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Abstract

Aquaporins (AQPs) represent a ubiquitous class of integral membrane proteins that play critical roles in cellular
osmoregulations in microbes, plants and mammals. AQPs primarily function as water-conducting channels, whereas
members of a sub-class of AQPs, termed aquaglyceroporins, are permeable to small neutral solutes such as glycerol. While
AQPs facilitate transmembrane permeation of water and/or small neutral solutes, they preclude the conduction of protons.
Consequently, openings of AQP channels allow rapid water diffusion down an osmotic gradient without dissipating
electrochemical potentials. Molecular structures of AQPs portray unique features that define the two central functions of
AQP channels: effective water permeation and strict proton exclusion. This review describes AQP structures known to date
and discusses the mechanisms underlying water permeation, proton exclusion and water permeability regulation.
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Introduction

Water can diffuse freely through the lipid bilayer at a
limited rate, but it was noted that water permeability
in red blood cells was much higher than expected for
spontaneous diffusion. This observation prompted
the search for specialized proteins that may exist to
facilitate water fluxes across membranes. The puta-
tive water channel from the red blood cell membrane
was initially purified as a 28 kDa membrane-bound
species, named Channel-forming Integral Protein of
28 kDa (CHIP28) (Denker et al. 1988). Expression
of CHIP28 in Xenopus oocytes was later shown to
induce rapid water diffusion down osmotic gradients
across the plasma membrane, leading to the identifi-
cation of the first water-conducting channel (Preston
et al. 1992). Protein sequence analysis suggested that
CHIP28 is homologous to Major Intrinsic Protein
(MIP) from the lens fiber cells (Gorin et al. 1984).
Shortly after establishing the water pore function of
CHIP28, homologous proteins in mammals, bacteria
and plants were found to function as water channels,
and the term ‘aquaporin’ was coined for members of
this protein family (Agre, Sasaki & Chrispeels 1993).
Accordingly, CHIP28 was renamed to AQP1 and
MIP is now known as AQPO.

Since the discovery of AQP1, several hundred
AQP homologues have been identified from all
kingdoms of life, including 13 mammalian AQPs
(Yasui, 2004, Ishibashi 2006). Based on the perme-
ability property of each AQP, mammalian homo-
logues are loosely clustered into two subsets:
aquaporins and aquaglyceroporins. The eubacter-
ium Escherichia coli offers a model system for this
categorization, as it contains two aquaporin para-
logues: a water-conducting aquaporin AgpZ, and an
aquaglyceroporin GIpF that is permeable to both
glycerol and water (Borgnia & Agre 2001). Most
members from the first category (aquaporins) are
only permeated by water, which includes AQPO,
AQP1, AQP2, AQP4 and AQP5 (Agre et al. 1993).
The inclusion of AQP6 and AQPS8 into the first
category is, on the other hand, primarily based on
sequence homology, since AQP6 is also permeated
by anions (Yasui et al. 1999), and AQP8 perhaps by
both water and urea (Ishibashi et al. 1997). Mem-
bers of the second group (aquaglyceroporins), which
includes AQP3, AQP7, AQP9 and AQPI10, are
permeable to small neutral solutes, such as glycerol
and urea, with or without water co-permeation
(Hara-Chikuma & Verkman 2006). Among them,
AQP9 exhibits the broadest substrate specificity
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(Tsukaguchi et al. 1998). The substrate specificities
for the recently identified AQP11 and AQPI12
(Morishita et al., 2004, Gorelick et al. 2006) remain
to be determined. Some archaeabacterial AQPs may
form a third subfamily that lies somewhere between
aquaporins and aquaglyceroporins (Kozono et al.
2003). In plants, there are a remarkably large
number of AQP genes (Johanson et al. 2001), which
fall into four subfamilies (Borstlap 2002), PIPs
(Plasma membrane Intrinsic Proteins), TIPs (Tono-
plast Intrinsic Proteins), NIPs (NOD26-like Intrin-
sic Proteins) and SIPs (Small basic Intrinsic
Proteins). The TIPs show a range of water con-
ductivities from high to moderate, while the PIPs
have moderate to minimal water conductivities
(Kaldenhoff & Fischer 2006).

