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Background: The mechanisms underlying water transport through aquaporin (AQP) have been debated for two
decades. The water permeation phenomenon of AQP seems inexplicable because the Grotthuss mechanism
does not allow for simultaneous fast water permeability and inhibition of proton transfer through the hydrogen
bonds of water molecules.

Scope of review: The AQP1 structure determined by electron crystallography provided the first insights into the
proton exclusion mechanism despite fast water permeation. Although several studies have provided clues

Keywords: . . ..
Wﬁtr channel about the mechanism based on the AQP structure, each proposed mechanism remains incomplete. The present
Aquaporin review is focused on AQP function and structure solved by electron crystallography in an attempt to fill the

gaps between the findings in the absence and presence of lipids.

Major conclusions: Many AQP structures can be superimposed regardless of the determination method. The AQP
fold is preserved even under conditions lacking lipids, but the water arrangement in the channel pore differs. The
differences might be explained by dipole moments formed by the two short helices in the lipid bilayer. In addi-
tion, structure analyses of double-layered two-dimensional crystals of AQP suggest an array formation and cell
adhesive function.

General significance: Electron crystallography findings not only have contributed to resolve some of the water
permeation mechanisms, but have also elucidated the multiple functions of AQPs in the membrane. The roles
of AQPs in the brain remain obscure, but their multiple activities might be important in the regulation of brain

Electron crystallography
Cryo-electron microscopy
Cell adhesion

and other biological functions. This article is part of a Special Issue entitled Aquaporins.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Water channels were postulated to exist because some biological
membranes are more permeable to water than can be explained by
passive diffusion through a lipid bilayer. Using a Xenopus oocyte expres-
sion assay, Preston et al. [ 1] demonstrated that a 28-kDa membrane pro-
tein that is abundant in blood cells and renal proximal tubules [2] is
permeable to water. The 28-kDa membrane protein was later dubbed
aquaporin-1 (AQP1), and the identified homologues from many phyla,
including bacteria, plant, and animal, currently number more than
300. To date, 13 water channels, AQPO through AQP12, have been iden-
tified in humans. The AQP family is divided into two subgroups accord-
ing to the permeated molecule. AQPs transport mainly water molecules,
while aquaglyceroporins transport water, glycerol, urea, and small neu-
tral molecules. The water channels have basic roles that alleviate the os-
motic stress accompanied by the movement of ions though membranes
in signal transduction, energy production, and other cell activities.

Abbreviations: 2D, two-dimensional; ar/R, aromatic/arginine; AQP, aquaporin; AQP4M1,
long isoform of aquaporin-4 starting with Met1; AQP4M23, short isoform of aquaporin-4
starting with Met23; H-bond, hydrogen bond; MD, molecular dynamics; NPA, asparagine—
proline-alanine
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Despite the fast water conductance of AQPs, they are able to filter out
ions as well as protons. Although the fast water movement through
such a narrow space requires the water molecules to form a continuous
line of hydrogen bonds (H-bonds), protons can easily permeate through
such H-bonds simply by exchanging hydrogen bonding partners, as
explained by the Grotthuss mechanism. How AQPs exclude proton per-
meation while maintaining their fast water permeability, however, has
remained unclear. We proposed a H-bond isolation mechanism to explain
the proton exclusion mechanism based on the first high-resolution struc-
ture analysis of AQP1 obtained by electron crystallography [3]. Our find-
ings, however, were not consistent with models proposed based on
computer simulations using structures analysed by X-ray crystallogra-
phy. Therefore, many structural and mutational studies, and molecular
dynamics (MD) simulations [4-8] have been performed to elucidate
these issues. The latest reported structure of yeast AQP (Aqy1) in the
presence of detergent at subangstrom resolution and MD simulations
provide a new model for fast water transport while preventing proton
conduction (see details in Section 3) [9]. It is difficult to elucidate the
fast water permeation mechanism using this structure, however, be-
cause the structure represents almost the same features of the closed
Aqy1 structure with very similar crystal conditions [10]. The water
channels are membrane proteins whose structures should ideally be
analysed in lipid membranes, similar to their inherent conditions. Elec-
tron crystallography is a very powerful method for structure analysis of
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membrane proteins in membranes, as described in the following
section.

