, 124) (Figure 1k).Ammonium (NH4
+) release

from the vacuole would not seem to be compatible with the prevailing evidence unless AtTIP2;1
can under some circumstances transport NH4

+.
TIPs have been linked to ion transport during stomatal closure (Figure 1b).VvTIP2;1 is highly

expressed in grapevine leaves and shows a strong positive linear correlation to stomatal conduc-
tance during water stress and recovery (150). Efflux of 86Rb+ as a tracer for K+ from the vacuole
of Commelina communis guard cells revealed sensitivity to hypoosmotic gradients that induced wa-
ter flow into the vacuole (125). A TIP was implicated as either a sensor or both a sensor and
an actuator of a water flow–sensitive ion channel (125). It was later shown that the hypoosmotic-
sensitive efflux was inhibited by acidic cytoplasmic pH (126).Both tonoplast water permeability (5)
and VvTIP2;1 water permeability (113) are inhibited by cytosolic acidification. VvTIP2;1, when
expressed in yeast and subject to hypotonic shocks, facilitated higher water permeability with in-
creased membrane tension or tonicity (112). AQPs could be osmosensors or turgor sensors (76)
and a possible example of this is the rose RhPIP2;1 as a component of a drought sensor system
(236) (Figure 1c). It would seem that TIP2;1 is a strong candidate for the sensor on the tono-
plast suggested by MacRobbie (125), and further research is required to investigate its potential
to regulate or mediate K+ and/or NH4

+ efflux from the vacuole.

Unidentified nonselective cation channel in the tonoplast: the fast vacuolar channel. A
prominent nonselective cation channel (NSCC) in the tonoplast of plant cells is the fast vac-
uolar (FV) channel, characterized by fast activation for both positive and negative voltage steps
as opposed to the voltage-dependent slow-activating (SV) channel (75). The FV channel has not
been molecularly identified, while the SV channel is attributed to the TWO-PORE CHANNEL
1 (TPC1) gene in Arabidopsis (144). There are features of the FV channel that are similar to the
pattern emerging for NSCCs attributed to some PIPs and AQP1: inhibition by Ca2+ (Kd = 6 μM
for barley FV) (187) and inhibition by Mg2+ at higher concentrations (29). The selectivity of the
FV channel to monovalent cations NH4

+ > K+ ≥ Rb+ ≥ Cs+ > Na+ > Li+ (30) is also relevant
regarding the possible NH4

+ permeation through TIP2;1. The FV channel has a unique sensitiv-
ity of the channel open probability (Popen) to K+ concentration, proposed to regulate the release
of K+ from the vacuole (149). Relevant here is the barley HvPIP2;8, which displays a complex
interaction between K+ and Na+ (190), setting a precedent for possible K+ regulation in other
icAQPs. Biophysical features of FV channels warrant comparison to any ion-conducting TIPs that
may be characterized in the future.

NOD26: A NIP for N2-Fixing Symbiosis

The NIP subfamily is relatively large, and many have been shown to be expressed on the plasma
membrane and responsible for neutral metalloid transport (57, 148). Nodulin 26, the archetype of
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the NIP family of AQPs, is located on the symbiosomemembrane (SM) in nitrogen-fixing legume
nodules (54) and when purified and incorporated into lipid bilayers, nonselective (slightly more
anion than cation) ion channels were observed (110, 210). There is one report of unpublished
data stating that no ion currents were observed when NOD26 was expressed in Xenopus oocytes,
though the conditions were not reported (e.g., divalent concentration, pH, etc.) (43). NOD26
displays modest water channel activity (165) and is permeable to glycerol (43), formamide, and
acetamide but not urea (165).Ammonia permeability of the SM ismediated by amercury-inhibited
channel (136), and NOD26 incorporated into lipid vesicles induces a fivefold higher NH3 perme-
ability than that for water (83). Transporters on the SM carry out the exchange of fixed carbon as
malate for reduced N2 as NH3/NH4

+ from the bacteroids (39). Glutamine synthetase is the first
enzymic reaction in the ammonia assimilation pathway, and it binds to the C terminus of NOD26
located in the cytosol. Given the NH3 permeability of NOD26, researchers therefore proposed
that NOD26 plus bound glutamine synthetase functions as a metabolic funnel to efficiently trans-
port and assimilate NH3 and to reduce NH3 toxicity in the cytoplasm (128) (Figure 1j).

Unidentified molecular transporters on the symbiosome membrane. Several transport sys-
tems have been identified on the SM that supply the bacteroids with the required nutrients for
N2 fixation, but the molecular identity of the key transporters for malate and NH4

+ are still out-
standing (39). The SM is energized by an H+-ATPase such that the space between the bacteroids
and the SM (symbiosome space) is acidic and the membrane potential is negative (39). An NSCC
with a preference for NH4

+ (NH4
+-NSCC) (selectivity: NH4

+ > K+ = Na+ > Rb+ > Cs+ >

methylamine+) (139, 166) was identified on the SM of both soybean and Lotus japonicus nodules
using patch clamp (166, 193). This channel was blocked by Ca2+ andMg2+ (139, 166, 193). Under
in vivo conditions Mg2+ would normally gate the channel to allow one-way NH4

+ permeation to
the cytoplasm (166). This channel has a high density on the membrane and exhibits cooperative
gating (139). It has a very small single-channel conductance that could only be resolved by noise
analysis (139, 193).

Could NOD26 be the NH4
+-NSCC on the symbiosome membrane? NOD26 channels in

lipid bilayers, although of large conductance (3.3 nS in 1MKCl) (210), showed numerous smaller
substates (<20 pA in some records) and voltage dependency when phosphorylated at a C-terminal
site, which is normally regulated by a Ca2+-dependent protein kinase (110). Phosphorylation of
NOD26 was also shown to enhance its water permeability when expressed inXenopus oocytes (68).
The slight anion selectivity over cations for NOD26 channels (210) contrasts with the NH4

+-
NSCC that has higher cation-to-Cl− selectivity (193), but the substate fluctuations are similar to
those observed for the NH4

+-NSCC (139). It was previously hypothesized that NOD26 may be
the SMmalate transporter based on the slightly higher anion selectivity of NOD26 in bilayers and
its phosphorylation response (141, 210).However, it is unclear what type of ion channel phenotype
will be observed for glutamine synthetase (GS)-bound NOD26 in more physiological solutions
and with divalents present, since the buffers used for the bilayer experiments had only 8 μM of
free Ca2+ on both sides of the membrane with 1 M KCl (210). The large osmotic pressure with 1
M KCl is likely to have had a profound effect on NOD26 as a water channel (199, figure 2b; 227)
that may also impact its ion-channel phenotype.

Given the unfavorable gradients for NH3 out of the symbiosome space but favorable gradients
for NH4

+
, it would seemmore efficient if NOD26 were permeable toNH4

+. It was suggested that
the NH4

+-NSCC in concert with the NH3 permeation via NOD26 and the proton pump could
otherwise result in a futile cycle across the SM (128). The GS and NOD26 metabolon makes
NOD26 a candidate for the NH4

+-NSCC, especially since the substrate for GS is NH4
+ (50).
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Although there are other AQPs on the SM, including a TIP2 and PIP2 (214), NOD26 is a prime
candidate for the NH4

+-NSCC.