Hydropathy analysis of AQP primary sequences
predicted that AQPs contains six membrane-span-
ning segments (TM1-6) with five connecting loops
(A-E) (Smith & Agre 1991) (Figure 1B). The
membrane topology of AQP1 was established by
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epitope-scanning mutagenesis and vectorial proteo-
lysis, showing that both N- and C-termini are
located in the cytoplasm (Preston et al. 1994).
Interestingly, the N- and C-terminal halves of
AQPs share about 20% sequence identity. This
genetic relation suggests that the AQP family arose
by tandem gene duplication during evolution (Pao
et al. 1991). The cytoplasmic loop B and the
extracellular loop E are highly related to each other,
with each containing a tripeptide signature motif —
asparagine, proline, alanine (NPA). Since these two
loops are rather hydrophobic in nature, it was
proposed that they are structural components of
the aqueous pore (Jung et al. 1994).

One remarkable feature of AQP1 is the lack of
detectable proton conductivity despite massive water
permeability (Zeidel et al., 1992, Pohl et al. 2001;
Saparov et al. 2005). Rapid water diffusion in AQP
channels would necessitate the line-up of multiple
water molecules in a single file with each water
molecule hydrogen-bonded to its neighbors. As
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Figure 1. (A) Ribbon representation of AqpZ tetramer, viewed from the periplasmic side down the tetramer four-fold axis (diamond). One
monomer is colored in both cyan and yellow, representing the N- and C-terminal halves that are related by a quasi-two-fold axis (red dashed
line). (B) Membrane topology of AQP. Two genetic repeats (Repeat-1 and Repeat-2) are colored in cyan and yellow respectively.
Membrane-spanning helices are denoted as I-VI, loops A-E, and the NPA signature sequences are labeled. (C) AqpZ monomer viewed
from the membrane plane. Two repeats are colored and transmembrane spanning helices labeled as above. (D) Pore-lining carbonyl
oxygens and asparagine amines in AQP1. The boundary of the water-conducting channel, as estimated by HOLE (Smart, Goodfellow &
Wallace 1993), is represented as a red meshed tube. Two patches of carbonyl oxygens and two central asparagine amines are indicated by

red and blue arrows respectively. All figures were rendered with PyMol.
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such, protons would rapidly hop along a string of
water molecules, resulting in proton leakage (Pomes
& Roux, 1996). In virtually all organisms, proton
gradients across cellular and subcellular membranes
are the primary energy source for ATP synthesis. A
proton leakage accompanied with water flux through
aquaporins could be potentially lethal. It has been a
long-standing puzzle as to how efficient water
permeation and strict proton exclusion can be
reconciled in AQPs. In recent years, a significant
progress has been made in structural analysis of
AQPs by both electron and x-ray crystallography
(Gonen & Walz 2006). At present, atomic models of
seven AQPs are available, including red blood cell
AQP1 (Murata et al. 2000, Ren et al. 2001, Sui et al.
2001), E. coli glycerol facilitator GlpF (Fu et al.
2000, Tajkhorshid et al. 2002), E. coli water pore
AqgpZ (Savage et al. 2003, Jiang et al. 2006), eye
lens-specific AQPO (Gonen et al. 2004, Harries et al.
2004), archaeabacterial AgpM (Lee et al. 2005),
spinach aquaporin SOPIP2;1 (Tornroth-Horsefield
et al. 2006), and AQP4 from brain (Hiroaki et al.
2006). These AQP structures provide the basis for
mutation-function analysis and atomistic computer
simulations, leading to significant insights into the
mechanisms of water permeation and proton exclu-
sion.