2. Electron crystallography

Henderson and Unwin [11] established the power of electron crys-
tallography by determining the first structure of the membrane protein
bacteriorhodopsin and revealing that the transmembrane region forms
alpha helices. Further improvements in software and the introduction of
cryo-electron microscopy allowed Henderson et al. to solve the bacteri-
orhodopsin structure at a resolution of 3.5 A [12]. Application of this
method to other membrane proteins provided an atomic structure of
the light-harvesting complex II [ 13]. Although many membrane protein
structures have been solved by X-ray crystallography, electron crystallog-
raphy remains a very powerful tool for determining membrane protein
structures for several important reasons. In particular, the advantage of
electron crystallography is that the structure of a membrane protein in
the lipid bilayer can be resolved under almost physiological conditions.
Recent membrane protein structures determined by electron crystallog-
raphy, even at medium resolution (6-10A), have been useful toward un-
derstanding their biological functions from a structural point of view
[14-16], although higher resolution analysis is preferable.

3. Atomic structure of AQP1
As mentioned in Section 1, AQP1 was not only the first characterised

water channel, but it was also the first water channel protein structure
determined by electron crystallography [3]. The analysed structure
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revealed an unusual fold with six transmembrane helices forming a
right-handed bundle, which we named the AQP fold (Fig. 1). The AQP
fold comprises two tandem repeat units with a pseudo two-fold sym-
metry, each containing three transmembrane helices and a re-entrant
loop with a half pore helix (HB or HE). The helix starts from the highly
conserved asparagine-proline-alanine (NPA) motif, in which the aspar-
agine is back bonded with the NH group of the main chain by a carbonyl
group, and enters the membrane from the extracellular side or cytoplas-
mic side in an opposite orientation. These two repeats are connected by
a long extracellular loop C on the extracellular side, and are docked to
each other via an interaction between helix 2 and helix 5, as well as
helical interactions by mainly proline residues of the two NPA motifs
of the half-pore helices at the centre of the membrane (Fig. 1). Water
channel function is strongly influenced by the stability of the interaction
between helices 2 and 5, each of which has a conserved glycine residue
[17]. The conserved glycine with a GxxG motif in the transmembrane
helix interaction is also seen in the structures of the KcsA channel and
Ca®*-ATPase [18].

The AQP1 structure clearly shows a tetramer as a biological unit,
and each monomer has an individual channel pore with two NPA motifs
(indicated by dotted circles in Fig. 1C). Based on the structure of AQP1,
we proposed that an H-bond isolation mechanism is responsible for
blocking proton permeation in AQPs (Fig. 2A). In this mechanism, the
water molecules in the channel are forced to orient by the electrostatic
field created by the dipole moment of the two short pore helices and can
smoothly form H-bonds with the amide groups of the two asparagine
residues of the NPA motif by exchanging hydrogen bonding partners
from adjacent water molecules, which are aligned in one line in the
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Fig. 1. Structures of AQP1 showing the typical AQP fold. (A) A secondary structure of AQP1. AQPs feature six transmembrane helices and two short pore helices, named HB and HC, which
have important functions in creating the dipole moment in lipids. (B) A ribbon model of AQP1 using a rainbow colour scheme from blue (N-terminal) to red (C-terminal). The narrowest
region in the AQP1 pores, previously termed ar/R [4,19], is located close to the extracellular entrance of the pore. The Arg195 and NPA motifs are shown in magenta and light blue, respec-
tively. (C) The tetramer of AQP1 viewed from extracellular side. Each monomer has an individual pore indicated as a dotted circle.
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narrow channel. This might be one important reason for the formation
of the unusual characteristic AQP fold with two short pore helical ar-
rangements, even in primitive life forms. The formation of these new
H-bonds, in turn, orients the two hydrogen atoms of the water molecule
in the pore constriction perpendicular to the channel axis because of the
molecular orbital for water and also the arrangement of the two amide
groups of the asparagine residues. This orientation might thus prevent
the water molecule from forming H-bonds with the other water mole-
cules because their arrangement perpendicular to the channel axis ren-
ders them too far away from the adjacent water molecules. Binding of
the water molecules with asparagine of the NPA motif instead of adja-
cent water molecules reduces the energy cost for entering the narrow
constriction because it affects only one H-bond relative to bulk water
and allows for the transport of 3 billion or more water molecules per
second and, simultaneously, the H-bond isolation blocks proton perme-
ation. In a recent paper describing the closed yeast AQP structure at
0.88 A resolution, MD simulations were performed with the structure,
demonstrating that the water molecules do not form H-bonds with
both asparagine residues of the NPAs [9]. It is an important MD result
of the closed channel at the cytoplasmic side based on X-ray crystallog-
raphy of the structure, and based on this study, the authors suggested
that the pair-wise movement of water molecules through the channel
is the predominant reason for AQPs not conducting protons.