VvXIP1 Facilitates Copper and Nickel Transport

VvXIP1 expressed in yeast enabled transport of copper, arsenic, and nickel, and it was suggested
that VvXIP1 may be able to transport Cu2+ and Ni2+ ions (137). The XIPs consisting of between
1 and 8 members occur in eudicot species (20, 40, 42). They are characterized by the NPARC
motif in LE, a more variable NPA motif in LB, and a longer LC (20, 42). There is wide diversity
among this subfamily, with expression in the plasma membrane (NtXIP1, StXIP1) (21), endoplas-
mic reticulum, and perhaps the tonoplast (VvXIP1) (137) and for NtXIP1 in specific cell types
throughout the plant, including root tip and guard cells (21). They have permeability to more
bulky neutral solutes but no detectable water permeability (21, 137). Based on the ar/R residues,
selectivity has been predicted for boric acid, urea, andH2O2 (2). Expression of VvXIP1 in cultured
cells of grape was downregulated in the presence of copper (100 μM) and NaCl (100 mM) and
strongly by abscisic acid, while in vine leaves it had reduced expression under water stress, sug-
gesting a role in osmoregulation (137). Copper and nickel ions form uncharged complexes with
organic compounds (73), and these could be taken up as uncharged complexes as occurs with Al-
malate complexes through AtNIP1;2 (208). Until specific electrogenic transport is demonstrated
for VvXIP1, it is not certain that it may permeate uncomplexed ions.

OsPIP1;3: A Multifunctional Water and Anion Channel?

A rice PIP1 (OsPIP1;3in) from a drought-resistant rice (indica) cultivar elicits anion currents when
expressed in mammalian HEK293 cells (123). The OsPIP1;3in gene had single-nucleotide poly-
morphisms resulting in some differences in the protein as compared to the OsPIP1;3jp (japonica)
previously characterized (129).The OsPIP1;3jp protein expressed inXenopus oocytes did not elicit
significant water permeability but did interact with some OsPIP2 members (OsPIP2;2 and Os-
PIP2;4 but not OsPIP2;3) to increase water permeability (129), in line with similar observations
for PIP1 members more generally (25; but see 235). In the later work (123), OsPIP1;3in function
in Xenopus oocytes was confirmed, but it was also shown to function as a water channel in its own
right when purified and incorporated into proteoliposomes. The anion currents were observed
with an N-terminal-tagged green fluorescent protein (GFP) OsPIP1;3in expressed in HEK293
cells using whole-cell patch clamp (123). The whole-cell currents displayed high selectivity for
NO3

− relative to HCO3
−/CO3

2−.

Does PIP1;3 act alone in planta? It is clear that PIP1 members transit to the plasma membrane
more consistently when in association with certain PIP2 members (18, 25, 52, 233). The coexpres-
sion of PIP1 and PIP2 has been shown to affect the selectivity for ions (32) and CO2 (140). This is
pertinent for the discussion of OsPIP1;3, since it may only exist in the plasma membrane as a het-
erotetramer with a PIP2.However, the rice PIP1s can go to the Xenopus oocyte plasma membrane
without a PIP2 helper (235). An expression network of OsPIPs in rice roots from various cultivars
revealed a significant correlation between expression of OsPIP1;3 and OsPIP2;2 under well-
watered conditions (65); OsPIP2;2 is one of the partners that enhances water transport in Xenopus
oocytes when coexpressed (129). It remains to be seen if the anion conductance observed for
OsPIP1;3in still occurs when interacting withOsPIP2s.Heterotetramers formed between a cation
conducting PIP2 and an anion conducting PIP1 may show interesting ion transport features.

The AQP6 parallel. Anion conductances and single-channel events have been shown for mam-
malian AQP6 expressed in different heterologous cells (225). AQP6 colocates with anH+-ATPase
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to intracellular compartments in acid-secreting kidney cells (225) but expresses in the plasma
membrane of Xenopus oocytes (226). Interestingly, AQP6, like OsPIP1;3in, required a GFP on
the N terminus to go to the plasma membrane of HEK293 cells (13, 84). Both AQP6 water per-
meability and voltage-independent anion currents are activated in the presence of Hg2+ or low
pH and maximally activated at pH 4 (226). The PNa+:PCl- ratio of AQP6 in oocytes was 0.28, but
mutation of a unique positively charged residue (Lys72) that occurs in the cytoplasmic vestibule of
the water pore to a negative charge (Lys72Glu) resulted in greater Na+ permeability (PNa+:PCl- =
1.13) (226). When examined with patch clamp, wild-type AQP6 activated by Hg2+ showed equal
permeability for Na+ and Cl−. The intrasubunit pore was assigned as the pathway for ions based
on the dose-response curve for Hg2+ activation (74).

The contact point between TM helices 2 and 5 was shown to be important for anion conduc-
tance through AQP6 (121). By changing Asn60 to a Gly corresponding to the highly conserved
residues in most mammalian AQPs, anion transport was abolished and high water permeability
was established (121). The reverse was demonstrated for AQP5, where AQP5 was turned from
a water channel to an anion channel by mutating Leu51 corresponding to residue 61 in AQP6
(156), one residue from Asn60. The Leu51 (L51) side chains project into the central pore, and it
was suggested that the mutation to Arg (R), imposing four positive charges into the central pore,
would distort the AQP to reduce water conductance and to increase anion conductance (156).
AQP5 shows CO2 and NH3 permeability, but the L51R mutation interfered with CO2 transport.
It was concluded that part of the anion conductance occurred via the intrasubunit pore, based on
inhibitor effects, but some could be attributed to the central pore given that the L51R made the
central pore more hydrophilic. This also explained the reduced CO2 permeability if CO2 perme-
ated the central pore. Interestingly, when the same oocytes were measured for water permeation
and ion conductance with the different mutations at Asn60, an inverse water:anion permeability
relationship was observed where water permeability declined with increasing anion conductance,
similar to what has been observed for AtPIP2;1 and HvPIP2;8 with mutations in C-terminal ser-
ines (158, 190) (Figure 3a).

Given the wealth of information available for the mammalian AQP6 and mutated AQP5 anion
conductance, it is instructive to examine the corresponding residues for OsPIP1;3in. The corre-
sponding residues in OsPIP1;3 reveal the conserved water channel type rather than the AQP6
type, but four consecutive positively charged Arg residues occur in the N terminus of OsPIP1;3in
that are not present in OsPIP1;3jp as well as a Ser to Arg substitution in LA. A comparison of the
anion conductance of OsPIP1;3in with that of OsPIP1;3jp could shed some light on the structural
requirements for anion conductance.