Overall architecture

Despite the evolutionary distance from bacteria to
humans, transmembrane spanning domains of hu-
man aquaporin AQP1 and E. coli aquaglyceroporin
GIpF can be superimposed with a root-mean-square
deviation of 1.8 A for backbone atoms. All known
AQP structures exhibit a common homo-tetrameric
arrangement (Figure 1A), and each AQP monomer
is folded into a right-handed alpha-barrel architec-
ture, with a central transmembrane channel sur-
rounded by six full length transmembrane helices
and two NPA-containing loops, B and E (Murata
et al. 2000) (Figure 1C). These loops project into
the center of the membrane as extended polypeptide
chains and return to the same side of the membrane
surface as half-spanning helices, which are joined at
their N-terminal ends near the center of the mem-
brane plane by interlocking interactions between two
NPA motifs. AQP monomer structures are charac-
terized by an internal quasi-two-fold symmetry,
corresponding to the intragenic gene duplication of
AQP sequences. The quasi-two-fold axis lies in the
membrane plane, running through the NPA junction
and intersecting the tetramer four-fold axis. The two
halves of AQPs reiterate an identical protein fold,
but with inverted transmembrane orientations
(Figure 1C). Constrained by the internal symmetry,

all inter-helix contacts in AQPs are coplanar with the
quasi-two-fold axis in the membrane plane (Fu et al.
2000). Transmembrane helices diverge outwards
from the membrane plane to yield a characteristic
hourglass shaped structure.

The hourglass-shaped structure of AQPs has an
extracellular and a cytoplasmic vestibule where
waters are present as a bulk solvent. These vestibules
are connected by a central amphipathic pore 20-25
A in length. The hydrophilic face of the amphipathic
pore provides two patches of solvent-accessible
mainchain carbonyls, each contributed by the ex-
tended polypeptide chain of loop E from the extra-
cellular side and the quasi-2-fold related loop B from
the cytoplasmic side. Between these mainchain
carbonyls are the highly constrained NPA junction,
where two asparagines project their sidechains to the
channel. This complete set of pore-lining carbonyl
oxygens and asparagine amines forms a contiguous
array of hydrogen bond acceptors and donors for
coordination of water and/or glycerol molecules
(Figure 1D). On the hydrophobic face of the
channel, an abundance of hydrophobic residues set
steric limits to the size of the pore. For a water or
glycerol molecule to enter this narrow pore from the
bulk solvent, its hydration shell has to be stripped off
before it can °‘squeeze’ through the pore. The
hydrogen bond donor and acceptor groups on the
hydrophilic face serve as surrogate waters that offer
replacement interactions to compensate for the
energetic cost of dehydration (de Groot & Grub-
muller 2001, Tajkhorshid et al. 2002).

X-ray structures of AQP1 and the glycerol facil-
itator GIpF enabled molecular dynamics simulations
of spontaneous, full permeation events in aquaporins
(de Groot & Grubmuller 2005). It was found that
both AQP1 and GIpF act as two-stage filters,
corresponding to the NPA junction in the mid-
membrane plane and a selectivity filter located
approximately 10 A away from the NPA junction
on the periplasmic side (Fu et al. 2000). The
selectivity filter was also known as the aromatic/
arginine (ar/R) constriction, because it contains
conserved aromatic and arginine residues (Sui
et al. 2001). The ar/R constrictions of AQP1 and
GIpF are located at the narrowest point of the
channels. Different sidechains at the ar/R constric-
tion influence the polarity and diameter of the
channel bottleneck, thereby separating aquaporins
from aquaglyceroporins (Savage et al. 2003). On the
other hand, the invariant NPA constriction is vital
for proton exclusion, a feature common to all AQPs
(Murata et al. 2000). In the next section, the
structural features of these constrictions, together
with results of molecular dynamics simulations and
mutation-function analysis will be discussed.
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Figure 2. (A-C) ar/R constriction sites of AQP1 (A), GIpF (B)
and AgpM (C), viewed from the extracellular side down the
channel. A water (W) or glycerol (G) molecule is bound at the
center of the ar/R constriction with coordination residues labeled.
D-E, NPA junctions of AQP1 (D) and GIpF (E) with coordinated
waters (W) or glycerol (G). Dashed lines indicate hydrogen bonds.