After the H-bond isolation mechanism was proposed based on the
structure determination of AQP1, other mechanisms were proposed to
explain the proton exclusion by water channels [4-8]. The MD simula-
tions by these research groups revealed the importance of the narrowest
channel region other than the NPA motifs, which comprises conserved
aromatic residues and a highly conserved arginine and is appropriately
called the aromatic/arginine (ar/R) region [19]. The importance of
the ar/R region was also suggested from the bovine AQP1 structure [20],
and the proposed function of this region is as a molecular sieve based on
a comparison of the diameter of ar/R between AQP1 and the glycerol-
permeating channel GIpF. Recent interpretations of some MD simula-
tions combined with mutational experiments led to the conclusion that
proton exclusion is mostly due to the Arg residue at the ar/R site, and
depends less on both than the Asn residues of the NPA motifs [21-23].
Another water permeation model based on the subangstrom structure
of yeast AQP was recently reported by the Neutze group [9]. The authors
used the high resolution structure to postulate a new model for the fast
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water transport while preventing proton conduction: they proposed
that the four water positions at the ar/R site are too closely spaced to
be simultaneously occupied [9]. Therefore, the strongly correlated move-
ments break the connectivity of a water molecule at the ar/R site to other
water molecules within the channel and prevent proton transport via the
Grotthuss mechanism. Because the new structure represents almost the
same features as the closed Aqy1 structure due to very similar crystal
conditions [10], the structure might not represent the arrangement of
water molecules in conducting channels and it is thus difficult to discuss
fast water permeation with blocked proton conduction based on this
model. Furthermore, the map at the ar/R site shows a continuous density,
although three water molecules are assigned in this density. Therefore,
the structure could not exclude hydrogen bond formation among the
water molecules at this ar/R site. These structures of the water channels
were fundamentally analysed by X-ray crystallography under detergent-
solubilised conditions. Therefore, the analysed water positions are not
the same as those in water channels analysed in a lipid bilayer by electron
crystallography, as discussed in Section 5 [16,24]. Furthermore, quantita-
tive measurement of the water permeation speed is less accurate than
that of ion channels and even a simple comparison of the water perme-
ation in two water channels, AQP1 and AQP4, remains difficult. There-
fore, the mechanism of proton exclusion while allowing for fast water
permeation remains unresolved.

4. Structure analyses of AQP0 and AQP4 by double-layered
two-dimensional (2D) crystals

4.1. Structure of AQPO

AQPO0 is abundant in eye lens fibre cells, and thus was initially named
Major Intrinsic Protein [25]. In 1982, AQPO seemed to contribute to the
assembly of gap junctions due to the formation of membrane junctions
[26]. Reconstitution of AQPO into proteoliposomes induces the aggre-
gation of vesicles [27], demonstrating the adhesive function of AQPO
in vitro. As deduced from its homology to AQP1, AQPO0 is a highly specific
water channel in oocytes, but its water permeation speed is much slower
than that of AQP1 [28].

