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Abstract. The discovery of the water channel aquaporin has greatly expanded our understand-
ing of the regulation of the water permeability of biological membranes. The atomic structure of
aquaporin-1 (AQP1) demonstrated how aquaporin is freely permeated by water but not protons
and provided marked insight into several human disorders. Eleven mammalian aquaporins have
been identified, each with a distinct distribution, and these are selectively permeated by water or
water plus glycerol. Aquaporins are suspected in numerous pathological conditions involving
fluid transport such as brain edema. Knowledge of aquaporin structure may provide insight into
the development of new therapeutics through appropriate drug design.
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Introduction

Water constitutes roughly 70% of our body mass;
the appropriate distribution of water is required to
maintain orderly fluid balance within different anatomic
compartments. The proper regulation of water perme-
ability of cell membranes is therefore a fundamental
requirement for our life. In contrast to the classic view
of simple diffusion through the lipid bilayer of cell
membranes, biophysical and physiological studies over
several decades have predicted the existence of a
membrane-channel-protein-mediated water movement
in certain membranes (1). The molecular identification
of such a channel protein became apparent during the
early 1990s with the discovery of the first water channel
protein, CHIP 28 (now called aquaporin-1 or AQP1)
(Fig. 1). Discovery of the aquaporin family of water-
channel proteins has provided new insights into the
molecular mechanisms of trans-membrane water move-
ment (2). At least 11 aquaporins have been identified in
mammals (3). It is becoming apparent that aquaporin
biology will prove relevant to the pathophysiology and
perhaps even therapy to treat a wide range of conditions.

The atomic structure

The primary sequence of the AQP1 cDNA revealed
two tandem repeats each containing three bilayer-
spaning � -helices. The loops connecting the second
and third membrane-spanning �-helix in each repeat
contained the signature motif, asparagines-proline-
alanine (NPA). Based on biochemical and site-directed
mutagenesis studies, an ‘hourglass model’ was pro-
posed: a pseudo two-fold symmetrical structure with
the six bilayer-spanning � -helices surrounding the
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Fig. 1. Functional expression of AQP1 in Xenopus laevis oocytes.

An oocyte injected with AQP1 cRNA (right) has swollen and

exploded in hypotonic buffer. In contrast, a control oocyte injected

with water fails to swell (left). Reprinted from Ref. 2 with permission

(Copyright 1992 AAAS).
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aqueous pore formed from the two NPA-containing
loops that enter the bilayer from the opposite surfaces
and overlap at the junction of the two NPA motifs (4).
Several years later, reconstitution of purified AQP1 from
human erythrocytes into proteoliposomes allowed the
establishment of its structure. The membrane crystals
were analyzed by atomic force microscopy as well as
electron microscopy (5, 6). A series of studies led to the
same general conclusion supporting the ‘hourglass
model’ for the AQP1 monomer (4). Note that AQP1
exists as a tetramer with each subunit containing its own
aqueous pore.

The structure of AQP1 provides a uniquely selective
mechanism for free permeation by water through a
channel pore and a mechanism for proton blockage (7).
The ability to block proton transport clarifies how the
kidneys can reabsorb hundreds of liters of water from
glomerular filtrate each day while excreting acid. The
first barrier to proton permeation is located at the
narrowest of the extracellular mouth of the pore. The
residue at the constriction Arg-195 is nearly perfectly
conserved and bears a strong positive charge to repel
proton. The second barrier to proton permeation is at
the midway of the pore with strong dipole, formed by
the two short pore helices containing the NPA motif.
Both structural studies and molecular dynamics simula-
tions have proven that these partial charges at the center
of AQP1 and Asn residues in the NPA motif reorient
water molecules passing through the channel (8). This
water dipole reorientation disrupts hydrogen-bonding
interactions between this water molecule and those
both above and beneath it, eliminating the possibility of
proton conductance (Fig. 2).

Variety of aquaporin family

Since AQP1 was identified as a molecular water
channel, hundreds of homologous proteins have been
recognized in plants, microbes, invertebrates, and verte-
brates. Eleven mammalian aquaporins have now been
identified and at least partially characterized. These
conform to two subsets of proteins – those selectively
permeated by water (classic aquaporins) and those
permeated by water and glycerol (aquaglyceroporins)
(Fig. 3). The atomic structure of the E. coli aqua-
glycroporin GlpF has been solved, and transport of
glycerol through the channel has been simulated by
molecular dynamics (9). These data indicate that GlpF,
with a glycine residue in the position analogous to
His-180, has a pore diameter approximately 1 Å wider
than that of AQP1, permitting lengthwise passage of
glycerol (Fig. 3).