Ar/R constriction and water/glycerol selectivity

The ar/R constriction in AQP1 is approximately 2.8
A in diameter, formed by R197, H182, F58 and
C191 (Sui et al. 2001) (Figure 2A). Residues H182
and R197, along with the solvent-accessible C191
carbonyl, constitute the hydrophilic face of the
constriction. Opposite to the hydrophilic face lies
residue F58 that defines the hydrophobic face. The
presence of C191 explains mercurial-inhibition of
AQP1 water-permeability (Preston et al. 1993).
R197, H182 and F58 are conserved among the
water-specific aquaporins (Park & Saier 1996). A
water molecule was found hydrogen-bonded to the
NE2 nitrogen of H182 and the G192 carbonyl
adjacent to the constriction region.

In AgpZ, the ar/R constriction is formed by the
sidechains of R189, H174 and the carbonyl of
T183 on the hydrophilic face, and the aromatic
ring of F43 on the hydrophobic face (Savage et al.
2003) (Figure 3A). The AgqpZ and AQP1 ar/R
constriction sites are nearly identical, with the
exception that the AQP1 C191 is substituted for
the AqpZ T183. In a more recent crystal structure of
tetramer AqpZ, R189 adopts distinct conformations
in different protomers (Jiang et al. 2006). In one
protomer, the R189 guanidinium points toward the
periplasmic vestibule, opening up the constriction to
accommodate the binding of a water molecule
(Figure 3A). Whereas in other protomers, the
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Figure 3. (A) Hydrogen bond network in the ar/R constriction of
an open or closed AqpZ channel. (B) The electrostatic interaction
between R189 and E138 and its contribution to the dual
polarization of the bound water molecule (Jiang et al. 2006).
(C) Open and closed conformations of the SoPIP2;1 structure,
viewed from the cytoplasmic side down the water channel. The
major difference between these two conformations is the displace-
ment of the cytoplasmic loop D (red) that blocks the channel
entrance in the closed conformation.

R189 guanidinium bends over to form a hydrogen-
bond with the carbonyl of T183, thereby occluding
the channel. This observation is consistent with two
distinct R189 conformations predicted by molecular
dynamics calculations (Wang et al. 2005).

Of all the AQP structures, only the aquaglycer-
oporin GIpF has a glycerol molecule bound at the ar/
R constriction site, which is barely large enough in
cross section to accommodate a single CH-OH
group of a glycerol molecule (Fu et al. 2000) (Figure
2B). This ar/R constriction is strongly amphipathic,
with the planes of two perpendicularly arranged
aromatic rings (W48 and F200) forming a hydro-
phobic corner that packs against the alkyl backbone
of the bound glycerol. The guanidinium group of
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R206 and the carbonyl oxygens of G199 and F200
on the opposing hydrophilic face provide hydrogen
bond partners for interactions with a pair of glycerol
hydroxyls. The third glycerol hydroxyl is hydrogen-
bonded to a water molecule, allowing one-to-one
stoichiometric co-permeation of glycerol and water.
Compared with the ar/R constriction of the water-
specific AqQpZ, only the arginine is invariant, whereas
F43, H174 and T183 of AgpZ are replaced by W48,
G191 and F200 in GIpF, respectively. The H->G
substitution provides room needed to accommodate
additional F - W and T — F substitutions, resulting
in increases of both size and hydrophobicity of the
GIpF ar/R constriction. Although the resulting con-
striction site has a larger diameter of 3.8 A, water
permeability in GIpF is substantially lower than
those measured for AqpZ and AQP1 (Borgnia &
Agre 2001). It appears that the more hydrophobic
nature of the GIpF ar/R constriction contributes to
lower water permeability.