The first AQPO structure from double-layered 2D crystals was re-
solved at 3 A and revealed the interaction of the AQPO-mediated mem-
brane junction [29]. The crystals were grown from a mixture of full-
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Fig. 2. Water molecules in AQPs. A: Schematic model deduced from the AQP1 structure. Adapted from [3], with permission from Nature Publishing Group. B, C: In the 2Fo-Fc map of AQPO
(B) and AQP4 (C) contoured at 1.5 and 1.2 o (marine mesh), respectively, some water molecules in the channel (red spheres) are clearly resolved as spherical densities.
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length protein and the C-terminal truncated form by proteolysis of
AQPO, which increases the adhesiveness between the extracellular
loops [30]. The atomic model also suggested that junctional AQPO
might be in a closed state. After improving the crystal quality as well
as data collection, a 1.9-A density map was obtained to show AQPO in
a closed conformation in which activity is interrupted by the Met76 res-
idue extending into the pore. It also showed only three water molecules
(W1-3 in Fig. 2B) in the water channel, and each was too far away from
the others to form H-bonds [31]. Thus, the water molecule (W2 in
Fig. 2B) can only form a H-bond with the two Asn residues of the NPA
motifs. The arrangement of water molecules in the closed conformation
of the AQPO channel is consistent with the H-bond isolation mechanism.
In addition, comparison with the structure of full-length AQPO in the
open conformation analysed by X-ray crystallography [32] led to the hy-
pothesis that closure of the water channel is induced by junction forma-
tion, which, in turn, is promoted by cleavage of the C-termini [31]. MD
simulations, however, suggested that junctional AQPO can functionally
maintain a water-permeable state [33,34].

4.2. Structure of AQP4

AQP4 is the predominant water channel in the brain that has a
characteristic polarised distribution mainly in astrocytic endfeet, the
basolateral membrane of ependymal cells, glial lamellae of the supraop-
tic nucleus, and other osmosensitive regions of the brain [35]. Glial cells
contain characteristic orthogonal AQP4 arrays in the plasma membrane
[36] that are especially prominent in glial endfeet surrounding vascular
capillaries in the brain [37]. The size of the distinct crystalline patches
known as orthogonal arrays in the astrocyte endfeet is regulated by
the expression ratio of the two AQP4 splicing isoforms. The full-length
protein starting with Met1 (AQP4M1) interferes with array formation,
whereas an alternative short isoform starting with Met23 (AQP4M23)
can form arrays [38,39].

The propensity of AQP4 to form ordered arrays and its predominant
expression in the brain makes AQP4 an attractive target for electron
crystallographic structure analysis, which was used to solve the first
AQP structure and to address the puzzling questions related to the strict
and fast water selective permeation functions of AQP1 [3]. AQP4 could
be important for understanding complex brain mechanisms and other
physiological functions, although the physiological functions of the
water channel are less clear, presumably because water is the most
abundant molecule in the body and also because this channel has mul-
tiple components interacting with integral elements that could at least
partially underlie functional brain complexity. Therefore, the structural
view of AQP4 is indispensable for facilitating comprehension of brain
functions at the molecular level.

To overcome the low expression levels of AQP4 in tissues and to
avoid complications due to the two AQP4 splicing variants of AQP4M1
and M23, we attempted to express rat AQP4, even though previous at-
tempts to use expressed mammalian membrane channels for structure
determination had been less successful. We successfully obtained yields
of more than 3 mg of purified 6 x His-tagged AQP4M23 from 1L of cul-
tured Sf9 cells. Reconstitution of AQP4M23 produced large double-
layered 2D arrays, which gave rise to sharp high-resolution diffraction
spots and were therefore suitable for electron crystallographic structure
analysis. Structure analysis was, however, complicated by variations in
the lateral alignment between the two crystalline layers in the double-
layered 2D crystals, making it necessary to classify the crystal types.
Electron diffraction data, even with high-resolution diffraction spots,
were not sensitive enough to distinguish among the crystal variants.
We subsequently obtained an image of each crystal that produced a
high-resolution diffraction pattern. Images providing phase informa-
tion at a resolution of better than 6 A were sufficient for distinguishing
among the crystal variants. The need for a corresponding image for
each diffraction pattern made the structure analysis very challenging,
but our effective cryo-electron microscope system enabled us to collect

all of the data required for high-resolution structure analyses [40]. Clas-
sification based on the image data identified one predominant crystal
type with membrane centre-to-membrane centre spacing of 45 A,
which was selected for additional structure analysis and determined
to represent approximately 70% of all of the analysed crystals. At first,
3.2 A and later 2.8 A resolution amplitude datasets were used to deter-
mine the AQP4 structure using the molecular replacement method
[24,41].