The functional repertoire of aquaporins was expanded

by discovery of AQP6 (10). Although AQP6 belongs to
the family of classic aquaporins based on the homology
in primary amino acid sequence, AQP6 is not a simple
water channel. Very surprisingly, AQP6 behaves as a
pH-regulated anion channel with greatest selectivity for
nitrate (Fig. 4) (11). This unique functional property of
AQP6 predicts that AQP6 might have a distinct pore
structure. We have recently identified an amino-acid
residue in AQP6 critical for its anion permeability by
site-directed mutagenesis. Interestingly, the mutant
AQP6 protein turns out to be a functional water channel
without any ion permeability (manuscript in prepara-
tion). We expect that a structural comparison between
the wild-type AQP6 and the mutant AQP6 will provide
clues about the general mechanism of ion blocking for
aquaporins. AQP6 is exclusively expressed in acid-
secreting � -intercalated cells of the renal collecting
duct where the protein is restricted to intercellular sites
co-localized alongside H-ATPase, suggesting that AQP6
may participate in acid-base regulation (12). Very
recently we also found AQP6 in the cerebellum as well
as several other tissues (unpublished). The phenotypic
analysis of AQP6-null mice is being used to identify the
physiological relevance of this aquaporin.

Aquaporin and human clinical disorders

The atomic structure of AQP1 provides not only
detailed understanding into molecular mechanisms for
protein dysfunction but marked insight into several
human disease states (7).

Fig. 2. Schematic architecture of the channel pore within AQP1

monomer. Three features of the channel specify selectivity for

water: 1) Size restriction. 2) Electrostatic repulsion. 3) Water

dipole reorientation. See text for detailed explanations. Reprinted

from Ref. 7 with permission.
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AQP0 is the major intrinsic protein of lens fiber cells.
Inherited defects in the gene encoding AQP0 have been
identified in two large kindreds from the United King-
dom with dominantly inherited cataracts (13, 14). The
affected family members carry single amino acid sub-
stitutions, Glu-134-Gly or Thr-138-Arg. Glu-134 is
conserved among all aquaporins; the atomic structure of
AQP1 indicates that this residue lies near the highly
conserved residue Arg-187 and may restrict the orienta-
tion of loop E within the six transmembrane domains.
The Thr-138-Arg mutation may perturb the proper
orientation of Glu-134 by introducing an adjacent posi-
tive charge. The occurrence of early onset cataracts
caused by major defects in the AQP0 structure strongly
suggests that less severe defects will be found in some
patients with typical, late-onset cataracts common in
aged people.

The individuals lacking AQP1 protein were identified
because they lack the Co blood group antigen (15).
Surprisingly, the AQP1-null individuals led normal
lives and were entirely unaware of any physical limita-
tions. Careful clinical analyses of the AQP1-null indi-
viduals, however, revealed mild renal concentration
defects, which could become significant if the indi-
viduals should be deprived of water (16).

AQP2 is predominantly localized in the principal cells
on the renal collecting ducts where regulated water
reabsorption takes place in response to antidiuretic
hormone, vasopressin (17). This suggests that AQP2
may be involved in some types of nephrogenic diabetes
inspidus (NDI): a majority of congenital NDI is due to
mutations in the gene for the vasopressin V2 receptor

Fig. 3. Human aquaporin gene family with

E. coli homologs. Water permeable (aquaporins)

and glycerol permeable (aquaglyceroporins)

family members are shown (left). Space-filling

models of AQP1 and GlpF reveal the difference

in pore size (right).

Fig. 4. pH-regulated anion permeability of AQP6. Current

responses induced by the replacement of Cl� with NO3
� in GFP-

AQP6-expressing cells. Representative currents from the same

GFP-AQP6-expressing cell in NaCl solution (A and B) and NaNO3-

solution (C and D) at pH 7.4 (left traces) and pH 4 (right traces) are

shown. The corresponding I-V relationships are depicted in E.

Reprinted from Ref. 11 with permission.
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located in X g 28. Patients with recessively inherited
NDI have been identified as having mutations in the
AQP2 gene, affecting the formation of the aqueous pore
of the protein; one mutation was found in Arg-187,
which disrupts the normal folding of the narrowest
constriction region in the aqueous pore (18). Sub-
sequently, a family with dominantly inherited NDI was
identified, and the site of mutation was found in the
carboxy-terminus near the PKA phosphorylation site
that regulates exocytosis (19).

Clinical pharmacology

Aquaporins are suspected in numerous disorders
involving fluid transport such as brain edema, lung
edema, NDI, dry eye, and congestive heart failure (20).
Recent advances in determining the structures of aqua-
porins at the atomic level have explained molecular
mechanisms in defects of the proteins and expanded
our understanding of aquaporin-related diseases (21).
Mercury has been known to inhibit water transport
through aquaporins by interacting with the Cys-189
residue, predicted to reside within the constriction of the
pore (22). However, we need to develop more specific
agents that will serve to inhibit or activate the aqua-
porins. Knowledge about regulatory mechanisms of
aquaporin may facilitate appropriate drug design.
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