AQPO is present as a 26 kDa full-length protein in
young lens fiber cells, but upon aging it undergoes
proteolysis to a 22-kDa form (Roy, Spector &
Farnsworth 1979). This cleavage has been shown
to induce junction formation between lens fiber cells
(Kistler & Bullivant 1980, Zampighi et al. 1989).
Both junctional (truncated) and isolated (full-
length) AQPO structures have been determined by
electron and X-ray -crystallography, respectively
(Gonen et al. 2004, Harries et al. 2004). A compar-
ison of the two AQPO structures, however, reveals no
global structural difference (Harries et al. 2004).
The junctional AQPO ar/R site is formed by residues
R187, H172, F48 and A181. Substitution of AQP1
C191 with AQPO A181 renders AQPO resistance to
mercurials. R187 forms a hydrogen bond with a
backbone carbonyl, adopting a conformation similar
to the closed ar/R constriction site observed in AqpZ
(Jiang et al. 2006). This R187 conformation, in
combination with additional tyrosine constrictions
and an extended ar/R constriction found in the
junctional AQP0, provides the basis of limited water
permeability in AQPO (see below).

The ar/R constriction in AgpM is formed by
R202, F62, 1187 and the carbonyl of S196 (Figure
2C). The major distinction of AgpM is made by
1187, which replaces a histidine in AQP1, AgqpZ and
AQPO (Lee et al. 2005). This histidine residue seems
critical in establishing water specificity, since it is
conserved among all known water-specific AQPs
(Sui et al. 2001). In AQP1, H182 provides a
hydrogen-bond for a water molecule. The H—I
substitution in AgpM removes the hydrogen-bond
donor. Perhaps for this reason, AgqpM conducts
water at a lower rate than AqpZ and AQP1 (Kozono
et al. 2003). A secondary effect of the H-I

substitution would result in a slightly wider and
more hydrophobic ar/R constriction. This change
may adapt AgpM to conduction of larger and less
polar solutes. Indeed, # vizro studies have demon-
strated a limited glycerol conductance in AgpM
(Kozono et al. 2003). The AgqpM structure reveals
four water molecules and three glycerol molecules
lined up in a single file along the channel, but only a
water molecule bound at the ar/R constriction.
Thus, the AqpM ar/R constriction seems to resem-
ble those of water-specific aquaporins (Lee et al.
2005).

Structural analyses of various AQPs suggest that
both size and polarity of the ar/R constriction define
water/glycerol selectivity and permeability. However,
a recent mutational analysis provided a more con-
voluted picture. For examples, AQP1 structure
predicted that substituting the histidine or arginine
at the ar/R constriction with hydrophobic residues
would hinder water isolation from its bulk solvent,
thus reducing water permeability (Sui et al. 2001).
Surprisingly, even a HI80A/R195V double mutation
did not alter water permeability (Beitz et al. 2006).
The expected polarity decrease may be compensated
for by a size increase at the ar/R constriction. In line
with the size effect, the H180A/R195V double
mutation rendered AQP1 permeable to bulky mole-
cules like urea. Further, increasing the diameter of
the ar/R constriction by the F56 and H180 muta-
tions conferred glycerol and urea permeabilities
(Beitz et al. 2006). However, a size effect alone
couldn’t account for selectivity against ammonia in
AQP1, because ammonia has a size and dipole
moment similar to those of water. Ammonia perme-
ability was found to correlate with the polarity of ar/
R constriction sites of various AQP1 mutants,
suggesting that certain hydrophobic niches at the
ar/R constriction are needed for ammonia passage
(Beitz et al. 2006). It appears that the interplay of
both size and polarity at the ar/R constriction site
plays a major role in defining channel selectivity and
permeability.