While the structure of AQP4M23 adopts the typical AQP fold, loop
C has a distinctive short 3o helix that is not observed in AQP1. The
narrowest region in the AQP1 pore, previously termed ar/R [4,19], is lo-
cated at the same part close to the extracellular entrance of the pore.
Based on the higher resolution structure of bovine AQP1 analysed by
Sui et al. [20], the pore diameter of the ar/R region in AQP4 is similar
to that in AQP1. At the NPA site located in the middle region of the chan-
nel, one water molecule is assumed to make H-bonds with Asn97 and
Asn213 of rat AQP4 (Asn76 and Asn192 in human AQP1) by its oxygen
(Figs. 2C and 3A) based on the distances between the atoms. Therefore,
the water molecule at the NPA position does not seem to form an
H-bond with any adjacent water molecules in either the intra- or extra-
cellular halves of the pore. The constriction with a diameter of 3A at the
NPA motif is just large enough to allow the passage of a water molecule
whose diameter is 2.8 A. Therefore, only one water molecule can
pass through the constriction at a time and, importantly, no solutes or
hydrated ions can permeate through such a narrow constriction. The
AQP4 structure corroborates the H-bond isolation mechanism proposed
to be responsible for blocking proton permeation while maintaining fast
water permeation in AQPs [3]. The high-resolution structure also shows
five lipids surrounding each AQP4 monomer and direct interactions
of the extracellular surface of AQP4 with three lipids in the adjoining
membrane help stabilise the membrane junction [24].

5. Single-file arrangement of water molecules in the water channel

To date, electron crystallography has resolved the structures of
water molecules in two AQP channels, AQPO and AQP4. Although the
structure of AQPO was determined at high resolution, it was analysed
in a closed conformation with the Met76 residue extending into the
pore [31]. Due to the closed state, AQPO retains only three water mole-
cules in the channel pore near the NPA motifs. In contrast, the AQP4
structure has no blocking density in the pore and the water molecules
are in a single file throughout the channel. The structure of AQP4 is
therefore more suitable for considering the ordinary water permeation
mechanism, than that of AQPO.

The structure of AQP4 clearly resolved seven water molecules in the
channel (Fig. 2C). In addition, the Fo-Fc map shows an additional spher-
ical density at the ar/R narrowest site. Because the side-chains of AQP4
around the ar/R region are represented by a clear density and the atoms
have low temperature factors in this region, we assigned the eighth
water molecule (W3) to the spherical density at the ar/R site. The part
of the channel with a narrow diameter is a less-favourable position for
a water molecule, potentially explaining the weak density of water at
this position. The two neighbouring water molecules (W2 and W4) on
either side of the ar/R constriction, which form H-bonds with the unsta-
ble water molecule (W3) in the narrow region, have higher tempera-
ture factors (35 A2) compared to those of all other water molecules in
the channel (2.9 A2 to 13.2 A) (Fig. 3B).

The B-factors of the clearly observed seven water molecules in the
pore are lower than 40 A? (Fig. 3B). The quality of the density map of
water molecules in the rat AQP4 structure analysed at 2.8 A resolution
by electron crystallography is better than that of water molecules in
the human AQP4 structure analysed at 1.8 A resolution by X-ray crystal-
lography (Fig. 4). The root mean square deviation value between main
chain structures analysed by electron and X-ray crystallography was
0.607 A, and therefore the difference between the two density maps of
water molecules in similar AQP4 structures analysed by two methods
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Fig. 3. Model of the water arrangement in the AQP4 channel and the temperature factors of water molecules. A: Eight water molecules from W1 to W8 in the AQP4 pore, as calculated by
“HOLE”, are shown as a transparent surface. The tentative position of water molecule W3, which might have a high temperature factor, is indicated by a small orange-yellow ball. Hydrogen
bonds with oxygen and nitrogen are represented by red and blue dotted lines, respectively. The distances between water molecules W4 and W5 and also between W5 and W6 are clearly
too long for H-bonds to form. The arrangement of these water molecules strongly supports the H-bond isolation mechanism. B: Plot of the B-factors of the water molecules in the channel.
All eight water molecules in the pore are represented. Labelling of the water molecules is the same as in A. The channel region occupied by W3 is depicted as a wheat-coloured band,
because the B-factor of W3 could not be determined. The red dashed line indicates the average B-factor of all the atoms in the AQP4 molecule.

counter-intuitively suggests that the lower resolution map by electron
crystallography is of better quality than the map obtained by X-ray
crystallography. The reason for this is not clear, but the difference in
the observed map qualities for water molecules in the channel could
be attributed to environmental effects. The dipole moments formed by
helices, especially the two short helices HB and HE (Fig. 2A), might be
influenced by the non-homogeneous environment of the lipid bilayer,
as discussed by Sengupta et al. [42]. These dipole moments in the mem-
brane layer might be much larger than those in detergent micelles
and force the water molecules to orient in the water channel under
the physiological conditions of the membrane interior. Although exper-
imental proof is required to verify the effect of different environments
on membrane proteins, the structure of a membrane protein deter-
mined by electron crystallography might reflect its inherent structure,

because structural information can be gained in the context of a lipid bi-
layer, which is close to the native environment of a membrane protein.

