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Abstract
Aquaporins have been assumed to be selective for water alone, and aquaglyceroporins are
accepted as carrying water and small uncharged solutes including glycerol. This review presents
an expanded view of aquaporins as channels with more complex mechanisms of regulation and
diverse repertoires of substrate permeabilities than were originally appreciated in the early
establishment of the field. The role of aquaporins as dual water and gated ion channels is likely to
have physiological and potentially translational relevance, and can be evaluated with newly
developed molecular and pharmacological tools. Ion channel activity has been shown for
Aquaporins -0, -1, and -6, Drosphila Big Brain, and plant Nodulin-26. Although the concept of ion
channel function in aquaporins remains controversial, research advances are beginning to define
not only the ion channel function but also the detailed molecular mechanisms that govern and
mediate the multifunctional capabilities. With regard to physiological relevance, the adaptive
benefit of expression of ion channel activity in aquaporins, implied by amino acid sequence
conservation of the ion channel gating domains, suggests they provide more than water or glycerol
and solute transport. Dual ion and water channels are of interest for understanding the modulation
of transmembrane fluid gradients, volume regulation, and possible signal transduction in tissues
expressing classes of aquaporins that have the dual function capability. Other aquaporin classes
might be found in future work to have ion channel activities, pending identification of the possible
signaling pathways that could govern activation.
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Reviews of aquaporin research traditionally begin with a simple binary classification of the
channel families into the aquaporins and the aquaglyceroporins. Aquaporins are assumed to
be selective for water alone, and aquaglyceroporins are accepted as carrying a broader range
of other solutes including glycerol (King et al., 2004). This view has been useful for framing
the early stages of aquaporin research, but a comprehensive view of recent progress shows
that a broader view of aquaporins is timely. The full perspective must account for a higher
degree of complexity in mechanisms of regulation and a more diverse repertoire of substrate
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permeability in the aquaporin classes than could have been appreciated during the early
establishment of the field (Gomes et al., 2009; Hachez and Chaumont, 2010; Yool, 2007a).
In particular, the role of aquaporins as gated ion channels, in addition to their roles as water
channels, is likely to have physiological and potentially translational relevance (Yool,
2007a; Yool, 2007c). Although the concept of ion channel function in aquaporins remains
controversial, research advances are beginning to define not only the ion channel function
but also the detailed molecular mechanisms that govern and mediate the multifunctional
capabilities. With regard to physiological relevance, the adaptive benefit of expression of
aquaporins is not obvious in all cell types, and suggests they provide more than water or
glycerol transport alone. In tissues expressing aquaporin classes that have dual ion and water
channel, modulation of transmembrane gradients might augment water channel function, or
as in the case of the aquaporin-related channel Drosophila Big Brain might be the primary
function, since no osmotic water channel activity is apparent in the wild type channel
(Yanochko and Yool, 2002).

1. Aquaporin ion channels
Aquaporins (AQPs) are part of a large family of major intrinsic proteins, MIPs (Reizer et al.,
1993). Over the past two decades, ion channel activity has been shown for several classes of
MIPs, although the physiological role of aquaporin ion channels in vivo remains to be
determined (Yool and Stamer, 2004). The mechanisms of activation, molecular determinants
of functional properties and ionic selectivities differ between aquaporin ion channel types,
arguing against explanation of the findings as simply a generic leak effect due to the
presence of exogenous protein. A combination of electrophysiology and site-directed
mutagenesis has proven useful in defining the molecular domains involved in gating and
modulation of AQP ion channel activity, within the subset found thus far to have ionic
conductance capacity. In AQP1, the central pore at the four-fold axis of symmetry in the
tetramer has been proposed as the most likely pathway for cation conduction (Yool and
Weinstein, 2002; Yu et al., 2006). In contrast, the water fluxes are accepted as being
mediated by separate distinct pores that are located in each of the subunits of the tetramer
(Jung et al., 1994; Preston et al., 1994). In other AQPs such as AQP6 and Drosophila Big
Brain, the possible role of the intrasubunit pores as ionic conductance pathways is consistent
with the idea that a diverse multifunctional repertoire is expressed across the MIP channel
family (Fig. 1).

