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2011. First published December 9, 2010; doi:10.1152/ajpregu.90464.2008.—Aqua-
porins (AQPs) were originally identified as channels facilitating water transport
across the plasma membrane. They have a pair of highly conserved signature
sequences, asparagine-proline-alanine (NPA) boxes, to form a pore. However,
some have little conserved amino acid sequences around the NPA boxes unclassi-
fiable to two previous AQP subfamilies, classical AQPs and aquaglyceroporins.
These will be called unorthodox AQPs in this review. Interestingly, these unorth-
odox AQPs have a highly conserved cysteine residue downstream of the second
NPA box. AQPs also have a diversity of functions: some related to water transport
such as fluid secretion, fluid absorption, and cell volume regulation, and the others
not directly related to water transport such as cell adhesion, cell migration, cell
proliferation, and cell differentiation. Some AQPs even permeate nonionic small
molecules, ions, metals, and possibly gasses. AQP gene disruption studies have
revealed their physiological roles: water transport in the kidney and exocrine
glands, glycerol transport in fat metabolism and in skin moisture, and nutrient
uptakes in plants. Furthermore, AQPs are also present at intracellular organelles,
including tonoplasts, mitochondria, and the endoplasmic reticulum. This review
focuses on the evolutionary aspects of AQPs from bacteria to humans in view of the
structural and functional diversities of AQPs.

water channel; classical aquaporin; aquaglyceroporin; unorthodox aquaporin; evo-
lution

THE DISCOVERY OF A SPECIALIZED water-permeating channel,
aquaporin (AQP), has opened a new field of biological research
(60). Over the past 15–20 years, there has been great progress
in the understanding of the diverse roles of AQPs in our bodies
in health and disease as well as in other organisms. AQPs have
evolved mainly to facilitate permeation of small molecules,
including water, solutes, and possibly gasses, and regulate
several cell functions, including osmolarity, energy metabo-
lism, migration, adhesion, proliferation, and differentiation (1,
9, 30, 31, 43, 95, 114, 116). Intracellular water and solute
transports between organelles may also be regulated by AQPs
(21, 25, 67, 84, 86). Accordingly, AQPs play an important role
in physiology and pathophysiology of our bodies such as
osmoregulation, lipid metabolism, organogenesis and regener-
ation, and vascular and cancer biologies (1, 18, 19, 29, 74,
116). Because no specific AQP inhibitors are yet available, AQP
knockout mice have revealed their physiological significance of
AQPs. Surprisingly, relatively minor phenotypes have been ob-
served in most AQP null mice (114), suggesting that unidentified
compensatory mechanisms may be present (128).

Recent microarray techniques have enabled us to examine
gene expression systematically in cells and organs expressing
different arrays of genes under some stresses or diseases (4).

Unexpected expression of AQPs has been identified in such
studies. The following are a list of such studies using microar-
ray technique, in which changes of AQP expression are iden-
tified. Expression profiling analyses in detached retina revealed
AQP0 expression, which was regarded as lens specific (20),
suggesting its possible role in the retina. Gene expression
profiles in three different mouse models of experimental colitis
revealed a downregulation of AQP8 (109). Vitamin D admin-
istration to vitamin D-deficient rats also decreased AQP8
expression in duodenal mucosa (62). AQP10 was downregu-
lated in the small intestine of cholera patients (23). AQP5 was
activated soon after the administration of estrogen in mouse
uteri (61). The administration of a thiazolidinedione used for
the treatment of type 2 diabetes increased AQP9 expression in
rat white adipose tissues (100).

Although their importance is unclear in the above studies, all
may well be a clue to identify new roles of AQPs. In fact, new
substrates for AQPs were identified in plants with such studies.
Under a boron-limited condition, an AQP was identified as an
upregulated gene in the root, which functions as an influx
channel for boron (104). Another plant AQP was found
through chromosomal mapping as a gene responsible for an
inherited disease in rice with silicon deficiency (78). Such
reverse genetic approaches will lead to the discoveries of new
and sometimes unexpected functions of AQPs.

Structurally, AQPs have six transmembrane domains with
the NH2- and COOH-termini in the cytoplasm. The pore is
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made of two highly conserved short hydrophobic stretches of
amino acid residues named asparagine-proline-alanine (NPA)
boxes, which are the signature sequences for AQPs. With the
progress of the genome projects, more and more AQP-like
sequences have been identified on the basis of amino acid
sequence similarities, especially around NPA boxes. They may
belong to the AQP family although most of them have not yet
been functionally characterized. Some have new primary struc-
tures with extra residues at the NH2- and/or COOH-termini
(33, 126) or an alternative splicing (81).

Three-dimensional (3D) structural analyses of AQPs have
revealed a uniform structure: a tetramer with a pore in each
subunit (19, 22, 117, 122). Some AQPs have a larger pore to
permeate glycerol and possibly urea (39). Such structural
studies may predict permeating substances and gating mecha-
nisms by phosphorylation or interaction with NH2-terminal
residues (22). These 3D structural studies have also provided
an unexpected putative function, cell adhesion by forming a
junction between the plasma membrane by interacting with an
opposing AQP molecule (99). Such a nontransporting function
of AQPs has increasingly been identified (19, 37, 106). The
physiological significance of this function, however, awaits
further confirmation (129).

This review focuses on the possible evolutionary aspects of
the AQP family. To this end, the diversities of AQPs in
structure, function, and subcellular localization will first be
overviewed.