Every exposure to the electron beam causes severe radiation damage
to the specimen, and therefore each 2D crystal can only be used to col-
lect one high-resolution image or electron diffraction pattern. Thus, to
analyse the three-dimensional structure of a membrane protein, data
must be collected from hundreds of 2D crystals, which is considered a
disadvantage of electron crystallography. A dataset collected from mul-
tiple crystals generally causes larger error than that collected from single
crystal, especially for the high-resolution reflections, because each
crystal might be slightly different even though it grew under the same
crystallisation conditions. Our density map obtained by electron crystal-
lography, however, clearly but counter-intuitively resolved seven spher-
ical densities that could unambiguously be assigned as water molecules

Fig. 4. Comparison of the AQP4 structure determined by electron and X-ray crystallography. A: The ribbon diagram of the structure determined by electron crystallography is shown in
rainbow colours and that by X-ray crystallography is shown in magenta. B, C: The electron microscopy structure (PDB entry 2ZZ9) (B) and the X-ray structure (PDB entry 3GD8) (C) of
AQP4 are represented as molecular surfaces, but H2 (cyan coloured helix in (A)) and H5 (orange coloured helix in (A)) helices of both models are removed for clarity to show the channel
pathway. The water molecules in the channel are shown as red spheres. The densities of water and glycerol molecules are displayed as blue (2Fo-Fc) and green (Fo-Fc) wireframes,
respectively. The water densities appear better defined in the electron microscopy map than in the X-ray map.
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(Fig. 2C). The perceived weakness of electron crystallography that data
must be collected from many different crystals may in fact work in our
favour. We collected more than a thousand diffraction patterns, but se-
lected only the 199 very best patterns, so that the final dataset includes
only information from the very best crystals. Furthermore, while we
observed diffraction spots to a resolution of 1.9 A, we truncated the res-
olution of our density map to 2.8 A to collect better data as well as to
minimize the missing cone effect. Due to these procedures, the quality
of the final lattice line data is exceptionally good.

Although we tried to prepare the specimens as consistently as possi-
ble during the months of data collection, there must have been varia-
tions among the specimens. As a consequence, our map represents an
average of the specimen under various, slightly different conditions.
As we were still able to resolve water molecules in the channel, they
are presumably in defined positions. This notion is corroborated by
the low temperature factors of the water molecules, ranging from 2.9
to 35.3 A%, which are significantly lower than those of the surrounding
residue atoms (Fig. 3B). The same phenomenon is observed in the
1.9-A electron crystallographic structure of AQPO [31]. The B-factor
of the water molecule associated with the amide groups of the NPA
motifs is 1.7 A%, while that of the surrounding main chain atoms is in
the range of 30-40 A2. The large difference in the B factors between
the water and protein atoms might be due to the characteristic features
of electron crystallography discussed above and/or the effect of the lipid
environment enhancing the helical dipole moments.

The water positions determined in the AQP structures [20,31,
32,43-45] have been superimposed on the structure of AQP4 [24]
(Fig. 5). The water molecules seem to pass through the channel in
a single-file arrangement, following a clearly defined route, as seen in
the end-on view shown in Fig. 5B. The positions of the water molecules
are not coincident with the centre lines of the channel cavity calculated
by “HOLE” [46], but the position shifts close to hydrogen bonding part-
ners. In particular, the positions of water molecules near the NPA motifs
at the membrane centre deviate from the centre of the channel cavity,
presumably because the water molecules make specific H-bonds with
the amide groups of the asparagine residues of the NPA motifs (Fig. 5).
The eight water molecules in the AQP4 channel are also in a single-file