Recent mutational studies have also demonstrated
that removal of the positive charge from the ar/R
constriction can cause proton leakage through the
AQP1 pore (Beitz et al. 2006). The electrostatic
proton barrier in AQPs thus involves not only the
NPA motifs (see below), but also the ar/R constric-
tion, where the positive charge on the highly con-
served arginine may discourage the approaching of
protons. In addition, at this narrowest point of the
channel, the arginine forms a strong electrostatic
interaction with a backbone carbonyl (Left panel,
Figure 3A). This carbonyl is expected to be highly
polarized due to the resonance of the mainchain
peptide bond under the influence of a fully buried
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glutamate carboxylate (Jiang et al. 2006). Thus the
partial negative charge on the carbonyl may provide
the basis of anion exclusion. Furthermore,
the carbonyl at the ar/R constriction of AqpZ is
only 3-5 angstroms apart from the guanidinium
NHs, depending on the arginine conformations.
The close proximity of a pair of charges in the highly
restrictive ar/R constriction site reinforces the inter-
play between geometry and polarity. It appears that
the ar/R constriction only permits the passage of
dipoles that can interact with positive and negative
charges simultaneously. Both cations and anions are
excluded because neither can fulfill a dual role of
polarization (Fu et al. 2002). It is evident that both
water and glycerol can satisfy the polarity and
geometry requirements of the ar/R constrictions. In
AqgpZ, a water molecule acts as a hydrogen bond
acceptor from R189 NE and a donor to T183
carbonyl at the same time (Jiang et al. 2006) (Right
panel, Figure 3B). Likewise, in GlpF, two successive
OH groups of a glycerol molecule are dually hydro-
gen-bonded to R206 NH2 and NE and carbonyls of
G199 and F200 (Fu et al. 2000). An exception to
this rule may be provided by AQP6, which conducts
anions at low pH ( <5.5). At this pH, protonation of
the polarized carbonyls at the ar/R constriction site
may weaken the negative electrostatic repulsion,
thereby lowering the electrostatic barrier against
anion passage. However, whether the ar/R constric-
tion of AQP6 is directly involved in the observed
anion conductance has yet to be established.

NPA junction and proton exclusion

In AQP channels, the two half-spanning helices are
capped by NPA motifs that are held together about
the quasi-twofold-axis in the membrane plane
(Figure 2D). This NPA junction is formed by Van
der Waals contacts of the proline rings and an
interlocking hydrogen-bond network that orients
asparagine sidechains and projects their terminal
amine groups into the pore. In AQP1, two waters
are centered about the NPA junction, each being
hydrogen-bonded to the ND2 groups of a NPA
asparagine (Sui et al. 2001) (Figure 2D). In AqpZ,
two NPA asparagine ND2 groups function as
hydrogen-bond donors to a central water molecule,
locking it in a conformation in which this water can
only donate hydrogen bonds, but can not accept
one from adjacent waters (Savage et al. 2003). In
AQPO, the channel near the NPA junction is
significantly narrower, restricted in between a pair
of tyrosine constriction sites (see below) (Harries et
al. 2004). In both GIpF and AgpM, the NPA
junctions present a pair of hydrogen-bond donors
to successive hydroxyls of a bound glycerol mole-
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cule (Figure 2E). Interestingly, only glycerol was
found at the NPA junction of GlpF, but not AqpZ,
although both proteins were crystallized in high
glycerol concentrations. It appears that the local
environments around the NPA junction may con-
tribute to this difference in water/glycerol coordina-
tion (Savage et al. 2003).

The crystal structure of AQP1 revealed a single
file of six water molecules in the pore (Sui et al.
2001), and the GIpF structure determined in the
absence of glycerol contained nine water molecules
(Tajkhorshid et al. 2002). Similarly, the AqpZ
structure contained five water molecules in each
pore (Savage et al. 2003), and the isolated AQPO
structure contained seven water molecules (Harries
et al. 2004). These water molecules could align
themselves in a long chain, in effect forming a wire
that would allow protons to jump between neighbor-
ing waters (Bernal 1965). It is remarkable that
aquaporins, which inherently contain a line of water
molecules, could preserve the proton electrochemi-
cal gradient. The head-to-head arrangement of two
half-spanning helices point their positive ends to-
wards the membrane plane, generating net positive
charges in the middle of the AQP channel (Murata
et al. 2000). A water molecule at the NPA junction
may orient itself so that its oxygen atom forms
hydrogen bonds with two asparagine amines, losing
its capacity for accepting protons from neighboring
waters. This water conformation, together with the
positive dipole charges, was proposed to disrupt
proton conduction along a continuous single file of
waters in AQP channels (de Groot & Grubmuller
2001).