A Diversity of AQP Structures

The AQP family was divided into two subfamilies based on
the distinct primary sequences: classical AQPs and aquaglyc-
eroporins (1, 12, 45). Moreover, both seem to have specific
functions: water channels and glycerol channels, respectively.
The signature sequence for aquaglyceroporins will be the
aspartic acid residue (D) in the second NPA box, which
expands the pore to accept larger molecules such as glycerol
(39), while its absence indicates a classical AQP (Fig. 1).

Genome projects, however, revealed the presence of AQP-
like sequences without apparent NPA boxes highly conserved
in most AQPs (14, 42, 46). In plants, such AQPs are named
SIPs (short intrinsic basic proteins). Recently, another such
subfamily is identified in trees and named XIPs (uncategorized
X intrinsic proteins), which are prevalent in fungi and plants,
excluding monocots (14). Although their NPA boxes are de-
viated, their overall sequences are similar to classical AQP,
especially around the first NPA box (Fig. 1). Interestingly, they
have a highly conserved cysteine residue at the second NPA
box, NPARC (Fig. 1). This cysteine residue will be a signature
sequence for XIPs. The first NPA is more deviated although its
upstream sequence is ISGGH, which is conserved in many
AQPs. Thus both SIPs and XIPs will belong to classical AQPs.
XIPs are also present in Dictyostelium discoideum with highly
deviated second NPA boxes, NIA and NMA (Fig. 1). Cur-
rently, XIPs seem to be absent in animals.

AQP-like sequences with deviated NPA boxes are also
found in multicellular animals. The amino acid sequences
upstream of the first NPA box are completely different from
other AQPs. A phylogenetic tree in Fig. 2 indicates that they
are distantly related members beyond SIP. Despite their lower
homology with each other, they have a highly conserved

cysteine residue at the downstream of the second NPA box,
NPAxxxxxxxxC (Fig. 1). This cysteine residue will be a
signature sequence for this subfamily, which will be function-
ally indispensable as its disruption in AQP11 gives a similar
phenotype with AQP11 null mice (107). In fact, this cysteine
residue is also found in a fungi, Ustilago maydis, and bacteria,
Chlorobium tepidum and parvum (Fig. 1). However, their
upstream sequences of the first NPA are highly similar to
AQP1 and thus they are phylogenetically included as members
of an aquaglyceriporin and classical AQPs, respectively. This
third subfamily was previously referred to as “unorthodox
AQPs” focusing on deviated NPA itself and unconventional
functions, thus AQP6 and AQP8 are also included (95). In this
review, however, we use this name to indicate the primary
structure only, i.e., highly deviated subgroups of AQP-like
sequences with a conserved cysteine residue as indicated in the
phylogenetic tree beyond SIP (Fig. 2). The above half will be
orthodox AQPs as used in the classification of zebrafish AQPs
(112). Although all unorthodox AQPs currently have a con-
served cysteine, the identification of any deviated AQPs with-
out this cysteine will make further subdivision of unorthodox
AQPs necessary. Because unorthodox AQPs are highly devi-
ated from both classical AQPs and aquaglyceroporins, it is
difficult to construct a simulation model based on the known
3D structures of AQPs. Therefore, 3D structure analyses of
unorthodox AQPs are necessary to understand the molecular
and the pore structures of this family. The distributions of three
families of AQPs from bacteria to humans are summarized in
Table 1.

A Diversity of AQP Functions

Several critical residues for permeable substrates through
AQPs have been identified by mutagenesis and 3D analyses.
However, there still are many controversies on the specific
function of each AQP. As shown in Table 1, there are only
classical AQPs [plasma membrane intrinsic protein (PIP),
tonoplast intrinsic protein (TIP), nodulin-26-like intrinsic pro-
tein (NIP), short intrinsic basic proteins (SIP), and XIP] in
plants; however, the functions of plant AQPs seem to overlap
with those of animal AQPs. For example, the absence of
aquaglyceroporins in plants is compensated by the extended
functions of NIPs. The absence of unorthodox AQPs might be
compensated by SIPs or XIPs.

Functions of classical AQPs. The importance of water trans-
port through classical AQPs is well documented in plants and
animals. The absence of PIPs in roots, for example, inhibits
plant growth by limiting water absorption, leading to a com-
pensatory root growth (77). The absence of AQP2 in mice and
humans is a cause of diabetes insipidus (114). The absence of
AQP5 decreases salivary gland secretion in mice (114). These
results suggest that the role of classical AQPs is mainly water
transport. Milder phenotypes in the absence of classical AQPs
in mice and humans may indicate the presence of compensa-
tory water transport by solute transporters such as urea trans-
porters (128).

Similarly, water transport through classical AQPs is impor-
tant in single-cell organisms for the adaptation to a rapidly
changing environment by facilitating water transport (105).
Aqy1, a classical AQP in yeast, Pichia pastoris, was shown to
have a gating mechanism that is important for forming colonies
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following multiple freezing/thaw cycles (22). This hypothesis,
however, is controversial in that the absence of AqpZ, a
classical AQP in bacteria, decreases the colony size (13) or
does not decrease (103), and the two classical AQPs in yeast,
Saccharomyces cerevisiae, are dysfunctional with deletion or
absence at the plasma membrane (63).

Water transport may also regulate cell functions such as cell
migration and proliferation through changing the cell volume.
For example, AQP1 is expressed in the endothelium of tumor
microcapillaries to enhance a rapid vascular proliferation in
growing tumors (116). The expression of AQPs was inducible
in some tumors (18) and diseases (98), which will be applied to
anti-angiogenesis therapy for cancer (116). AQP1 has also
been shown to play an important role in chondrocyte migration

and adhesion (69, 80). The cell undergoing apoptosis decreases
its size due to a rapid water movement out of the cell (51).
Accordingly, hepatocellular carcinoma cells with low AQP8
expression have decreased resistance against apoptotic stimuli
(50). The result suggests that the induction of AQP expression
will stimulate cancer cell death by apoptosis, which also can be
applicable to cancer therapy.