Proposed roles of OsPIP1;3.OsPIP1;3 has the hallmarks of a multifunctional AQP. It is one
of 34 genes encoding AQPs in rice: 12 are classified as PIPs, with 3 designated as PIP1 (PIP1;1,
PIP1;2, PIP1;3) and 9 as PIP2 (69, 135, 172). OsPIP1;3 is localized mainly at the proximal end of
the endodermis of the root and the cell surface around the xylem (123). Its expression differs be-
tween lowland (japonica) rice and upland (indica) rice that shows drought avoidance characteristics
(118, 119). The japonica OsPIP1;3jp expression levels were correlated with differences in survival
at cold temperatures between cultivars, and overexpression in rice enhanced chilling tolerance
(129). In response to salinity, OsPIP1;3jp was the only PIP to show continuous downregulation
over 24 h (69). In apparent contradiction to the effects of salinity, root OsPIP1;3 is upregulated by
osmotic stress in indica (20% polyethylene glycol) but does not change in japonica, a feature also
of OsPIP1;2, OsPIP2;1, and OsPIP2;5 (118).When OsPIP1;3 was expressed under the control of
a stress-inducible promoter in japonica, it conferred drought avoidance characteristics, including
higher osmotic root hydraulic conductivity after osmotic stress compared to wild-type japonica
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Figure 3

Model of ion channel gating through PIP2;1. (a) Inverse relationship between water permeability (Pos) and membrane ion conductance
(Gm) for Xenopus oocytes expressing AtPIP2;1 wild type and mutants (S280D, S283D, and S280DS283D). Data from Reference 158.
The gating model for open probability of the tetrameric central pore (ion conducting, Ptopen) is fitted to the data. See also
Supplemental Information. (b) Possible transitions in gating between water-conducting monomers to the ion-conducting central
pore. An intermediate silent mode might account for the low ion channel open probability, and the open ion channel might show
multiple substates (175). (c) The central pore on the open and closed channel structures of SoPIP2;1 [open 2b5f, closed 1Z98 (188)].
Structures analyzed with MOLEonline (154). Similar results were obtained with PoreWalker (145). The purple connected spheres
indicate the diameters along the central pore. Leu200 on each monomer constricts the pore at the cytoplasmic end of TM5. The
movement of loop D from the open water channel state to the closed state results in a change in the constriction at Leu200 that widens
the central pore, matching the inverse gating model in panel a. Only TM2, TM5 (lining the central pore), and loop D are shown,
looking down the central pore from the cytoplasmic side with the Leu200 side chain shown as spheres. Panel adapted from images
created with PyMOL. (d) Variation in radii of the central pore along the length of the channel for open and closed states of SoPIP2;1
(2b5f & 1Z98). Data obtained from the output of MOLEonline. The diameter at the Leu200 constriction is indicated. Shading
indicates the hydrophobicity of the residues lining the pore. Abbreviations: Gm, oocyte electrical conductance (units microSiemens);
Pos, osmotic water permeability; Ptopen, open probability of the central tetrameric pore for ion flow; Pmopen, open probability of the
monomeric (intrasubunit) water conducting pore; Ø, diameter; SEM, standard error of the mean.
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(119). When ectopically expressed in tobacco, OsPIP1;3in increased root hydraulic conductivity,
photosynthesis, and water use efficiency (123). Based on the apparent increase in leaf mesophyll
conductance to CO2 in the transgenics (but see 104), OsPIP1;3 expression in a cyanobacterium
was also found to affect growth, indicative of a role in CO2 transport (123).

OsPIP1;3 has been linked to the virulence of Xanthomonas oryzae that causes bacterial blight in
rice (116). One-domain hairpin proteins, such as Hpa1 from gram-negative bacterial pathogens,
are required to form the translocators in the plant plasma membrane for the injection of bacterial
effector proteins. Hpa1 interacts with AtPIP1;4 and OsPIP1;3 to allow the import of a bacterial
effector PthXo1, a transcription activator (115, 116). This is dependent on the specific interaction
between Hpa1 and LE of OsPIP1;3 (116). It is not known howOsPIP1;3-Hpa1 interaction medi-
ates effector translocation, but it would be interesting to determine if the anion channel function
of OsPIP1;3 is involved or altered in the association.

Unexplained anion channels and the water:NO3
− link. Anion channels have been observed

in protoplasts derived from plant roots using patch clamp, and among these are several that
show high NO3

− permeability (9). One type observed in several species is the outward-rectifying
depolarization-activated anion channels (OR-DAACs) (185). These show similarity to the anion
currents shown for OsPIP1;3in (123, 182). OR-DAACs are a potential pathway for anion uptake
into roots cells under luxuriant external NO3

− or under salinity stress as a passive pathway for
Cl− entry (182). There is a strong link between NO3

− supply to roots and water transport via
root AQPs (194; see, e.g., 62, 114). OsPIP1;3in and related homologs in other plants could have
undiscovered roles in water and NO3

− uptake in roots.

The Cation-Conducting AtPIP2;1, AtPIP2;2, and HvPIP2;8

Two closely relatedmembers of the PIP2 group fromArabidopsis, AtPIP2;1 and AtPIP2;2, as well as
barleyHvPIP2;8 display nonselective voltage-independent cation conductances when expressed in
Xenopus laevis oocytes (32, 101, 158, 190).TheAtPIP2;1 cation conductance is inhibited by external
divalent cations (101) and low pH (32) similar to the inhibition of water permeability seen with the
same purified protein in proteoliposomes (200). The cation conductance of AtPIP2;2 proved to
have a lower inhibitory constant for external Ca2+ compared to that of AtPIP2;1 (101). In contrast,
AtPIP2;7 conferred high water permeability when expressed in Xenopus oocytes but did not show
cation conductance under the same conditions (101). An interesting feature of PIP2;1 and PIP2;2
is the voltage-dependent block by some divalents (101). External barium blocks the inward current
and results in a time-dependent outward current. There is also a competitive interaction between
Ca2+ and Ba2+, suggesting that they act at the same site (101).

The barley HvPIP2;8 was identified from a survey of most of the barley PIP1 and PIP2 mem-
bers expressed in Xenopus oocytes as the only icAQP (190). It was also inhibited by external diva-
lents (Ba2+,Ca2+, andCd2+), and, similar to AtPIP2;1, there was an interaction in this case between
Mg2+ and Ca2+. There was also an interaction between Na+ and K+ for HvPIP2;8 where a mix
of the two ions at a ratio of 1:1 significantly inhibited the current. Other univalent cations (Rb+,
Cs+, Li+) did not elicit currents. This feature contrasts with that of AtPIP2;1, which shows sig-
nificant currents with Rb+, Cs+, and Li+ ( J. Qiu, unpublished data) and also has opposite relative
selectivity between Na+ and K+ (158).