Molecular dynamics/quantum mechanical simula-
tions of water molecules in AQP1 and GIpF
suggested that the central water is nevertheless
capable of forming hydrogen bonds with the neigh-
boring water molecules, but it can only engage in
hydrogen bonds orienting outwards from the NPA
junction towards the extracellular and the cytoplas-
mic entrances of the channel (de Groot &
Grubmuller 2001, Tajkhorshid et al. 2002). There-
fore, the lines of water molecules in the two halves of
the channel have opposite hydrogen-bond polarity,
preventing protons from crossing the central water
but allowing water to permeate (Tajkhorshid et al.
2002). In support of this model, orientations of
water molecules observed in AqpZ crystal structures
indeed are ordered in a bipolar manner, with oxygen
atoms facing the NPA junction in the center of the
channel (Savage et al. 2003, Jiang et al. 2006).
However, a recent simulation study suggested that
the proton wire is actually fully intact throughout the
water channel, but the protons could not overcome
the electrostatic barrier imposed by the helical
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dipoles at the NPA junction (de Groot et al. 2003).
It appears that unfavorable electrostatic interactions,
rather than proton wire interrupting effects, are the
primary reason for proton exclusion (Chakrabarti
et al. 2004). The bipolar water orientation, on the
other hand, is merely a secondary effect of such
electrostatic interactions (de Groot & Grubmuller
2005).

Additional constrictions and regulation of
water permeability

The water permeability of AQPO is about 40 times
lower than that of AQP1 (Chandy et al. 1997). In
addition to the ar/R and NPA constrictions, both
isolated and junctional AQP0s have a pair of quasi-
two-fold related tyrosine constrictions on either side
of the NPA junction, with the narrowest constriction
point relocated from their ar/R sites to one of the
tyrosine-constrictions close to the cytoplasmic en-
trance (Harries et al. 2004). These two tyrosines are
fully conserved among all known AQPOs, reflecting
their importance in restricting water permeability of
AQPO. The main difference between the junctional
and isolated AQPO conformation lies in the orienta-
tion of M176 of the junctional AQPO, which
obstructs the water pore from the extracellular side
of the ar/R constriction (Gonen et al. 2005). The ar/
R constriction of the isolated AQPO opens up
sharply on the extracellular side. This difference
may account for a greater number of ordered water
molecules found in the water-conducting channel of
the isolated AQPO.

AQPO water permeability is sensitive to pH
(Hara-Chikuma & Verkman 2006). Two histidine
residues (H40 and H66) were implicated in pH
dependence of AQPO water conductance. The
double-layered 2D crystals were grown at pH 6
(Gonen et al. 2004), while the 3D crystals were
obtained at pH 10.5 (Harries et al. 2004). However,
a comparison of these two structures provided no
clues as to the structural consequence of pH varia-
tion that was expected to produce a 3 to 4-fold
difference in water permeability (Harries et al.
2004). The structural basis of pH regulation of
AQPO remains unknown.