Interestingly, classical AQPs also transport other substrates
than water. NIPs in plants transport nutrients such as silicon
and boron (78, 104). AQP6 transports anions such as nitrate as
well as water at least in in vitro conditions (40). AQP8 also
transports ammonia and free radicals such as H2O2 (10), as is
the case with TIPs in plants (16). Big Brain (bib) of Drosophila
was reported to be a cation channel (126) or not (106) without

Fig. 1. Sequence alignments of aquaporins (AQPs) at the
first and second asparagine-proline-alanine (NPA) boxes.
Highly conserved NPAs are underlined. The aspartic acid
(D in bold print) in the second NPA box will be a signature
residue for aquaglyceroporins. The second NPA box has a
conserved cysteine (C in bold print) in unorthodox AQPs:
NPA (L/V/A/I)AXXXXXXC. This cysteine will be a
signature residue for unorthodox AQPs. AQPZ, GlpF,
Escherichia coli (NP_415396, NP_418362); Entero, En-
terococcus faecalis V583 (Gene ID: 1200713); Ustil, Us-
tilago maydis 521 (XP_758316.1); Meth, Methanoculleus
marisnigri JR1 (Gene ID: 4846532); Chl.T, Chlorobium
tepidum (NP_662357.1); Chl.P, Chlorobium parvum
(YP_001999162.1); Cripto, Cryptococcus neoformans var.
neoformans JEC21 (Gene ID: 4935143); Tryp1/2,
Trypanosoma cruzi (XP_815990, AF31269.1); Leish,
Leishmania major (CAJ08765.1); D.disA, B, C, D, E,
Dictyostelium discoideum (Gene ID: 3398231, 3392160,
3392764, 3395408, 3387173, 3391439); XIP1.1, uncate-
gorized X intrinsic protein: Physcomitrella patens
(XP_001758094.1); TIP1.1, tonoplast intrinsic protein;
PIP2.6, plasma membrane intrinsic protein; NIP1.2, nodu-
lin-26-like intrinsic proteins; SIP1.1, short basic intrinsic
protein: Arabidopsos thaliana (P25818, Q9ZV07,
Q8LFP7, Q9M8W5); GIP, P. patens (AY611236); AQP1/
3/8: Mus musculus (NP_031498, NP_057898,
NP_031500); CeAQPs, Caenorhabditis elegans
(NP_001021552.1, NP_496105.1, NP_499821.2); Dros,
Drosophila melanogaster (AAF58409.2); Urch1/2 sea ur-
chin, Strongylocentrotus purpuratus (XP_780933.1,
XP_787329.1); ZF1/2, zebrafish: Danio rerio
(AAH95775.1, AAH95564.1); Xeno, Xenopus laevis
(AAH82904.1); Chic11/12, Gallus gallus (XP_424343.1,
NP_001030011.1); AQP11/12, Mus musculus
(NP_780314, NP_808255).
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water channel activity, regulating endosomal pH (55) or me-
diating the cell adhesion (106).

Some biological membranes have low permeabilities to
ammonia and CO2 gasses such as the plasma membrane of
gastric parietal cells, cells in kidney thick ascending limbs of
Henle’s loop, colonic epithelia, and Xenopus oocytes (119).
Because the presence of unstirred layer may mask such gas
transports, a study setting pH microelectrodes at the surface of
Xenopus oocytes was conducted (85), in which the expression
of AQP1, -4, or -5 activated CO2 and NH3 transports. There-

fore, some specialized pathways for ammonia and CO2 gasses
must be present in the plasma membrane. In fact, CO2 gas
permeation through classical AQPs in plants was demonstrated
(108), and tetramer composition studies further indicated that
CO2-related transport processes in tobacco AQPs are different
from that of water where monomer is a functional unit (88).
The CO2 permeability of AQP1 in erythrocytes, however,
seems to be small, since no significant phenotypes were ob-
served in AQP1 null mice and humans (114) with minimal
compensation by other CO2 transporters such as RhAG (94).
Another gas, nitrate oxide at vascular endothelia (34) and
germinating seeds (70), and O2 in the lung (17) may also be
transported through classical AQPs. Obviously, further studies
are required to prove their physiological importance.

Functions of aquaglyceroporins. Aquaglyceroporins seem to
function primarily as a glycerol channel rather than a water
channel. In fact, its prototypic glycerol channel, GlpF in
Escherichia coli, transports little water, and the water perme-
ability of aquaglyceroporins is generally lower than that of
classical AQPs. The water transport through aquaglyceroporins
is still important as revealed by polyuria in AQP3 null mice
(114) and high expression of AQP9 in male reproductive
organs (89). Interestingly, aquaglyceroporins also play a cru-
cial role in metalloid homeostasis by transporting antimonite
and arsenite (11), which may be transported in ionic forms,
although no ions have been shown to permeate aquaglycero-
porins. Surprisingly, AQP9 transports much larger substrates
such as lactate, purine, and pyrimidine (113), and a 3D struc-
ture analysis of AQP9 suggested a larger pore size (117).

Fig. 2. Phylogenetic tree of AQPs. The tree is based on COBALT multiple
alignment with a maximum sequence difference of 0.9 at http://www.ncbi.
nlm.nih.gov/blast/treeview/treeView.cgi (Cobalt RID C7EAU3PF212). Clas-
sical AQPs: AQP1, AQP8, AQPM, NIP, SIP; Aquaglyceroporin: AQP3;
Unorthodox AQPs: AQP11, ceAQP9, ceAQP10, ceAQP11, Dros, Urch1.
Abbreviations are as in Fig. 1.