Are the cation conductances induced by AtPIP2;1, AtPIP2;2, and HvPIP2;8 artefacts? It is
unlikely that the currents observed for AtPIP2;1, AtPIP2;2, and HvPIP2;8 expressed in Xenopus
oocytes are artefacts caused by activation of a native ion channel for the following reasons:

www.annualreviews.org • Ion-Conducting Aquaporins 715



Current-voltage
curve: plot of current
versus voltage
obtained from a
voltage clamp
experiment where
membrane voltage is
set by injections of
current

1. AtPIP2;2 and AtPIP2;1 show different sensitivity to block by external Ca2+.
2. HvPIP2;8 shows a different ion selectivity than that of AtPIP2;1.
3. The AQP1-associated cation channel shows a selectivity for monovalent cations similar to

that of AtPIP2;1 when expressed in Xenopus oocytes but differs in its dependence on acti-
vation by cytoplasmic cGMP (6, 175), which interacts with Arg residues on loop D (100).
These residues are not present in loop D of AtPIP2;1. In contrast, AtPIP2;1 cation con-
ductance is inhibited by cGMP (158). For AtPIP2;1, the phosphorylation of C-terminal
residues and another set of unidentified sites or factors are involved in the activation of the
cation conductance (158).

4. The arylsulfonamide AqB011 selectively blocks the ion conductance and not the water con-
ductance through AQP1 (100) but has no effect on AtPIP2;1 or AtPIP2;2 (101).

5. A nonfunctional mutant of AtPIP2;1 (G103W), which localizes to the plasma membrane
based on both its positive interaction with AtPIP1;2 (32) and the fluorescence signal from
G103W-PIP2;1-YFP fusion proteins (205), does not elicit a cation conductance or water
transport (32). Interestingly, this mutant also does not transport CO2 in Xenopus oocytes
(205).

6. AtPIP2;1 expressed in yeast causes an increase in cytoplasmic Na+ content and a reduction
in K+ content, as it does in Xenopus oocytes (32). It was further demonstrated that the Na+

content of a yeast mutant deficient in Na+ transport was affected by the phosphomimic
mutants of AtPIP2;1 (158).

None of the above observations are consistent with AtPIP2;1/AtPIP2;2, HvPIP2;8, or AQP1
activating one particular type of endogenous channel inXenopus oocytes.Oocytes do have endoge-
nous NSCCs that can be activated by the expression of heterologous membrane proteins (183),
including plant transporters (177), but most of these are reported to be activated by voltage (183),
e.g., a hyperpolarization time-dependent current (195) and a low-pH-activated current carried
by divalents (105). A connexin is activated at low external divalent concentrations in immature
Xenopus oocytes and produces nonselective cation conductances (49, 238). These are inactivated
at both positive and negative membrane potentials, giving a characteristic S-shaped steady-state
current-voltage curve (238) that is very different to those observed for PIP2;1 (101, 158). This
channel is also activated by external H2O2 (98), and given that PIP2;1 transports H2O2, the ex-
pression of PIP2;1 could indirectly activate the connexin at low divalent concentrations.However,
there is no effect of H2O2 on AtPIP2;1-induced ion currents, nor any effect of externally supplied
catalase (S. Tyerman and J. Qiu, unpublished data) that has been reported to strongly inhibit the
connexin hemichannel in Xenopus oocytes (17). Also, AtPIP2;7 does not elicit ion currents (101),
and this AQP has been shown to transport H2O2 (79). The ultimate proof of ion conduction via
AtPIP2;1/AtPIP2;2 and HvPIP2;8 will require the incorporation of purified protein into lipid
vesicles or planar lipid bilayers to assess single-channel currents.

Regulation of PIP2 aquaporins. PIP2 regulation includes transcript regulation (37, 239), PTMs
(45, 153, 170, 174), PPIs (15, 35, 152, 169, 186), and selective endocytosis from the plasma mem-
brane stimulated by reactive oxygen species (127, 219). The PTMs and PPIs can affect membrane
targeting, substrate selectivity, and pHo sensitivity (71, 109, 140, 158, 198, 202, 222). PPIs between
PIP1 and PIP2members have been shown to allowmovement of PIP1members to the membrane
(25, 233).

Delivery to the plasma membrane involves vesicle fusions facilitated by several proteins,
including the syntaxin SNARE proteins. Two SNARE proteins (SYP61 and SYP121) physically
interact with AtPIP2;7, and SYP121 interacts with maize ZmPIP2;5 (19, 70). Arabidopsis SYP121
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also interacts with the voltage sensor domains of K+ channels for membrane trafficking and
modifies the voltage sensitivity and gating of the channels (64, 111). These SNARE proteins thus
have the capacity to colocalize and coordinate K+ and water transport for osmotic regulation. It
is not known if this interaction may also impact the gating of the ion conductance via AtPIP2;1
or AtPIP2;2 should they interact with SNAREs. It is also noteworthy that Chlorella virus MT325
encodes both a water and a potassium channel that when expressed in Xenopus oocytes act
synergistically, including an induced sensitivity to Ba2+ for water transport (61).

Phosphorylation is a key regulatory component of PIP2s. As one of several kinds of PTMs,
phosphorylation of PIP2 isoforms affects water transport (66, 91, 157, 198). There is considerable
complexity in the regulation of PIP2s via phosphorylation since various protein kinases (PKs) have
now been identified as interacting with PIP2s and phosphorylating specific or as-yet-unknown
residues. Two PKs in spinach leaves phosphorylate SoPIP2;1 at either Ser115 (Mg2+-dependent)
of loop B or Ser274 (Ca2+-dependent) in the C terminus to enhance water transport (181) though
purified protein with phosphorylationmimics at these sites did not show enhanced water transport
(138). The loop B site is conserved across all PIPs and TIPs, while the C-terminal site is conserved
across PIPs and NIPs, including GmNOD26 (181). A membrane receptor kinase, SIRK1, identi-
fied as a sucrose-dependent PK interacts with five PIP2s (AtPIP2;1–AtPIP2;4 and AtPIP2;7) upon
stimulation by sucrose after carbon starvation (218). SIRK1 was able to doubly phosphorylate a
peptide at the equivalent S280 and S283 sites of AtPIP2;4 (218).

A PK involved in stomatal closure in response to abscisic acid, SnRK2.6 (OST1) phos-
phorylates AtPIP2;1 at S121 in loop B. This enhances AtPIP2;1-mediated water transport in
Xenopus oocytes and in guard cells, as indicated from phenotypes and complementation with
phosphorylation-deficient mutants and phosphorylation mimics at S121 (66). This site also ap-
pears to regulate H2O2 permeation (167). Protein identification after immunopurification identi-
fied 37 putative kinases that could interact with AtPIP2;1 (15). Two members of the receptor-like
kinases from Arabidopsis, RLK1 and Feronia, interact with AtPIP2;1 but modulate water transport
in opposite directions (15). The stimulation of water transport assayed in Xenopus oocytes induced
by RLK1 did not occur via the C-terminal S280 or S283 nor the loop B S121. Feronia inhibition
of water transport depended on the C-terminal Ser280 and Ser283, and the phosphomimetic mu-
tants (S280D-S283D) also inhibited water transport. The inhibitory effect on water transport of
phosphomimetic mutations of S280 and S283 was confirmed recently, correlating with an increase
in cation conductance (158).