arrangement, but tend to be arranged in favourable positions, like
stepping stones (Figs. 2C, 3). The inside surface of the water channels is
largely hydrophobic, except for the oxygen atoms of the main chain car-
bonyl groups and also the nitrogen atoms of the side-chain amide groups
of Asn213 and Asn97 of the NPA motifs. The eight water positions in the
channel are stabilised by both the carbonyl and amide groups, which are
hydrogen-bonding partners for the hydrogen and oxygen atoms, respec-
tively, of the permeating water molecules. These partners for water mol-
ecules also form a guide rail on the hydrophobic wall of the channel
fitting to the water orientation forced by dipole moments of the two
half pore helices B and E (Figs. 3, 5).

The guide rail might be important molecular machinery for fast
water permeation of AQP4, whose water permeation speed has been ac-
tually measured to be ~3 billion water molecules per second. The speed
is similar to that of AQP1, which is one of the fastest water channels
known. Based on the measured distances between successive water
molecules in the channel, all water molecules appear to form H-bonds
with their neighbours, except for the water molecule at the NPA site
and the one below it (red dotted lines in Fig. 3A). The two hydrogen
atoms of the water molecule form H-bonds with the amide groups of
the asparagines (blue dotted lines in Fig. 3A), and force the water
molecule to orient perpendicularly to the channel axis due to the
arrangement of the amide groups and the molecular orbitals of water.
The H-bonds of the water molecule (W5 in Fig. 3) at the NPA site are
thus separated from the other water molecules in the channel, lending
support to the H-bond isolation mechanism. Each water molecule in
single-file in the channel can thus form two or three H-bonds. Water
in bulk solution usually forms three or four H-bonds with neighbouring
water molecules, thus they only have to sacrifice a single H-bond to
enter the channel, an energy cost of about 3 kcal. The arrangement of
the carbonyl and amide groups in the AQP4 channel, therefore, dramat-
ically lowers the energy barrier for water molecules entering the narrow
AQP channel and allows for very fast water permeation through the
otherwise hydrophobic channel (Fig. 3). The ar/R narrowest site is
important for blocking H;0™, but not for the separating H-bonds [21],
as shown in the arrangement of water molecules in the channel (Fig. 3).
Finally, if a narrow, positively-charged channel region is sufficient to

Fig. 5. AQP4 channel with the positions of all water molecules determined in AQP structures to date. The AQP4 pore as calculated by “HOLE” [46] is shown as a transparent surface. The
colour indicates the pore radius from red (narrow; ar/R), green (NPA), to purple (wide). Residues interacting with water molecules in the channel are represented as stick models (carbon,
oxygen, and nitrogen atoms are shown in green, red, and blue, respectively). Red crosses indicate the positions of water molecules observed in other AQP structures. Side view (A) and slice
around (B) the NPA region of the AQP4 channel with water molecules observed in the structures of highly water-selective AQPs.
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block proton permeation, the water channels will not have had to evolve
the complex AQP fold observed in the structures of all of the water chan-
nels analysed to date.

6. Cell adhesive function of AQP0 and AQP4

AQPO and AQP4 form double-layered 2D crystals due to interactions
between the extracellular sides of the molecules (Fig. 6). These interac-
tions are distinct from each other, and the differences might be related
to their water permeation rate as well as their physiological functions.
The AQPO molecule permeates water far slower than the fast conduc-
tance type of water channel AQP1 [47]. The water conduction rate is re-
duced mainly by the tyrosine residue (Tyr23) interacting with water
molecules in the channel pore (Fig. 2B) [31]. A tyrosine residue facing
the channel has also been observed in AQP6 [48] and suggested in
AQP11 [49], and MD simulations support its role in slow conductance
[33,34]. In addition, all four subunits in an AQPO tetramer can interact
with the four subunits in the tetramer in the adjoining membrane as
being head-to-head with respect to each other (p422 symmetry). There-
fore, membrane junction formation can easily maintain the straight
water pathway in AQPO (Fig. 6A). Because these interactions are strong
and are mediated by the three proline residues (Pro38, 109, 110), it is
likely that a single pair of AQPO molecules promotes stable membrane
adhesion. These strong interactions are consistent with the absence of
variations in the relative positions of the two layers in 2D crystals of
AQPO. In addition, cleavage of the C-termini leads to the formation of

the double-layered 2D crystals of the AQPO [30]. Once the AQPO-
mediated membrane junction forms, it is perhaps irreversibly stable.