Table 1. The distribution of aquaporins

Organisms Classial AQPs Aquaglyceroporins Unorthodox AQPs

Bacteria
Escherichia coli 1 1
Haemophilus influenzae 1 1
Pseudomonas aeruginosa 1
Salmonella typhimurium 1
Methanothermobacter marburgensis 1

Fungi
Saccharomyces cerevisiae 2 2
Aspergillus nidulans 1 4
Ustilago mydis 2 3
Magnaporthe grisea 3 1

Protozoa
Leishmania major 4 1
Trypanosoma cruzi 4
Trypanosoma brucei 3
Toxoplasma gondii 1
Plasmodium falciparum 1
Dictyostelium discoideum 5

Nematode
Caenorhabditis elegans 3 5 3

Plants*
Arabidopsos thaliana 35 (13, 10, 9, 3, 0)
Populus trichocarpa 55 (15, 17, 11, 6, 6)

Insect
Drosophila melenogaster 7 1

Vertebrates
Danio rerio 8 7 2
Gallus gallus 5 3 2
Homo sapiens 7 4 2

Nos. represent the no. of genes in each organism. *In plants, classical aquaporine (AQPs) are further divided into five subfamilies: plasma membrane intrinsic
protein, tonoplast intrinsic protein, nodulin-26-like intrinsic protein, short intrinsic protein, and uncategorized X intrinsic protein.
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Aquaglyceroporins also play a role in osmoregulation
through the transport of glycerol. When suddenly exposed to a
hypotonic environment, Fps1p in S. cerevisiae is important for
the excretion of intracellular glycerol accumulated during hy-
pertonic adaptation. It is also important for yeast mating, since
its absence disturbed the cytosolic osmotic balance, leading to
a decrease in mating efficiency (91), although such was not
observed in Schizosaccharomyces pombe, which has a single
glycerol channel homolog with no facilitated glycerol transport
(58). In mammals, the osteoclast differentiation is accompa-
nied by an increase in cell volume by forming multinucleated
osteoclasts from mononuclear precursors in which higher
AQP9 mRNA levels were observed in the osteoclast differen-
tiation, specifically at the fusion process. Moreover, a nonspe-
cific AQP9 inhibitor, phloretin, dramatically reduced the oste-
oclast size and the number of nuclei per osteoclast, suggesting
the role of AQP9 in the cell fusion (3). A recent report using
AQP9 null mice, however, showed an absence of bone pheno-
types (72).

Recently, aquaglyceroporins of both malarial parasites and
host erythrocytes have been shown to be important for the
absorption of nutrients. Glycerol in particular is an important
substrate for lipid biosynthesis of malarial parasites in eryth-
rocytes. AQP9 null mice with decreased glycerol transport at
the plasma membrane of erythrocytes survived longer after the
infection with Plasmodium berghei due to unfavorable growth
of malaria parasites (71, 92). Similar effect will be expected in
humans whose erythrocytes express AQP3 instead of AQP9
(97), although a recent study on AQP3 polymorphisms in the
people tolerant to malaria revealed no genetic biases for the
AQP3 gene (5).

Because glycerol is produced by fat degradation and used for
gluconeogenesis, its transport will also modulate fat and glu-
cose metabolisms. AQP7 may play a major role (36, 121) that
is highly expressed in adipose tissues (35) or at the capillary
endothelial cell of adipose tissues (101). In fact, AQP7 null
mice became profoundly hypoglycemic during prolonged fast-
ing due to impaired glycerol supply to the liver from the
adipose tissue. Larger adipocytes were also noted, and the
amount of intra-abdominal fat was increased in AQP7 null
adult mice, which was only noticed after three months without
obvious body weight changes (29, 35), which, however, has
not been observed in other AQP7 null mice with smaller
pancreatic islet cells and enhanced insulin secretion (76).
Because AQP7 is also expressed at the brush-border membrane
of the proximal tubule, AQP7 null mice lost glycerol in the
urine (102), although there were no changes in blood glycerol
levels and growth rates. Single nucleotide polymorphisms in
AQP7 have been associated with obesity and type 2 diabetes
(74). AQP9 may also function as a glycerol channel to facili-
tate glycerol uptake in the liver. AQP9 null mice, however, had
no apparent abnormalities with a slight increase of blood
glycerol (96). Because oral glycerol intake similarly increased
blood glucose in normal and AQP9 null mice, the absence of
AQP9 may be compensated by other glycerol transporters that
are functionally known but not molecularly identified in the
liver (118). Because mice depend more on glycerol metabolism
than humans, care must be taken in applying mouse data of
AQP7 and AQP9 to humans.

Surprisingly, AQP3 has recently been shown to be important
for skin regeneration and tumor progression (31). Initially, it

was thought that the moisture of the skin was maintained by
AQP3, which facilitates water transport across the plasma
membrane at the basal layer of keratinocytes (15). Further
studies, however, revealed that the glycerol transport seems to
be more important than water transport, since oral glycerol
feeding reversed the dry skin caused by AQP3 defect (30). The
transport of glycerol through AQP3 has been shown to be
critical for cell growth in skin repair and tumor growth in the
skin presumably because glycerol is a fuel for cell proliferation
(116). Thus, overexposure to glycerol or increased AQP3
expression in the skin may stimulate the growth of basal skin
cancer cells (115). Because the recovery from colitis in AQP3
null mice was facilitated by oral administration of glycerol
(111), the AQP3 expression in colonic epithelia may also be
important for the growth. If it is the case, the overexpression of
AQP3 in colon cancer cells may stimulate the tumor growth.
Obviously, these issues should be critically examined in hu-
mans.