Two Arabidopsis 14-3-3 proteins, GRF4 (14-3-3ϕ) and GRF10 (14-3-3ε), increase water trans-
port via AtPIP2;1 in an apparently precise stoichiometry (though seemingly inhibited at higher
expression levels of these 14-3-3s), preferentially whenAtPIP2;1 is double-phosphorylated at S280
and S283 (152). Binding of these proteins occurs even when AtPIP2;1 is unphosphorylated at the
C terminus, but it is unclear exactly where binding occurs. It appears that both phosphorylation
and binding are required for the increased water transport that is suggested to occur via the gating
of AtPIP2;1 (152). The interaction with these 14-3-3s is required for the diurnal rhythmicity of
Arabidopsis rosette hydraulic conductance (152).

Apart from direct phosphorylation effects, there is a suggestion that the phospholipid signal
molecule, phosphatidic acid, may also interact with AtPIP2;1 and AtPIP2;2 (133). A phospho-
lipase D interacted with AtPIP2;1, which was decreased by treatment with H2O2 (15). It is not
known if phosphatidic acid modulates AtPIP2;1 transport. It would appear that there are several
regulatory pathways that act via or in concert with phosphorylation on AtPIP2;1 by a range
of PKs and/or by direct protein interaction. Given the different substrates that AtPIP2;1 can
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transport, it would be worthwhile to determine how these phosphorylations and interactions
potentially switch substrate specificity.

Phosphorylation mimics of AtPIP2;1 and HvPIP2;8 regulate an apparent mutually exclu-
sive ion and water conductance. In view of the link between salinity stress, phosphorylation,
and membrane-targeting of AtPIP2;1 through phosphorylation at S280 and S283 (45, 153, 196),
the ion transport characteristics of AtPIP2;1 phosphorylation-mimic mutants at these sites were
examined (158). The double phosphorylation-mimic mutations to aspartate (S280D and S283D,
dSD) or phosphorylation-null mutations (S280A and S283A dSA) of AtPIP2;1 caused a dramatic
shift in both water and ion permeation with a potentially tenfold inverse change in ion conduc-
tance and water permeability (Figure 3a). Depending on the combination, either a high water
permeability or a high ion conductance was evident. The high ion conductance was more of-
ten associated with the dSD while the high water permeation was more often associated with
dSA, though in both cases any given oocyte could show variation along an inverse trajectory of
increasing ion conductance and decreasing water conductance (158) (Figure 3a). For the barley
HvPIP2;8 a similar inverse relationship was observed for the S285Dphosphomimicmutant,which
was modified by the kinase inhibitor H7 indicating that other sites are involved in regulating the
water:cation selectivity (190).

The elusive voltage-independent nonselective cation channel.The features of the univalent
cation transport through AtPIP2;1 and AtPIP2;2 are similar to the voltage-independent nonse-
lective cation channels (vi-NSCCs) observed in patch clamp measurements on root protoplasts
(44, 192) that match properties observed for nonselective cation transport in roots (51).HvPIP2;8,
however, has an interesting selectivity sequence that does not match known vi-NSCCs and bears
a greater resemblance to the Na+ and K+ permeability of some high-affinity K+ transporters
(HKTs) (190). It has been hypothesized that AtPIP2;1 and, by association, AtPIP2;2 could ac-
count for the elusive vi-NSCC in Arabidopsis (32, 132). Besides the similarity in calcium- and
pH-dependency between vi-NSCCs and AtPIP2;1/AtPIP2;2, they are also inhibited by cGMP
(85, 158). An estimate can be made of the possible role of AtPIP2;1 as the vi-NSCC in Arabidopsis
root protoplasts based on the scaling between water permeability and ion conductance observed in
Xenopus oocytes with different amounts of injected AtPIP2;1 cRNA (44, 132). Even if only half of
the membrane water permeability was due to AtPIP2;1, the ion conductance can account for the
measured vi-NSCC conductances using patch clamp. That PIP2;1 shows a higher conductance
for K+ than for Na+ may also be relevant to the remaining K+ uptake pathway in roots that is
evident when HAK and AKTK+ transporters are knocked out (168). This pathway is inhibited by
Ca2+, Mg2+, Ba2+, and La3+ and transports Cs+, and its activity is reduced by cyclic nucleotides.
There are many other known features of vi-NSCCs that remain to be tested on the icPIP2s. This
includes the full selectivity sequence to different univalent cations for AtPIP2;1/AtPIP2;2 and
pharmacology (44). A link with salinity stress was indicated for HvPIP2;8 where its transcript
abundance increased in shoot tissue following salt treatment only in a salt-tolerant cultivar but
not in a salt-sensitive cultivar (190). A receptor-like cytoplasmic kinase from rice (OsRLCK311)
interacts with AtPIP2;1 and OsPIP2;1 and induces salinity tolerance in Arabidopsis, proposed to
be via altered stomatal regulation (169). This did not seem to be related to kinase activity, since an
inactive form of OsRLCK311 had the same effect. The many and varied effects of overexpression
of PIPs on salinity tolerance (132) could be related to ion transport, water transport, or both in
different tissues and organs, so cell-targeted and specific mutations (e.g., of particular phospho-
serines) will be required to clearly demonstrate the roles in ion transport.
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Can PIP2 Structure Be Reconciled with Ion Transport? The AQP1 Parallel

AQP1 is able to facilitate nonselective univalent cation transport (230) that initially was controver-
sial (161). It was later confirmed by independent observations (175, 237), though qualified (175)
and dependent on where it is expressed (26, 191). AQP1 is now linked to biological function in
fluid secretion and cancer metastasis (41, 143). The AQP1 ion conductance is activated by cGMP
binding to loop D (100), primed by the phosphorylation of a C-terminal tyrosine (253), and also
activated by protein kinase C (237). Single-channel events for AQP1 have been recorded in plasma
membranes of Xenopus oocyte and choroid plexus cells having a single-channel conductance of
150 pS and 166 pS with 100 mM K+ and Cs+ salines, respectively (6, 26). In lipid bilayers, the
single-channel conductance was lower (substates up to 10 pS in 100 mM K+ or Na+) (175), per-
haps due to the particular lipid composition used and mechanosensitivity (12, 142). AQP1 has a
selectivity sequence of K+ = Cs+ > Na+ > TEA+ (230).While the univalent selectivity sequence
of AtPIP2;1 has not yet been reported, slightly higher K+ to Na+ conductance has been observed
(158); Rb+, Li+, and Cs+ also permeate ( J. Qiu, unpublished observations) and show some simi-
larity to AQP1 in the divalent block, though with differences in Ba2+ and Ca2+ interactions (101).