1.1 Aquaporin-0, the lens MIP channel
AQP0, the major protein component of isolated lens junctions, when reconstituted in
bilayers has been shown to have ion channel activity (Modesto et al., 1990; Shen et al.,
1991; Zampighi et al., 1985). However, other groups have reported absence of a change in
ionic conductance with lens MIP expression in Xenopus oocytes (Kushmerick et al., 1995;
Mulders et al., 1995). Data supporting ion channel activity have shown that bovine MIP26
has a conductance of 200 pS in unilamellar vesicles with 100 mM saline. The ion channel is
voltage- and pH-sensitive, open at acidic pH and tending to close permanently at neutral pH
to a current amplitude comparable to that of control bilayers (Zampighi et al., 1985).
Chicken MIP28 has a single channel conductance of approximately 230 pS in 150 mM KCl
(Modesto et al., 1996). Evidence against ion channel activity came from impedance studies
used to determine lens fiber cell membrane conductances, comparing cells from wild-type
and a heterozygous mutant mouse strain (CatFr) that has reduced translocation of the MIP
channel to the membrane; the coupling conductance was slightly less in the heterozygous
mutant lens (n=2) as compared to wild type (n=1), but the differences were not statistically
significant (Varadaraj et al., 1999). This finding might challenge the data from bilayer
assays; alternatively, the lack of a difference could be the low n values used, the fact that the
heterozygote mutant still had some MIP expression in the membrane albeit at a reduced
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level, or the possibility that ion channel activity of AQP0 is regulated and the putative ion
channel activity might more apparent in conditions other than those used in the collagenase-
dissociated cell preparation from rabbit lens. The homozygous CatFr mutant shows the
diagnostic cataract formation, whereas the heterozygote used for the conductance measures
is normal in appearance. The observation by Varadaraj and colleagues that the heterozygote
CatFr lens fiber water permeability is significantly reduced does not justify the assumption
that the ionic conductance should be comparably reduced, since aquaporin channel
mutations can differentially affect ionic or water fluxes (as discussed below for AQP1).

The single channel water permeability of AQPO is about l/40th that of AQP1 (Chandy et al.,
1997). Regulation by pH ranging 7.5 to 6.5 is mediated by a histidine in the extracellular
loop A (Nemeth-Cahalan and Hall, 2000). One proposed role for MIP in lens is in volume
regulation, preventing extracellular fluid accumulation via uptake of water into the
crystalline-rich cytoplasm of the fiber cell, which minimises the extracellular space to
enhance light transmission properties (Modesto et al., 1996).

1.2 Soybean Nodulin-26
The soybean MIP, nodulin (nod26), reconstituted in bilayers is a voltage-sensitive channel
with a large single channel conductance and weak anion selectivity (Weaver et al., 1994). In
the carboxyl terminal domain, ser 262 of nodulin 26 is phosphorylated by calmodulin-like
domain protein kinase, which increases voltage-dependent gating and preferential
occupancy of subconductance states (Lee et al., 1995). Nod26 is the major membrane
protein component in root nodules which enclose symbiotic nitrogen-fixing bacteroids.
When reconstituted into proteoliposomes, nod26 facilitates mercury-sensitive ammonium
transport, suggesting an important role in fixed nitrogen transport out of the symbiosome
(Hwang et al., 2010; Niemietz and Tyerman, 2000).