Functions of unorthodox AQPs. AQP11 was not regarded as
an AQP because of its deviated NPA boxes and originally
named AQPX1 (41). Moreover, water and glycerol channel
activities were absent in the Xenopus oocytes expressing
AQP11 (26, 112) or difficult to study for its poor expression at
the plasma membrane (47, 83). However, a recent reconstruc-
tion vesicle study has clearly shown that AQP11 is indeed a
water channel that transports water as efficient as AQP1 (123).
Therefore, AQP11 is definitely a member of the AQP family.

AQP11 is widely expressed in many cells such as proximal
tubular cells, hepatocytes, intestinal epithelial cells, hippocam-
pus, and Purkinje cells in the brain, salivary glands, and
testicular spermatozoa (26, 64, 83, 107, 125). However,
AQP11 disruption affected only the kidney, leading to uremic
death from polycystic kidneys (83). Interestingly, before de-
veloping the cysts, proximal tubular cells accumulated huge
intracellular vacuoles that have not been observed in other
cystic kidney diseases. How can defective water transport
inside the cell lead to vacuole formation as AQP11 is expressed
intracellularly (26, 83)? Currently, little is known about the
movement of intracellular water. In fact, the primary cultured
proximal tubular cells from AQP11 null mice had a defective
endosomal pH regulation (83) that may be paralleled to the bib
defect in fruit flies with cytoplasmic endosome accumulation
(55). Endosomal water channel will facilitate vesicular shrink-
age (93) and may concentrate intravesicular H ions to lower the
endosomal pH, leading to the fusion with late endosomes and
lysosomes. The identification of intracellular AQP will be a
clue to clarify the water movement in the cell and to study
water transport in relation to the compartments of intracellular
organelles, which can be linked to a wide range of cellular
functions.

Although AQP11 is most abundantly expressed in the testis,
the phenotypic analysis of the testis in AQP11 null mice was
hampered by the premature death of renal failure due to
polycystic kidneys. The accumulated expression of AQP11 in
the residual bodies of the elongated spermatids, which are rich
in granule and vesicles, was reported (125). It is speculated that
AQP11 may be important to eliminate these surplus intracel-
lular organelles and their contents through phagocytosis and
degradation by the Sertoli cell, which supports spermatogene-
sis with the clearance of apoptotic spermatogenic cells (125).
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A recent report on AQP12 null mice has shown that they
suffer from acute pancreatitis more than wild mice because of
a decreased capacity of exocytosis in pancreatic acinar cells
(87). Because AQP12 is also expressed inside the cell, vacuole
sizes will be regulated by AQP12 water transport to swell and
expel the vacuolar contents in pancreatic duct lumens. Similar
roles will be expected for AQP11 in the salivary gland (64).
Such mechanisms for synaptic and exocrine secretion were
previously speculated with classical AQPs (53). In contrast to
AQP11 working in endocytosis, AQP12 seems to be important
for exocytosis. Further studies on these mechanisms, including
other members of unorthodox AQPs, will be necessary.

Nonchannel functions of AQP. A nonchannel function such
as cell adhesion has also been reported (19). Some AQPs have
been shown to be the target for pathogenic molecules. Neuro-
myelitis optica (NMO) is a rare inflammatory demyelinating
disorder affecting optic nerves and spinal cords; the condition
is prevalent in Asia and was previously regarded as a subtype
of multiple sclerosis. The target antigen for the serum autoan-
tibody in NMO patients has been identified as AQP4 (32, 52).
This autoantibody is not only useful for the diagnosis and
monitoring of the disease but also for the selection of the
treatment: immunosuppression first for the anti-AQP4 anti-
body-positive patients rather than interferon administration,
since it worsens the symptoms. Pseudomonas aeruginosa cy-
totoxin was reported to bind to AQP1 (73), which may be
responsible for hemolysis in bacteremia as erythrocytes have
AQP1 at the cell surface (Colton blood group antigen) (2).
Recently, AQP1 was also identified as a novel placental target
of polychlorinated biphenyls (PCBs), which significantly re-
duced the uterine AQP1 in interleukin-10 (IL-10)-deficient
mice associated with defective spiral artery transformation,
leading to increased amniotic fluid, intrauterine growth defect,
and smaller fetal size with postnatal neuromuscular abnormal-
ities (110). The results will provide a new treatment for
environmental toxicities for recombinant IL-10-reversed PCB-
induced defects by increasing AQP1 expression.

A diversity of AQP Subcellular Localizations

Although most AQPs are localized at the plasma membrane,
some have been shown to be present inside the cell. In plants,
most TIPs are present at intracellular vacuoles, tonoplasts, and
SIPs, and some NIPs have been shown to be localized at the
endoplasmic reticulum (ER) (46, 75, 79). Therefore, intracel-
lular AQPs are not uncommon in plants. On the other hand,
intracellular AQPs are relatively rare and not well character-
ized in animals. In insects, bib in Drosophila has been shown
to be localized at the endosome to regulate the Notch signaling
by modulating endosome maturation, trafficking, and acidifi-
cation (55). In animals, AQP8 and AQP9 were reported to be
localized at mitochondria (21, 25, 67). AQP1 and AQP6 were
also shown to be localized inside the cells such as exocrine
vesicles and synaptic vesicles, respectively (53). These results,
however, require further confirmation since different results
have also been reported (124). AQP10 was shown to be
localized at intracellular vesicles of enterochromaffin cells in
humans although its role in these cells is unclear (68). AQP11
was reported to be localized inside the cell in the kidney, brain,
and spermatids (26, 83, 125), whereas AQP12 was localized
intracellularly in the pancreatic acinar cells (47, 87).