Given the wealth of structural information for both AQP1 and SoPIP2;1 indicating that the
water pore does not allow the passage of cations or protons (184, 188, 216) (but see the discussion
of AQP6 above), the favored pathway for ion conductance through AQP1 is via the central pore
(33, 232). The differential block by AqB011 of cation conductance but not water permeability
through AQP1 supports the idea that the two permeation pathways are physically separate (102).
A similar conclusion was based on pCMBS inhibition of water but not ion permeation (175).
Mutations of residues lining the central pore also change the ion conductance characteristics of
AQP1 (33). The central pore of AQP1, SoPIP2;1, and, by homology, AtPIP2;1 is lined by TM2
andTM5 helices of eachmonomer (18, 228) (Figure 3c) and has general similarity across all AQPs
with a large central cavity and a highly conserved constriction at the extracellular side (178).There
is also a prominent constriction on the cytoplasmic side that is highly conserved among AQPs
formed by hydrophobic side chains of Leu200 (AtPIP2;1), L205 (SoPIP2;1), and L170 (AQP1)
on the cytosolic end of H5 bordered by two prolines in PIP2s with the motif PLP (Figures 2a
and 4). Hypothetically, this could form a hinge, noting its proximity to loop D, that can gate the
central pore as in the PVP hinge in H6 of voltage-gated K+ channels (173). L170 of AQP1 along
with four other barrier residues mutated to alanine resulted in increased permeation for TEA+

(33). Mutations in H2 and H5 also affect the formation of tetramers in PIP2;1 (228).
Constrictions in the central pore are different between AQP1, SoPIP2;1, AtPIP2;4, and

AtPIP2;1 (based on SWISS-MODEL homology model P43286 using AtPIP2;4 as a template),
with the PIPs having another constriction at the extracellular side formed by the four Cys residues
of loop A, not present in AQP1, that form a disulfide link between the two monomers common to
all PIPs (22). This is thought to stabilize the tetramer, but mutants show no differences in water
transport, membrane targeting, or tetramer formation (22). Ion conductance of these mutants has
not been reported. Loop A has been implicated in heterotetramer organization (92). Interestingly,
there are four side pores from the central pore to the extracellular vestibule of each monomer,
with the four Cys residues of loop A forming a cap over the entrance to the central pore. The net
negative charge of loop A in AtPIP2;1 is quite prominent, and its larger size is the main difference
between PIP2;1/PIP2;2 and the other PIP2s including AtPIP2;7, which does not show ion trans-
port. These negatively charged residues may be implicated in the extracellular divalent sensitivity
that differs between PIP2;1, PIP2;2, and AQP1 (101).

The generally hydrophobic interior of the central pore would require an opening sufficient to
allow a hydrated ion to permeate (232). An MD simulation of AQP1 was facilitated by starting
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Hypothetical water-ion coupling via AtPIP2;1. K+ (or Na+) flux via the central pore could establish a local
osmotic gradient via a transport number effect (10) that would provide the driving force for water flow
through the four intrasubunit pores, even though the bulk concentration gradient would not support an
osmotic flow. This is distinct from electroosmosis or ion coupling with water through the same pore (e.g.,
80). Green shading indicates a possible ion concentration gradient in the unstirred layer induced by the flux
of K+. Water flow under an osmotic gradient would also influence the ion gradients for conduction via the
central pore. Also shown are the two constriction regions in the central pore (Leu206) and loop A for each
monomer with negatively charged Asp residues. The gray spheres in the central pore do not represent K+
ions; rather, they represent the trajectory through the central pore. The structure is a homology model of
AtPIP2;1 modeled on AtPIP2;4 (PDB ID 6qim) (206). Structure obtained from SWISS-MODEL P43286;
figure adapted from images created with PyMOL.

with a Na+ ion in the pore, which accelerated water molecules to ingress and create a pathway for
Na+ ions subsequently to permeate with hydration shells (118). This was associated with a large
change in the conformation of loop D (232). Another MD with AQP4 simulated electroporation
and the subsequent conduction of Cl− and Na+ ions via the central and intrasubunit pores (16).
These events required large initial electric fields that would be nonphysiological, and AQP4 is not
known to form ion channels in heterologous systems.Noting that ion conductance through AQP1
and AtPIP2;1/AtPIP2;2 is not voltage dependent, neither a large negative nor positive voltage is
required to precondition ion conductance.

As for the above discussion of OsPIP1;3, the ion-conducting PIP2s (icPIP2s) may not form
exclusive homotetramers in the plasma membrane, though evidence has been presented for ex-
clusive homotetramers of spinach SoPIP2;1 and a PIP1 (56). When coexpressed with HvPIP1
members in Xenopus oocytes, the ion conductance of HvPIP2;8 is greatly reduced but not nec-
essarily abolished for certain HvPIP1 combinations with HvPIP2;8 (190). The frequency and
variation of PIP2/PIP1 heterotetramers in planta remain important questions not only for the
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regulation of ion conductance but also for the regulation of water conductance (222, 223). Interest-
ingly, there is also an inverse relationship in water:ion selectivity with presumed heterotetramers
of PIP1:PIP2 (when coexpressed in Xenopus), reducing ion conductance and increasing water
conductance.

A mutually exclusive gating hypothesis.The structures of SoPIP2;1 solved for the open and
closed states of the intrasubunit pore (188) may give some clues about possible gating in the cen-
tral pore. The central pore of biological assemblies of SoPIP2;1 shows interesting differences in
restriction sites between the open and closed states of the intrasubunit pore, keeping in mind the
apparent reciprocity of water and ion transport revealed by the phosphorylation-mimic mutants
(158, 190) (Figure 3a). When intrasubunit pores are open, the constriction has a small diameter
at Leu205 and a kink in the central pore; this may suggest a closed state. When the intrasub-
unit pores are closed [when Cd+ stabilized (188) or in some phosphomimic mutants (138)] with
loop D twisted over the top of the respective water pore and plugging the intrasubunit pore with
Leu197 (188), this twists H5 (188) to expand the Leu205 constriction, opening an iris-like di-
aphragm (Figure 3c,d). The result is a wider opening to the central pore, seemingly wide enough
for the entry of a water molecule. It is interesting to note that the monovalent cation selectiv-
ity series obtained for AQP1, which is likely similar to that of AtPIP2;1 (i.e., K+ > Na+), would
suggest a minimum pore radius of less than 2 Å (106) if molecular sieving was solely responsible
for selectivity and if the ions were dehydrated in transit, which seems unlikely in AQPs lacking
the classic K+ channel selectivity filter sequence. However, K+ ions may permeate through pores
with diameters >2.4 Å with distorted hydration shells (164). There are several ion channels that
have hydrophobic regions in the pore with similar diameters to those observed in the icAQPs, and
these have been proposed to show the phenomenon of hydrophobic gating (7, 159). The bacterial
CmTMEM175 K+ channel (PDB ID 5VRE), a homolog of the lysosomal K+ channel in eu-
karyotes (not in plants), is formed by a tetramer of monomers of 6-TM helices with the cen-
tral pore containing hydrophobic leucine constrictions (108). The central pore of the bacterial
MtTMEM175 (PDB ID 6HD8) is proposed to open through a rotation of helix 1 in “iris-like
motions” (31). This removes the leucine constriction gate and exposes the proposed K+ selec-
tivity filter consisting of threonine residues. Additional serine residues in an outer vestibule also
impart K+ selectivity. This proposed combined gating and selectivity mechanism may be relevant
to the icPIP2s since there are also similarities in cation transport (31).