1.3 Aquaporin-1
Human AQP1 is a water channel (Benga et al., 1986a; Benga et al., 1986b; Preston et al.,
1992) and functions as a non-selective monovalent cation channel when activated by
intracellular cGMP, with a large single channel conductance of approximately 150 pS in
standard physiological saline conditions (Anthony et al., 2000) and apparently smaller
subconductance states when reconstituted in lipid bilayers (Saparov et al., 2001). The wild
type AQP1 ion conductance carries monovalent cations (K+ ≈ Cs+ > Na+ >
tetraethylammonium+), but not anions, protons, or the divalent cations Ca2+ or Mg2+ as
determined from measured reversal potentials in ion substitution experiments (Yool et al.,
1996). The AQP1 central pore is lined by hydrophobic barrier residues (valine 50, and
leucines 54, 170, and 174; human AQP1) located in the 2nd and 5th transmembrane domains,
M2 and M5 (Yu et al., 2006). Substitution of all four barrier residues by alanine increased
the relative permeability of tetraethylammonium (Campbell et al., 2012), a large monovalent
cation that blocks the monomeric water pores but carries an ionic current through the large
cGMP-activated channel pore (Brooks et al., 2000; Yool et al., 2002). Substitution of
cysteine for lys 51 in the central pore domain a cysteine-less AQP1 background created a
new site for inhibition of the ionic conductance by mercury (Campbell et al., 2012),
indicating the central pore is the ion conduction pathway. The AQP1-mediated cationic
conductance has been implicated in influencing rates of net fluid transport in primary
cultures of choroid plexus (Boassa et al., 2006). The main point of uncertainty in the field is
the variability in response amplitudes between different experimental models (Saparov et al.,
2001; Tsunoda et al., 2004). In light of recent findings, it seems likely that the differences
between preparations results from differences in intracellular regulatory pathways that
govern AQP1 ion channel availability. Phosphorylation of tyrosine Y253 in the carboxyl
terminal domain, confirmed by western blot, could be one of the master switches regulating
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responsiveness of AQP1 ion channels to cGMP (Campbell et al., 2012). Threonine and
serine kinase activity also regulates AQP1 ion channel activity (Zhang et al., 2007).

1.4 Drosophila Big Brain
Drosophila Big Brain (BIB) expressed in oocytes is a monovalent cation channel reversibly
activated by tyrosine kinase signaling (Fig. 2), without any appreciable water channel
activity (Yanochko and Yool, 2002; Yanochko and Yool, 2004). Loss-of-function mutations
of BIB result in an excess of neuronal precursors in the embryonic nervous system and a
reduction in the number of epidermal cells, classifying it as one of the neurogenic genes in
addition to Notch and Delta and others (Rao et al., 1992). However, its mechanism of action
in cell fate determination remains unknown. BIB was suggested to be a channel protein that
participates in the lateral inhibition signal controlling the fate of precursor cells (Doherty et
al., 1997), and also has been proposed to play a structural role in cell aggregration based on
assays of BIB-transfected L-cells (Tatsumi et al., 2009). Yanochko and colleagues showed
that the BIB channel expressed in oocytes mediates a nonselective monovalent cation
channel conductance that is modulated by pharmacological agents which alter endogenous
tyrosine kinase signaling pathways in oocytes, and BIB protein analyzed by western blot
shows tyrosine phosphorylation in the carboxyl terminal domain. Membrane depolarization
could in theory be involved in the neurogenic function of BIB in early development
(Yanochko and Yool, 2002), but pharmacological tools for testing this hypothesis currently
are lacking.

1.5 Aquaporin-6
Mammalian AQP6 expressed in oocytes shows an intermediate single channel conductance
(49 pS in 100 mM NaCl) induced by treatment with 10 mM HgCl2 (Hazama et al., 2002).
Rat AQP6 is found in intracellular vesicles in renal epithelia. At acidic pH (<5.5), the water
and anion permeability of AQP6-expressing oocytes was increased. Site-directed mutation
of lys 72 to glu at the internal side of the intrasubunit pore altered the cation to anion
selectivity ratio without impairing pH-dependent activation (Yasui et al., 1999). The high
nitrate permeability was reduced by site-directed mutation of a pore-lining thr 63 to ile
(Ikeda et al., 2002). Anion permeability of AQP6 was eliminated by the mutation of asn 60
to gly (located at the crossover point of the 2nd and 5th transmembrane domains M2 and
M5), whereas basal osmotic water permeability was increased (Liu et al., 2005). The
research group that presented AQP6 as an ion channel has dismissed the ionic conductances
of AQP1 as “rare and aberrant” (Ikeda et al., 2002). However, it is interesting to note that
the similarities in relative levels of water and ion channel activities between AQP1- and
AQP6-expressing oocytes, as well as similar properties of ionic currents measured by
voltage clamp such as current amplitude, kinetics and low sensitivity to voltage, and the
importance of loop B, M2 and M5 structures for ion channel function, all suggest that a
common theme extends across multiple classes of AQP ion channels.

Other aquaporins besides those summarized above might be found in future work to have
ion channel activities, pending identification of the possible signaling pathways that could
govern activation.