What is the role of intracellular AQPs? Their physiological
significance in water transport is debated, since intracellular
organelles are so small that surface-to-volume ratios may be
large enough to facilitate water movement in the absence of
AQPs. The intracellular matrix around the organelles may
inhibit rapid movement of water, especially in the cells where
water is transported massively. In plants, very abundant AQPs
(TIPs) are present at vacuoles (tonoplasts) (77) to transport
water freely inside the cell. The absence of phenotypes in TIP
null plants (8) may indicate that TIP is not essential for plants
or that the other members of the TIP family may redundantly
transport water across the tonoplast. Alternatively, because
TIPs also transport ammonia and H2O2, they may be needed
for decomposition, a breakdown of dead organisms, or storing
substrates in the tonoplast (16).

In animal cells, the roles of intracellular AQPs are not clear
except for AQP11 whose disruption in mice produced a fatal
kidney disease, polycystic kidney disease, and for AQP12
whose disruption slowed blocked exocytosis of pancreatic
zymogen granules when maximally stimulated (83, 87). In both
systems, the volume regulation of intracellular vesicle is im-
portant under the background of a massive water movement.
Possible roles of AQPs in intracellular water movement (86)
and in the mitochondrial function, especially ammonia trans-
port (25), were reviewed previously.

Intracellular localization of AQPs may be destined by pri-
mary sequences. The deviated NPA boxes may cause intracel-
lular retention. The deletion of one or both NPA boxes resulted
in defective plasma membrane targeting in AQP4 (27), sug-
gesting that AQPs with poorly conserved NPA boxes such as
unorthodox AQPs may be retained inside the cell and function
as intracellular AQPs. Such a double-deletion mutant of both
NPA boxes in AQP1 still transported water as efficient as
native AQP1 (54). These surprising observations, however,
will not fit the current results of 3D analyses of AQPs (24). It
is possible that unorthodox AQPs may form a different 3D
structure with their deviated NPA boxes.

Evolutionary Aspects of AQPs

Table 1 shows the distributions of classified AQPs from
bacteria to humans into three families. From these distributions
and functions, putative evolutionary pathways of AQPs will be
speculated.

The first AQP may have originated in bacteria. For example,
E. coli has two AQPs: AqpZ and GlpF, which may correspond
to the ancestor forms of a classical AQP and an aquaglycero-
porin, respectively. A recent mutational analysis of AQPs
suggested that AQPs may have evolved in two steps: the initial
formation of optimal NPA boxes preventing passage of inor-
ganic cations and then the subsequent formation of a filter
(ar/R) to shut off proton permeability (122). The size of the
filter will specify the spectrum of permeating substrates such as
water, glycerol, urea, and ammonia. The first AQP may have a
larger pore permitting the uptake of nutrients and release of
waste products, which was most likely an aquaglyceroporin.
Next, the loss of the signature D near the second NPA box and
the shortening of the loop 3 may have converted aquaglycero-
porins to classical AQPs that are now specialized for water
transport. Unorthodox AQPs may be derived from classical
AQPs for the purpose of intracellular water transport for
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animal cells that do not have TIPs, special to plants. Because
unorthodox AQPs are absent in lower organisms and plants, it
could have been obtained by horizontal gene transfer from
cohabitating ancient bacteria because deviated NPA boxes may
not adversely affect single-cell organisms and have been ac-
cumulated in their genomes.

Interestingly, not all bacteria have a set of classical AQPs
and aquaglyceroporins. Genome projects revealed the absence
of AQPs in many archaea like thermophilic archaea who live in
the ocean near submarine volcanoes where water channels may
not be necessary with higher water diffusion at high tempera-
tures. An exceptional classical AQP, AqpM, from Methano-
thermobacter marburgensis has a wider pore structure to ac-
cept larger molecules (65). On the other hand, the loss of
aquaglyceroporins may have been caused by a parasitic life
style of microorganisms in which nutrients are easily obtained.
Interestingly, mycoplasma has a nearly minimal bacterial ge-
nome but keeps a classical AQP, which may still be important
even in this slim organism. Alternatively, other channels may
have compensated for the loss of AQPs. Interestingly, a recent
3D analysis of the formate transporter in bacteria revealed that
it has a similar structure to AQPs although the primary struc-
ture is quite different (120). It is possible that some transporters
or channels other than AQPs may function as water and
nutrient channels although the formate channel itself seems not
to permeate water.

Because eukaryotes have evolved from symbiosis of pro-
karyotes, they could have inherited many AQPs from pro-
karyotes. The AQP gene numbers in protozoa, however, are
diverse and may have changed by environmental factors (9).
Interestingly, Cryptosporisium parvum does not have any
AQPs, probably because of its symbiotic life style. Other
protozoa have a few AQPs: D. discoideum have five AQPs all
belonging to classical AQPs while Trypanosoma brucei has
only three aquaglyceroporins. Three pathogenic Trypanosoma-
tidae (Leishmania major, T. cruzi, and T. brucei) have different
families of AQPs that may reflect different nutrient uptakes to
adapt to their environments rather than evolutionary restriction.
On the other hand, P. falciparum has only one AQP, PfAQP,
an aquaglyceroporin with little sequence variations (6). In
contrast, Toxoplasma gondii also has only one AQP, TgAQP,
a classical AQP with a wide range of permeability (90).
Therefore, protozoa seem to have amended the function of
each AQP family to adapt to their environment.