A simple gatingmodel is proposed inFigure 3b to account for the inverse relationship observed
between ion and water conductance in AtPIP2;1. It is based on the open and closed structures of
SoPIP2;1 and the assumption that each intrasubunit (monomer) water pore gates independently.
If all four monomer pores have to close before the central tetramer pore can be primed for open-
ing, a relationship can be obtained between the Popen of the monomer (water) pore (Pmopen) and
the Popen of the tetrameric central (ion) pore (Ptopen) (expression in Figure 3a). Surprisingly, this
simple model fits the data of Reference 158 reasonably well. It is also possible that cooperativity
between the gating of each intrasubunit pore will affect the central pore.However, the differences
seen in the central pore of the biological assemblies of SoPIP2;1, shown in Figure 3 in the open
and closed states,must be taken with caution since the resolutions and crystal conformations of the
two structures are very different andmay not allow the interpretation we take in support of this hy-
pothesis. Nevertheless, the movement and half turn of TM5 during the gating of the intrasubunit
pore (188) (Figure 2) may be expected to alter the central pore diameter in some regions and to
expose polar side chains to the pore lumen, which is conducive of ion conduction. Also, the move-
ment of TM1 (138) may affect the orientation of LA that caps the external entrance to the central
pore.
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Can ion and water flow be coupled? In the case of water and monovalent cations for AtPIP2;1,
it would seem that these could be mutually exclusive (156, 158). However, when dealing with a
population of channels in a cell membrane, it is difficult to exclude the possibility that a state can
exist where ions and water can permeate at the same time. Based on the gating hypothesis above,
this would not happen at the single channel level, though rapid switching of the subunit pore from
open for water in each monomer (with the central pore closed for cations) to closed for all subunit
pores (with the central pore open for cations) could result in a local coupling between water and
ions via a transport number effect (10), as opposed to electroosmosis (11, 78, 80) (Figure 4).

It is important here to consider quantitatively the transport rates for ions and water through
the single tetramer to test the feasibility of this type of coupling.We can estimate the open prob-
ability of the ion channel (i.e., the tetrameric central pore) (Ptopen) of AtPIP2;1 by making a few
assumptions and basing it on the knowledge that total membrane conductance is equal to the num-
ber of channels (n) × channel open probability (Ptopen) × unitary-channel ion conductance (4). First we
assume that the unitary channel ion conductance of PIP2;1 is similar to that of AQP1 [though the
measured values range widely from 2 to 10 (175) to over 100 pS (6)]. The AtPIP2;1 S283D mu-
tant expressed in Xenopus oocytes gave a membrane conductance of 100 μS (158) that we assume
is near to its maximum ion channel activation. This would give n× Ptopen in the oocyte membrane
as:

n× Ptopen = 100 × 10−6/100 × 10−12(for 100 pS channel) = 106, or 107 for 10 pS channel.

To estimate n we use the water permeability measurements of AtPIP2;1. The average maximum
osmotic water permeability (Pos) for an oocyte expressing wild-type AtPIP2;1 is 1 × 10−3 cm s−1,
using actual oocyte surface area (36). If the unitary water permeability of an AtPIP2;1 intrasubunit
pore is about 4 × 10−13 cm3 s−1 as per AQP1 (28, 80), this would mean that an approximate
AtPIP2;1 tetramer density in the oocyte membrane is 6× 108 cm−2. An average oocyte membrane
area of 0.5 cm2 per oocyte then gives 3 × 108 tetramers/oocyte. Therefore, Ptopen ≈ 3 × 10−3

(100 pS channel) or 3 × 10−2 (10 pS) or between 0.3 and 3.0%, which is rather low but not so
unlikely when the total number of channels is used to infer Ptopen rather than the electrically active
channels observed in patch clamp (26). It should be noted for the above approximation that AQPs
may show a wide range of unitary water permeability (80), and unstirred layers may result in the
Pos of oocytes being underestimated (28).

The gating model (Figure 3a) would predict that the open probability of the monomer (water)
pore (Pmopen) becomes quite low (0.015) before Ptopen starts to approach 0.5, perhaps precluding
ion:water coupling. At Ptopen of 0.5, the open ion channel conductance would have to be very low
(∼0.1 pS) to account for the whole-cell ion conductance. To account for the higher single-channel
conductance measured for AQP1, it would seem that the Ptopen is low. This is perhaps accounted
for by a silent mode, as shown in Figure 3, that may by primed for hydrophobic gating (7).

AQPs are at a very high density in the membrane, and they have a large impact on water
permeability. If every AQP were conducting ions simultaneously, it would be catastrophic for the
cell. This could only occur if the single-channel conductance of the ion pore was very low or had
a very low Popen. Ion coupling could occur if the tetramers formed clusters in microdomains or
rafts (117) so that in a given cluster there may be one or two ion channels active with many more
water channels. It does raise the question why evolution has arrived at a water and ion channel
combined in the one structure, noting that some K+ channels can have high water permeability
(e.g., bacterial KcsA) (80), and we cannot exclude the possibility that a state can occur in PIP2
icAQPs where both water and ions can conduct at the same time (Figures 3b and 4).

For water to be pumped against an osmotic gradient, AQPs would have to be closed to prevent
a futile cycle back down the gradient (160, 211, 212). Based on the model proposed in Figure 3

722 Tyerman et al.



to explain the inverse water and ion permeation in Reference 158, this closure of the water chan-
nel would correspond to the opening of an ion channel permeable to K+ (and Na+). This may
facilitate water pumping by allowing the cycling of K+, if K+ is the driver ion for water transport
through another transporter (see, e.g., 234) and coupled to an electrochemical gradient generated
by the proton pump (211, 212). The energy required to pump water is very dependent on the
back leak via AQPs such that it would only be feasible if AQPs were substantially shut (59, figure
8); such a model would not be consistent with parallel osmotically driven water fluxes (160). Fur-
ther consideration of the energetics of water pumping as per Raven & Doblin (160) and Wegner
(211, 212) need to be assessed in the light of the recent discoveries of inverse ion/water gating of
PIP2s. It has also been speculated that water flow through an AQP could generate energy akin to
a turbine (59). In a general sense, the ion channel activity of AtPIP2;1, AtPIP2;2, and HvPIP2;8
may present a mechanism for this based on the inverse gating and the link between water transport
and electrogenic cation transport. Coupling between ion and water flow is predicted to reduce the
apparent water permeability that is observed when ion conductance becomes larger (Figure 3a).
It is unknown whether the gradient for water transport can be coupled to the gating of the ion
channel in the tetramer, though there is evidence that pressure gradients and osmotic gradients
can gate plant AQPs (204, 227).