2. Molecular basis of Aquaporin ion channel gating and conductance
2.1 The ionic pore

The central pore might not be the only ion permeation pathway for the classes of ion-
conducting AQP channels (Fig 1). For example, in AQP6, amino acid residues that affect
ion channel properties when mutated are located in loop B, an intracellular linker between
the 2nd and 3rd transmembrane domains M2 and M3 (Ikeda et al., 2002; Yasui et al., 1999).
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Loop B forms part of the intracellular half of the intrasubunit pore that typically is
associated with water channel function in other AQPs (Jung et al., 1994). Thus, the
intrasubunit pores might be the ionic conduction pathways in AQP6, in contrast to the
central pore model proposed for AQP1 (Yu et al., 2006). Similarly, the Big Brain-mediated
ionic conductance is affected by the mutation of a conserved residue Glu 71 in the first
transmembrane domain M1, which is a site that based on crystal structures of other AQPs is
more likely to affect the intrasubunit pore than the central pore (Yool, 2007b). Mutation of
glu 71 to asn (E71N) in BIB abolished ion channel function, whereas the equivalent
mutation in AQP1 E17N did not prevent ion channel activity, but blocked AQP1 water
channel function. The magnitude of the knockdown effect of the BIB mutant correlated with
the ratio of mutant to wild type cRNA injected into the Xenopus oocytes. Coexpression of
AQP1 wild type and E17N significantly decreased osmotic water permeability as compared
with AQP1 wild type alone, without creating a dominant negative effect on AQP1 water
channel function. The differential sensitivity of BIB and AQP1 to mutation of the M1
glutamate suggests that ion permeation pathways could involve the central pore or the
intrasubunit pores, depending on the channel type (Yool, 2007b).

2.2 The role of the carboxyl terminal as a modulatory domain
The carboxyl terminal domain has been suggested to modulate aquaporin ion channel
activity in AQP1 and BIB (Boassa and Yool, 2002; Campbell et al., 2012; Yanochko and
Yool, 2002). In AQP1, a pattern of amino acids in the carboxyl terminal domain appears to
mimic some key residues that have been associated with cGMP binding selectivity of cGMP
phosphodiesterases. Site-directed mutagenesis of these residues in AQP1 decreased the
magnitude of the ionic conductance activated by cGMP (Boassa and Yool, 2003).
Phosphorylation of a carboxyl terminal tyrosine (tyr 253, human AQP1) enhanced the
availability of AQP1 to be gated as ion channels in response to cGMP (Campbell et al.,
2012). Pharmacological agents inducing tyrosine dephosphorylation prevented AQP1 ion
channel activation, whereas agents increasing the tyrosine phosphorylated state promoted
AQP1 ion channel activation. Mutation of the tyrosine phosphorylation site to cysteine
(Y253C) prevented ion channel activation, but covalent addition of a negatively charged
alkylthiosulfonate agent (sodium (2-sulfonatoethyl) methanethiosulfonate; MTSES) to the
intracellular side of AQP1 Y253C rescued the cGMP-activated conductance response. The
MTSES effect was reversed by the reducing agent dithiothreitol. These results support the
proposal that phosphorylation of tyrosine Y253 in the carboxyl terminal domain, confirmed
by western blot, acts as a master switch regulating responsiveness of AQP1 ion channels to
cGMP (Campbell et al., 2012). Tyrosine phosphorylation of BIB in the carboxyl terminal
domain conversely has been shown to negatively modulate ion channel activity, resulting in
a decreased amplitude of the activated ionic conductance in BIB channels expressed in
Xenopus oocytes (Yanochko and Yool, 2002).

2.3 The role of loop D as a gating domain
Loop D between the 4th and 5th transmembrane domains M4 and M5 has been linked with
gating of the ionic conductance in AQP1 (Campbell et al., 2012; Yu et al., 2006). The
equivalent loop in plant AQPs is essential for gating water channel activity in response to
environmental stressors (Tornroth-Horsefield et al., 2006). Loop D in rat AQP4 has been
proposed as the target for regulation of water channel activity by phosphorylation of Ser 180
(Zelenina et al., 2002).