Caenorhabditis elegans is the first to have unorthodox AQPs
with abundant aquaglyceroporins, 5 out of 11 AQPs (45%),
suggesting that glycerol may be important for its osmoregula-
tion and nutrion. Their functional studies, however, showed
that not all aquaglyceroporins transport glycerol and, surpris-
ingly, one is even water selective, while all three classical
AQPs do not transport glycerol (38). Two AQPs seem to have
no transport activities, and the functions of three unorthodox
AQPs were not examined. Moreover, the physiological roles of
nematode AQPs are still unclear, since even multiple AQP
knockouts up to quadruple AQP mutants revealed minimum
abnormalities (38). However, a recent report indicates that
aqp-1, an aquaglyceroporin, is important for the longevity in a
low-sugar diet, suggesting that AQPs may play a role in
metabolism rather than water transport (66). Because unorth-
odox AQPs have first appeared in nematodes and not in
protozoa, unorthodox AQPs may have a role in cellular activ-

ities specific to multicellular animals such as cellular differen-
tiation, apoptosis, organogenesis, mating, and intercellular
communication.

The complexity of AQPs seems to decrease in insects. A
fruit fly, D. melanogaster, has eight AQPs: seven classical
AQPs and one unorthodox AQP that was not initially included
as a member of the AQP family, since the first NPA is CPY
(57) (Fig. 1). The reason for fewer AQPs in insects may lie in
the fact that insects are at a constant risk for dehydration as a
result of their high surface area-to-volume ratio, which neces-
sitates minimum water loss by limiting the number of AQPs as
AQPs facilitate water efflux from the cell. Alternatively, the
absence of aquaglyceroporins in sects simply should have
decreased the number of AQPs. In fact, facilitated water loss
from cells will be necessary for survival in extreme dryness:
larvae of the sleeping chironomid can survive complete dehy-
dration by entering anhydrobiosis in which water rapidly flows
out of the larval body as accumulated trehalose prevents cell
damage caused by dehydration. Rapid dehydration will be
necessary to increase trehalose concentration to a steady state
where water content is �3%, which is conducted by classical
AQPs during the induction of anhydrobiosis (59). Interestingly,
one classical AQP identified from the silkworm larva, Bombyx
mori, has been shown to increase glycerol and urea uptake
similar to protozoan AQPs (56). Because insects use trehalose
for the osmolyte, glycerol may be necessary for protecting
them from freezing. Overwintering freeze-tolerant larvae of
Chilo suppressalis can survive in freezing temperature by
accumulating glycerol and losing water through activation of
AQPs to prevent freezing injury (49). Recently, an AQP named
RsAQP1 with a NPARD sequence at the second NPA box has
been identified in a mite, Rhipicephalus sanguineus (7), which
will be an aquaglyceroporin with the signature D although its
function was reported to be water selective. Because mites are
evolutionally earlier than insects, the ancestors of insects may
have had aquaglyceroporins but lost them through the evolu-
tion with the acquisition of the glycerol transport function by
classical AQPs. Conversely, because glycerol transporter may
not be necessary in insects and mites, a remnant aquaglycero-
porin in mites has been functionally converted to a water-
selective AQP. Further search for aquaglyceroporins in insects
and mites may reveal their possible horizontal gene transfers
from bacterial aquaglyceroporins.

In contrast to animals, plants have developed unique sets of
classical AQPs without aquaglyceroporins and unorthodox
AQPs. Arabidopsis thaliana has 35 AQPs, which are further
subdivided into four groups: PIPs, TIPs, NIPs, and SIPs (75,
77). The absence of aquaglyceroporins in plants can be ex-
plained by functional conversion of classical AQPs to aqua-
glyceroporins as is the case with protozoa and insects. NIPs
can transport small molecules other than water, such as glyc-
erol, silicon, and boron (78, 104), which are thought to be
derived from bacteria by horizontal gene transfer (127): sym-
biotic bacteria in the root may have had ancestors of NIPs for
the uptake of nutrients and possibly for the efflux of metabo-
lites and wastes. Some NIPs are expressed at the ER mem-
brane, which may be reminiscent of previous intracellular
symbiotic states (75, 79). The absence of unorthodox AQPs in
plants is intriguing and may be related to the presence of
intracellular TIPs and SIPs, which may have made intracellular
unorthodox AQPs redundant. Another subfamily of classical
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AQPs is identified in poplar trees, which is absent in A.
thaliana. It is called XIP (14). Similar to SIPs, XIPs have
less conserved NPA boxes. Currently, no functional studies
have yet been reported with XIPs. An aquaglyceroporin,
GIP, found in a moss, Physcomitrella patens, functions as a
glycerol channel that may have come from bacteria by a
horizontal gene transfer (28).

In vertebrates, all three families of AQPs are present. In
humans, there are 13 AQPs in total: classical AQPs, AQP0, -1,
-2, -4, -5, -6, and -8; aquaglyceroporins, AQP3, -7, -9, and -10;
and unorthodox AQPs, AQP11 and -12. Although vertebrates
have undergone two rounds of whole genome duplications, the
total number of AQPs is relatively small compared with nem-
atodes, which have 11 AQPs. Many might have been lost
through the evolution as exemplified by AQP10, which has
turned to a nonfunctional pseudogene in mice (82). In fact, the
numbers of aquaglyceroporins and unorthodox AQPs have
been decreased in humans from nematodes. Although the
zebrafish underwent another round of whole genome duplica-
tion, its AQP number is not twice as many as that of humans
(112). Interestingly, the orthologs of AQP2, AQP6, and
AQP10 are missing in the chicken (48). Further analyses of
tissue distribution and hormonal regulation of each AQP or-
tholog in vertebrates will be useful to obtain an insight into the
functions and roles of mammalian AQPs (44).