AtPIP2;1: A Multifunctional Conditional System with a Large Permissive
Permeability Range

Proposed functions of AtPIP2;1 and AtPIP2;2 and orthologs range from highly regulated roles
in water transport in leaves (95, 151, 152, 157), roots (35, 47, 88, 153), and guard cells (66), to
H2O2 signaling in guard cells (167), cell-to-cell transport of systemic signals (53), CO2 sensing
in guard cells (205), growth responses to drought stress (236), and water transport regulation
in response to salinity (97) (Figure 5). The role of PIP2s in guard cell closure (66, 167, 205) is
complicated by the observation that a quadrupleArabidopsismutant (pip1;1 pip1;2 pip2;2 pip2;1) did
not affect closure rates in response to abscisic acid compared to wild type (34). The interaction
between Camelina sativaCsPIP2;1 and the hydrophobic Rare Cold Inducible proteins (CsRCI2E,
CsRCI2F) induced by salinity reduces the membrane abundance and water transport of CsPIP2;1
when expressed in Xenopus oocytes (97). This is interesting since these proteins have been linked
to regulating membrane potential by reducing membrane hyperpolarization, which would reduce
the gradient for nonselective cation influx; thus, there is a protective effect under salinity (96).
This link is not consistent with water transport but is entirely consistent with nonselective cation
transport via CsPIP2;1.

The large array of protein interactions and PTMs associated with AtPIP2;1 and other AQPs
may indicate that how a transporter is placed for a particular function is dictated by what sub-
strates are transported at its location, the proteins that interact, and the associated PTMs (57).
This would be context dependent, i.e., dependent on development gradients, response to biotic
and abiotic stress, and time (Figure 5). The fact that so many different proteins can interact with
AtPIP2;1 (15), some of which have been shown to affect function (35, 152), combined with di-
verse possible combinations of phosphorylations by different kinases (66, 181, 217, 218), indicates
a multifunctional combinatorial system with potential permeabilities spanning a broad range of
substrates, i.e., from cations to CO2. Permeabilities of lipid membranes are in the range of 10−14–
10−12 m s−1 for ions, 10−4 m s−1 for water, and upwards of 1 m s−1 for CO2 (72). Thus, some
AQPs have the potential to influence membrane permeability over a range spanning from 12 to
14 orders of magnitude, among the greatest of any known types of transporters.
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Figure 5

Multidimensional functionality of AtPIP2;1, which is able to transport cations, water, H2O2, and CO2 and is
dependent on PTMs and/or PPIs. The various known functions and putative functions are indicated under
each transport mode. It is not known if simultaneous transport of different substrates can occur, but this
might be relevant to some functions (e.g., signaling) via ion conductance and/or H2O2 permeability.
Structures indicated are for AtPIP2;1 modeled on AtPIP2;4 (PBD ID 6qim) (206). Structure obtained from
SWISS-MODEL P43286. Also shown (spheres of different colors) are the possible pathways for cation (left)
and/or CO2 (right) movement through the central pore of the tetramer and H2O and/or H2O2 through the
intrasubunit pore (water pore). Data obtained from PoreWalker (145) and drawn with PyMOL with a
cutaway view to make the pores more visible. Abbreviations: ABA, abscisic acid; PPI, protein-protein
interaction; PTM, posttranslational modification.

FUTURE PERSPECTIVES ON THE DISCOVERY OF PLANT
ION-CONDUCTING AQUAPORINS AND THEIR ROLES

Currently, there are only a handful of examples of icAQPs in plants (Figure 1), and some of these
are somewhat speculative (TIP2;1, VvXIP1); all require further confirmation with different sys-
tems and in planta function. However, the implications of icAQPs are sufficiently important that
further surveys of each of the members of the subfamilies should be carried out, and we should
no longer assume that AQPs are only permeable to neutral solutes. AQP permeability surveys are
complicated by the likelihood that PTMs and PPIs can modify or switch off ion conductance and
that the systems selected for the analyses could influence the observed outcomes. For example, in
analyses of neutral solute selectivity, AQP ion-conducting states could alter measurements of per-
meability to water or other neutral solutes, such asCO2 andNH3 that have ionic counterparts.The
roles of icAQPs in planta have not been determined, and resolving this will be challenging given
the multifunctional roles already reported for some AQPs, especially AtPIP2;1. Redundancy (e.g.,
AtPIP2;1 and AtPIP2;2) and secondary effects related to water transport regulation (Figure 5)
will also impact ion fluxes (134) when mutants are assessed.
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More crystal structures of plant AQPs in various functional states could facilitate the definition
of predictive motifs for icAQPs, which would be useful for identifying new icAQP candidates and
distinguishing whether ions move through intrasubunit or central pore pathways. Initial attempts
to find key structural determinants of ion transport through PIP2s have yielded candidate sites
for mutational studies of LD and C-terminal domains, loop A for possible divalent sensitivity, and
the PLP motif and threonine residues in H5 (31) for ion channel gating/selectivity, but much re-
mains unknown compared with the advanced structural features used to predict water and neutral
molecule permeation via the intrasubunit pores (e.g., 80, 99, 120). Structure-function exploration
through MD simulations would greatly facilitate the understanding of the ion transport features
of icAQPs.

The possible coupling between water and ion flows has been speculated upon in relation to
water pumping and energy generation (59, 213).Themovement of water into the xylem sometimes
against an apparent water potential gradient could be explained by such coupling (211, 212). The
PIP2;1/PIP2;2 proteins provide a possible component for such a mechanism, but detailed studies
of how the ion channel is gated in relation to water flow will be required. The opportunity to
manipulate icAQP function will open avenues to better understand the relationships between
water and ion flows in plants.

The multifunctionality of some plant AQPs (e.g., AtPIP2;1) is likely due in part to the range
of PTMs and PPIs and reinforces the unique position that AQPs occupy in the transportomes
of plants. That AtPIP2;1 is one of the most studied AQPs could also indicate that when further
information is obtained on some of the other AQPs, such as OsPIP1;3 and TIP2;1, similar mul-
tifunctionality will be revealed.

SUMMARY POINTS

1. There are aquaporins (AQPs) in plants that have been shown to carry either univalent
cations or anions electrogenically [ion-conducting AQPs (icAQPs)] when expressed in
heterologous systems or lipid bilayers. There are analogous icAQPs in animal cells.

2. The cation conducting icPIP2s from different species can show different selectivity, i.e.,
K+ > Na+ or Na+ > K+, and different sensitivity to blocking by divalent cations.

3. Different icAQPs may account for several so far unidentified (genetically) nonselective
ion channels in the plasma membrane, vacuolar membrane, and legume symbiosome
membrane.

4. Phosphorylation of PIP2 AQPs at certain sites appears to regulate the ion conductance
in an inverse manner to water permeability.

5. Water may be coupled to ion flow in icAQPs depending on the way the ion- and water-
conducting pathways are gated, but it is likely that only a small proportion of icAQPs in
a cell will be in an ion-conducting state at any given time.

6. Some AQPs, e.g., AtPIP2;1, have a wide range of solute permeability (univalent cations,
H2O,H2O2, CO2) and could be considered as multifunctional conditional transport sys-
tems. This requires tight regulation most probably linked to posttranslational modifica-
tions and protein-protein interactions.

7. Defining AQPs as gated ion channels in addition to neutral solute pores opens new
paradigms for modeling cellular regulation of fluid movement and volume control.
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8. An open-minded reanalysis of broad classes of AQPs previously assumed to be purely
water-selective channels should consider signaling pathways that might be required for
gating.
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