Amino acid sequence alignments of the loop D regions of the known aquaporin ion
channels, AQPs -0, -1, -6, Big Brain and nodulin, show the domain is highly conserved for a
given class of channels expressed in diverse species, but the patterns within each of the
different aquaporin classes are unique and distinctive from those of other AQP channel
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classes (Fig. 3). The high degree of conservation of amino acid sequences in the loop D
domains in a class of channels from a variety of organisms implies an adaptive advantage is
conferred by the loop D region that involves channel class-specific functional roles. Loop D
has been implicated in plant and animal aquaporins as important in the gating of channel
functions by various factors such as intracellular ligand binding, phosphorylation, and pH. In
AQP1, mutations in loop D that interfere with ion channel activation have comparatively
little effect on water channel activity (Yu et al., 2006), suggesting that the ion channel
function in AQP1 has been positively selected and is likely to be physiologically relevant.

3. Physiological roles of aquaporin ion channels
3.1 Unexpected roles of aquaporin channels

AQP1 is expressed in barrier epithelia at which the maintenance of fluid homeostatic
balance is essential, and their roles in facilitating water flux in these tissues is evident. In
choroid plexus in brain ventricles, AQP1 enables the production of cerebral spinal fluid
(Boassa and Yool, 2005; Johansson et al., 2005). In kidney proximal tubule and descending
thin limb of Henley, AQP1 enables efficient fluid reabsorption (Ma et al., 1998). In the eye,
expression of AQP1 in ciliary epithelia is important for aqueous humour production, and its
expression in retinal pigment epithelium is thought to be important for fluid removal from
the subretinal space (Levin and Verkman, 2006; Stamer et al., 2008). However, AQP1
channels also are localized in cells in which the need for having high rates of transmembrane
water flux is not readily apparent. The functional purposes of AQP1 expression in these
cases remain open to speculation. Examples include: neural crest derivatives such as enteric
neurons and dorsal root ganglia; vascular endothelial cells of the peripheral (but not central)
vasculature; red blood cells; trabecular meshwork in the fluid outflow pathway of the eye;
reactive astrocytes and glioblastomas; breast cancer; retinal photoreceptors; pancreatic cells;
cardiac muscle; and other tissues (Arciszewski et al., 2010; Baetz et al., 2009; Bondy et al.,
1993; Burghardt et al., 2003; Endo et al., 1999; Hayashi et al., 2007; Iandiev et al., 2005;
Markert et al., 2001; Nagahama et al., 2006; Nielsen et al., 1993; Oshio et al., 2005; Oshio et
al., 2006; Page et al., 1998; Pannabecker et al., 2000; Stamer et al., 1996; Yang et al., 2001).
Some possible roles include signal transduction (potentially in association with other ion
channels, receptors and transporters); increased mechanical compliance in tissues subject to
sudden changes in pressure; neurite or cell process outgrowth; organelle volume regulation;
and cell volume regulation for example for enabling migration through restricted
extracellular spaces (Arnaoutova et al., 2008; Baetz et al., 2009; Cowan et al., 2000; McCoy
and Sontheimer, 2007; Oshio et al., 2006).

3.2 New research strategies
Understanding the full spectrum of functional roles and regulatory pathways is essential for
determining the range of physiological roles that channels such as AQP1 might serve, as
well as their potential value as targets for therapeutic treatments (Frigeri et al., 2007; Yool et
al., 2009). Tools for differentially probing the ion and the water channel activities of AQPs
are beginning to emerge from ongoing drug discovery projects, and from the molecular
analyses of candidate gating and regulatory domains. For example, with information now
available it is possible in cell cultures to evaluate the role of AQP1-mediated ion channel
activity without the water channel activity, by transfecting cells with an AQP1 mutant
construct in which glu17 is substituted with asn (E17N, human AQP1). With this construct,
the cGMP-induced ionic conductance response remains intact, but AQP1 no longer shows
any appreciable osmotic water permeability (Yool, 2007b). Conversely, to evaluate the role
of AQP1 water fluxes without the capacity for cGMP activation of the cationic conductance,
a strategy would be to transfect cells with the AQP1 double mutant construct in which arg
159 and arg 160 are substituted with alanines (R159A,R160A; human AQP1), a construct in
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which the water channel but not the ion channel activity remains intact (Campbell et al.,
2012; Yu et al., 2006). For these approaches, the cells chosen for transfection would
presumably need to be free of native wild type AQP1 expression, since neither of the
selective functionally deficient mutants described above exerts a dominant negative effect.
In a dominant negative condition, expression of the non-functional mutant also would
decrease activity of the wild type because of co-assembly of the subunits in the channel
multimer. It will be valuable in ongoing studies to continue to screen new mutant constructs
for an ability to reduce or eliminate either water or ion channel activity via a dominant
negative action, which could open possibilities for evaluating the differential contributions
of water and ion channel activities in native cells expressing wild type AQP1. The dominant
negative mechanism is a phenomenon that has been used to advantage for example in
studies of the physiological roles of voltage-gated channels and for defining etiologies of
inherited ionchannelopathy diseases (Jurkat-Rott et al., 2010; Nerbonne et al., 2001).