In contrast, interactions between AQP4-adjoining molecules are
formed by only two hydrophobic contacts. One is mediated by a proline
at the end of membrane-spanning helix 3, which is part of a Pro-Pro
motif found in AQP4 and AQPO. In AQPO, both prolines are involved
in junction formation, but in AQP4, only Pro139 (corresponding to
Pro110 in AQPO) contributes (Fig. 6B). A proline at the preceding posi-
tion (138) is also found in AQPs 2, 5, 6, and 8, raising the possibility
that these AQPs also have the potential to form membrane junctions.
Val142 mediates the second interaction, which is not seen in AQPO.
This residue is part of a short 31 helix in the extracellular loop C
(formed by residues Ser140 to Gly143), which is oriented almost paral-
lel to the membrane surface.

The AQP4 molecule conducts water very rapidly, but membrane
junction formation may increase the resistance for water conductance
in AQP4 because the tetramers in the two interacting membranes are
shifted with respect to each other by half a unit cell (p42,2 symmetry;
Fig. 6B). This packing results in a tight tongue-in-groove interaction
between the two membrane layers. The interaction of the tetramers in
the two adjoining membranes would interfere with AQP4 water con-
ductance due to partial blocking of the extracellular pore openings
and the force generated by rapid water flow through the channels in
the double-layered membranes would thus destabilise the interaction
between the adjoining membranes, different from adhesive structure
of AQPO (Fig. 6A). Only a single subunit in an AQP4 tetramer can interact

Fig. 6. Two types of double-layered interactions observed in the 2D crystals of AQPO (A) and AQP4 (B). All adjoining molecules in AQPO crystals can adhere even without array formation,
but only one pair of molecules of AQP4 could adhere when orthogonal arrays were disrupted because the tetramer of AQP4 in the upper layer is shifted from the tetramer in the lower layer.
Adjoining channels of AQP4 are shifted and water permeation is blocked when these two membrane layers are strongly adherent, in contrast to AQPO. Cylindrical objects represent water
channel pathways. Blue and cyan colours indicate the cytoplasmic and extracellular side, respectively.
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with a subunit in the tetramer in the adjoining membrane when the tet-
ramer is not part of an orthogonal array. Because this interaction is me-
diated by only two residues and is weak, it is unlikely that a single pair of
AQP4 molecules promotes stable membrane adhesion. In our crystals,
each AQP4 tetramer interacts with four tetramers in the adjoining
membrane, so that the formation of an orthogonal array, such as those
observed in vivo, enhances the adhesive properties of AQP4. The varia-
tions in the relative positions of the two layers in our crystals, however,
suggest that even crystalline AQP4 arrays promote only weak adhesion.
This indicates that while the interactions between adjoining tetramers
are specific (Fig. 6), the AQP4-mediated membrane junctions may be
dynamic. Partially separated AQP4-containing membrane junctions
have been observed in the glial laminae of the hypothalamus [50], a
finding we corroborated with similar images of separated membranes
within extensive membrane junction areas [41]. Because junction for-
mation may reduce water conductance, the formation and separation
of junctions may indeed be a mechanism that modulates AQP4 water
conductance and/or plays a role in osmo-, thermo-, and glucose-sensing.

7. Conclusion

Electron crystallography is important for determining the structural
biology of AQPs. All of the structures determined by electron crystallog-
raphy can be superimposed and are very similar to corresponding struc-
tures obtained by X-ray crystallography. Based on these comparisons,
we conclude that AQP folding is very stable, even in the absence of
lipids. The water arrangement in the channel pore, however, is distinct
in the structures determined by electron crystallography and X-ray
crystallography. In addition, double-layered 2D crystal structures of
AQPs suggest an array formation and cell adhesive function. Therefore,
electron crystallography is necessary for revealing the complex and
important functional components of AQPs that can be involved in the
molecular mechanisms underlying the complex regulation of water in
relation to principal biological functions. Particularly in the brain, the
high water selectivity of AQPs might provide an important foundation
for supporting signal transduction mechanisms regulated mainly by
ion channels, but the relationship of water channels with higher order
brain functions remains a mysterious and intriguing topic.
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