Plant SoPIP2;1 channel is a gated AQP in
response to water availability. For examples, drought
stress causes channel closure by dephosphorylation
of conserved S115 and S274 (Johansson et al. 1998),
while flooding-induced anoxia decreases cytoplasmic
pH and shuts off the water channel through proto-
nation of H193 (Tournaire-Roux et al. 2003). The
gating of water channels allows land plants to cope
with rapid changes in the water availability. The
structures of spinach SoPIP2;1 and a His-tagged

variant both exhibit a typical water-specific AQP
structure, with a continuous chain of seven water
molecules running along the length of the channel
(Tornroth-Horsefield et al. 2006). However, a major
difference between these two structures, and perhaps
with other AQPs, is the conformation of the cyto-
plasmic loop D (Figure 3C). In the SoPIP2;1
structure, the loop D is anchored to the N terminus
by a hydrogen-bond network involving a divalent
cation (Ca®™). Residues 1197 in loop D blocks the
channel entrance from the cytoplasm and forms a
hydrophobic barrier with H99, V104 and L108.
Thus, this structure represents a closed conforma-
tion (Left, Figure 3C). It is noteworthy that 1.L197 of
SoPIP2;1 in the closed conformation overlays almost
exactly with Y149 of AQPO. In the structure of the
His-tagged SoPIP2;1, the loop D is detached from
the N-terminus, and the N-terminus of helix 5
extends a half-turn into the cytoplasm, resulting in
the displacement of 1197 away from the pore
entrance (Right, Figure 3C). Since these structural
changes open up the hydrophobic gate, the His-
tagged structure was proposed to portray an open
conformation.

A comparison of these two conformations sug-
gested that phosphorylation of S115 in the cytosolic
loop B disrupts its anchoring interactions with the
N-terminus while phosphorylation of S274 may
detach the C-terminus from its interactions with
adjacent subunit in the tetramer, making room for
the cytoplasmic end of helix 5 to extend an
additional half-turn. The combined actions of
S115 and S274 may trigger the movement of loop
D, leading to the opening of the hydrophobic gate.
The proposed mechanism of pore opening was
supported by molecular dynamics simulations
(Tornroth-Horsefield et al. 2006). A mechanism of
pH-regulated PIP gating is also apparent from the
closed structure of SoPIP2:1. A rotamer of H193
was proposed to form a salt bridge with D28 upon
protonation (Tornroth-Horsefield et al. 2006). This
would recover the anchor for loop D on the N
terminus, which is lost upon phosphorylation of
S115 and would thus result in the same closed pore
conformation observed in the crystal structure
(Tornroth-Horsefield et al. 2006). It is interesting
to note that phosphorylation and pH are distinct
chemical signals, acting on residues (S115, S274 and
H193) well separated in sequence, but their actions
converge to altering the conformation of loop D.
This gating mechanism explains how plants respond
to draught stress and flooding with an identical
physiological response (Tornroth-Horsefield et al.
2006).
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Further studies

The structures of various aquaporins have provided
significant insights into the molecular mechanisms
of water/glycerol permeation and proton exclusion.
Some members of the AQP family have evolved to
permeate glycerol, linear polyols, nitrate, arsenite,
gas or even anions (Heller, Lin & Wilson 1980,
Prasad et al. 1998, Yasui et al. 1999, Ikeda et al.
2002, Liu et al. 2002, Wallace & Roberts 2005,
Saparov et al. 2007). The structural determinants
for this broad spectrum of permeants have yet to be
characterized in full. Elucidation of the structural
basis of channel selectivity would facilitate the design
and discovery of AQP-modulating agents (Detmers
et al. 2006). AQP water conductance can be
regulated by a variety of chemical signals, including
hormones, phosphorylation, intercellular pH and
calcium levels (Nielsen et al. 2002, Gunnarson,
Zelenina & Aperia 2004, Chaumont, Moshelion &
Daniels 2005, Hedfalk et al. 2006). Regulatory
components in AQP structures are largely unknown,
and how a highly conserved AQP structural frame-
work has evolved to meet various regulatory require-
ments remains to be explored. As more AQP
structures become available, along with concerted
efforts of mutagenesis analysis and dynamics simu-
lations, AQPs will continue to offer an exciting
model system for understanding fundamental prin-
ciples that govern channel selectivity, permeability
and gating.
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