Identification of a diverse panel of selective pharmacological blockers for AQP channels
could be realized within the next decade. While Cd2+ has been useful as an experimental
tool for blocking AQP1 ion channels (without affecting the parallel water pores), problems
with toxicity as well as a lack of specificity for AQP channels limit its value as a probe for
physiological contributions of AQP1 ion channels in vivo. Preliminary data from a library of
synthetic bumetanide derivatives that has been found to show AQP pharmacological activity
(Migliati et al., 2009) offers promise that at least one of the agents is an effective blocker of
the cGMP-dependent AQP1 ionic conductance at micromolar concentration, and has no
effect on AQP1 water channel activity at doses up to 100 micromolar (Yool and Campbell,
unpublished data). Other arylsulfonamide agents being developed independently hold
promise for creation of an array of blocking compounds for AQPs (Huber et al., 2009;
Huber et al., 2007). An acute selective blocker of the ionic conductance will be a powerful
tool for addressing the translational relevance of the dual water and ion channel function of
AQP1. Once the functional roles of the dual pathways are understood, it is conceivable that
the selective AQP1 ion channel blockers might have therapeutic applications in medicine
that would never have been envisioned when viewing AQP1 as “nothing more than a water
channel”. Similar explorations of the multifunctional capacities of other multifunctional
aquaporins offer exciting challenges and opportunities for research and translational
advances.
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Figure 1.
Diagram illustrating the Aquaporin channel structural organisation and candidate permeation
pathways.
(A) Transmembrane topology of an aquaporin subunit, with six transmembrane domains
(M1-6), intracellular amino and carboxyl terminal domains, and two folded loops (B and E)
that meet within the transmembrane region of the channel to create the intrasubunit pore of
each subunit.
(B) Two models for ion permeation. Ions can pass through the central pore in the middle of
the tetramer of subunits (as has been shown for Aquaporin-1, AQP1), or might through the
individual intrasubunit pore pathways of aquaporin channels (as has been proposed for
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Drosophila Big Brain, BIB, and others). Water flux in AQP1 is mediated primary by the
intrasubunit pores. BIB has no appreciable osmotic water permeability.
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Figure 2.
Reversible ion channel activation of Drosophila Big Brain aquaporins expressed in Xenopus
oocytes.
(A) Reversible activation of the Big Brain (BIB) ionic conductance measured by
twoelectrode voltage clamp of an oocyte expressing hemagglutinin (HA) epitope-tagged
BIB channels.
(B) Confocal imaging with anti-HA antibody labeling of BIB protein, showing expression in
Xenopus oocyte plasma membranes for wild type channels and for a non-ion conducting
mutant (glutamate 71 to asparagine) which exerts a dominant negative effect on ionic
conductance activity.
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Figure 3.
Amino acid sequence alignments of the loop D domain and adjacent 5’ and 3’ flanking
regions of the known ion channel aquaporins. Loop D regions for human AQP0, AQP1,
AQP6, soybean NOD26 and Drosophila BIB were determined by structural prediction
software (www.cbs.dtu.dk/services/TMHMM/) and by examining crystal structures. Loop D
(underlined, bold) and flanking transmembrane residues from each cohort of aquaporin were
mined from Genbank and aligned using ClustalW (v1.83). Asterisks (*) show residues that
are identical in all aligned sequences, colons (:) show conserved substitutions, and periods
(.) show semi-conserved substitutions. Colours (on-line figure version only) represent
physiochemical properties of each residue; basic (magenta), acidic (blue), small
hydrophobic (red) and hydroxyl, sulfhydryl or amine groups (green). Accession numbers are
listed to the right of each partial sequence.
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