Perspectives and Significance

Accumulating evidence indicates that pore selectivity of
AQPs is more diversified than previously thought. Most results
have been derived from the studies on classical AQPs and
aquaglyceroporins. Because unorthodox AQPs have highly
variable NPA boxes, they may have unusual pore structures.
Little is known about the 3D structure and the function of this
subfamily. With much more knowledge, the further grouping
of unorthodox AQPs will be necessary as in the case with plant
classical AQPs, which are now composed of five subfamilies.

Among diversified functions of AQPs, the structural basis of
gas permeation through some classical AQPs will be intrigu-
ing, with potential application for construction of artificial gas
channels. Possible stimulations of cell migration and prolifer-
ation by AQPs should also be substantiated to be applicable to
developmental and cancer biologies.

Because AQPs play an important role in the adaptation of
organisms to the environmental challenges, knowledge in
lower lives will be applicable to plants and animals, and vice
versa. Such interdisciplinary works as comparative physiology
and endocrinology in particular should be encouraged and will
be rewarding. For example, an aquaglyceroporin in nematode
has been shown to be important for the longevity in a low-
sugar diet (66), which may be applicable to agriculture and
even to medicine.

Although many studies have substantiated the importance of
plasma membrane AQPs for the regulation of water and solute
homeostasis, the significance of intracellular AQPs has been
little appreciated with poor knowledge on water and solute
transport between intracellular organelles. Intracellular AQPs
will be expected to open a new research field.

Finally, still, no specific inhibitors against AQPs are avail-
able yet. The accumulating knowledge on 3D structures of
AQPs will facilitate the search for these inhibitors. Obviously,

the development of therapeutic drugs to modulate AQP func-
tion and expression is also needed, which will be applicable to
agriculture and medicine.
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J, Cerdà J. The zebrafish genome encodes the largest vertebrate reper-
toire of functional aquaporins with dual paralogy and substrate specific-
ities similar to mammals (Abstract). BMC Evol Biol 10: 38, 2010.

113. Tsukaguchi H, Shayakul C, Berger UV, Mackenzie B, Devidas S,
Guggino WB, van Hoek AN, Hediger MA. Molecular characterization
of a broad selectivity neutral solute channel. J Biol Chem 273: 24737–
24743, 1998.

114. Verkman AS. Knock-out models reveal new aquaporin functions.
Handb Exp Pharmacol 190: 359–381, 2009.

115. Verkman AS. A cautionary note on cosmetics containing ingredients
that increase aquaporin-3 expression. Exp Dermatol 17: 871–872, 2008.

116. Verkman AS, Hara-Chikuma M, Papadopoulos MC. Aquaporins-new
players in cancer biology. J Mol Med 86: 523–529, 2008.

117. Viadiu H, Gonen T, Walz T. Projection map of aquaporin-9 at 7 A
resolution. J Mol Biol 367: 80–88, 2007.

118. vom Dahl S, Häussinger D. Evidence for a phloretin-sensitive glycerol
transport mechanism in the perfused rat liver. Am J Physiol Gastrointest
Liver Physiol 272: G563–G574, 1997.

119. Waisbren SJ, Geibel JP, Modlin IM, Boron WF. Unusual permeability
properties of gastric gland cells. Nature 368: 332–335, 1994.

120. Wang Y, Huang Y, Wang J, Cheng C, Huang W, Lu P, Xu YN,
Wang P, Yan N, Shi Y. Structure of the formate transporter FocA
reveals a pentameric aquaporin-like channel. Nature 462: 467–472, 2009.

121. Wintour EM, Henry BA. Glycerol transport: an additional target for
obesity therapy? Trends Endocrinol Metab 17: 77–78, 2006.

122. Wu B, Steinbronn C, Alsterfjord M, Zeuthen T, Beitz E. Concerted
action of two cation filters in the aquaporin water channel. EMBO J 28:
2188–2194, 2009.

123. Yakata K, Hiroaki Y, Ishibashi K, Sohara E, Sasaki S, Mitsuoka K,
Fujiyoshi Y. Aquaporin-11 containing a divergent NPA motif has
normal water channel activity. Biochem Biophys Acta 1768: 688–693,
2007.

124. Yang B, Zhao D, Verkman AS. Evidence against functionally signifi-
cant aquaporin expression in mitochondria. J Biol Chem 281: 16202–
16206, 2006.

125. Yeung CH, Cooper TG. Aquaporin AQP11 in the testis: molecular
identity and association with the processing of residual cytoplasm of
elongated spermatids. Reproduction 139: 209–216, 2010.

126. Yool AJ. Dominant-negative suppression of big brain ion channel
activity by mutation of a conserved glutamate in the first transmembrane
domain. Gene Expr 13: 329–337, 2007.

127. Zardoya R, Ding X, Kitagawa Y, Chrispeels MJ. Origin of plant
glycerol transporters by horizontal gene transfer and functional recruit-
ment. Proc Natl Acad Sci USA 99: 14893–14896, 2002.

128. Zeuthen T. Water-transporting proteins. J Membrane Biol 234: 57–73,
2010.

129. Zhang H, Verkman AS. Evidence against involvement of aquaporin-4
in cell-cell adhesion. J Mol Biol 382: 1136–1143, 2008.

Review

R576 AQUAPORIN EVOLUTION

AJP-Regul Integr Comp Physiol • VOL 300 • MARCH 2011 • www.ajpregu.org

 at IN
S

E
R

M
 on D

ecem
ber 14, 2012

http://ajpregu.physiology.org/
D

ow
nloaded from

 

http://ajpregu.physiology.org/

