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Abstract

Background: Aquaporins (AQPs) facilitate the passage of small neutral polar molecules across membranes of the
cell. In animals there are four distinct AQP subfamilies, whereof AQP8 homologues constitute one of the smallest
subfamilies with just one member in man. AQP8 conducts water, ammonia, urea, glycerol and H2O2 through
various membranes of animal cells. This passive channel has been connected to a number of phenomena, such as
volume change of mitochondria, ammonia neurotoxicity, and mitochondrial dysfunction related to oxidative stress.
Currently, there is no experimentally determined structure of an AQP8, hence the structural understanding of this
subfamily is limited. The recently solved structure of the plant AQP, AtTIP2;1, which has structural and functional
features in common with AQP8s, has opened up for construction of homology models that are likely to be more
accurate than previous models.

Results: Here we present homology models of seven vertebrate AQP8s. Modeling based on the AtTIP2;1 structure
alone resulted in reasonable models except for the pore being blocked by a phenylalanine that is not present in
AtTIP2;1. To achieve an open pore, these models were supplemented with models based on the bacterial water
specific AQP, EcAqpZ, creating a chimeric monomeric model for each AQP8 isoform. The selectivity filter (also named
the aromatic/arginine region), which defines the permeant substrate profile, comprises five amino acid residues in
AtTIP2;1, including a histidine coming from loop C. Compared to AtTIP2;1, the selectivity filters of modelled AQP8s only
deviates in that they are slightly more narrow and more hydrophobic due to a phenylalanine replacing the histidine
from loop C. Interestingly, the models do not exclude the existence of a side pore beneath loop C similar to that
described in the structure of AtTIP2;1.

Conclusions: Our models concur that AQP8s are likely to have an AtTIP2;1-like selectivity filter. The detailed description
of the expected configuration of residues in the selectivity filters of AQP8s provides an excellent starting point for
planning of as well as rationalizing the outcome of mutational studies. Our strategy to compile hybrid models based
on several templates may prove useful also for other AQPs for which structural information is limited.
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Background
Fundamental intrinsic properties of a biological mem-
brane are formed by its lipid composition, which can
lead to unusual tight membranes, excluding certain
solutes very efficiently [1]. Nonetheless, directed ex-
change of ions and uncharged molecules between com-
partments and dynamic permeant substrate selectivity of

membranes require a repertoire of active transporters
and passive channels, which can be readily regulated
both in number and activity. In analogy with enzymes
increasing the rate of a reaction by lowering the activa-
tion energy, channels facilitate diffusion across mem-
branes by reducing an equivalent energy barrier for a
permeating ion or uncharged molecule, from here on re-
ferred to as the substrate of the channel. In man, there
are 13 channels belonging to the aquaporin (AQP)
superfamily, which vary in their expression pattern and
substrate selectivity [2]. Where some members of the
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superfamily specifically conduct water, others are also
permeable to more bulky solutes. AQP8 is found in the
inner mitochondrial membrane [3] and epithelial plasma
membranes (reviewed in [4]). Well known to channel
water and ammonia, more recent experiments in Xen-
opus laevis oocytes have added urea and glycerol to the
substrate profile of some AQP8-paralogs in fish [5, 6].
Furthermore, heterologous expression of human AQP8
in yeast increased the sensitivity to H2O2-induced
growth depression [7], and mitochondrial AQP8 knock-
down in human cells showed reduced H2O2-release [8].
A similar substrate profile has been described for plant
aquaporins belonging to the subfamily of tonoplast in-
trinsic proteins (TIPs), which are therefore understood
as functionally related [7, 9, 10].
Despite localization studies and functional characterization,

the biological function of AQP8s remains unclear.
Situated in the inner mitochondrial membrane and
being highly water permeable, AQP8 was suggested to
facilitate rapid volume changes of mitochondria [11].
Accordingly, cholestatic liver disease was connected
to reduced AQP8 expression resulting in decreased
water permeability [12]. Additionally, AQP8 has been
shown to conduct NH3 through planar bilayers [13].
While mammals have only one AQP8 isoform, some
fishes are known to express up to three paralogs [14].
The fact that these gene duplications happened early
in the evolution of fish AQP8s and that certain
substitutions are conserved to allow formation of
paralog groups, point towards a neo-functionalization
for some of these proteins [14]. Differences in sub-
strate profiles reported for different homologs of the
AQP family can only be fully understood on the basis
of the protein structures. Furthermore, the physio-
logical role of AQP8 with its implications in diseases
raises the demand for structural information of this
protein family, potentially allowing knowledge-based
drug design.
All aquaporin structures reported share a common

fold and have been solved as homotetramers. Each
monomer forms a functional pore by 6 transmembrane
helices (helix 1–6) and two half-transmembrane helices
(helix B and E). These two short helices point towards
each other, forming a 7th pseudo transmembrane helix.
The positive end of the macro-dipoles produced by these
half helices are both facing towards the center of the
membrane, each holding a conserved motif (Asn-Pro-
Ala), the NPA box. This partial positive charge pose a
significant energetic barrier for protons to overcome
[15]. Most aquaporin isoforms additionally exclude pro-
tons by the positive charge of an arginine situated in a
narrow part of the pore about 7 Å away from the mem-
brane center towards the non-cytosolic side [16, 17]. As
this region constitutes the highest energy barrier for

various substrates, such as water, glycerol and ammonia
[18], it is here referred to as the selectivity filter. The se-
lectivity filter, also called the aromatic/arginine region,
comprises four or five residues that interact directly with
substrates in the pore [19–22]. The positions of these
residues are termed according to the secondary structure
they are embedded in (Fig. 1). The amino acid at the
helix 2 position of the selectivity filter (H2P) typically
has an aromatic sidechain that is oriented perpendicular
to the radius of the pore. The helix 5 position (H5P)
encompasses a histidine in water specific aquaporins but
is replaced by a more hydrophobic residue in the TIPs.
The amino acid residue in loop E (LEP) provides a
carbonyl to the filter, which functions as hydrogen bond
acceptor. This carbonyl is found in two distinct spatial
orientations, and all available aquaporin structures can
be grouped accordingly. In general, the carbonyl at LEP

of water specific aquaporins is hydrogen bonded to a
residue from loop C (LCP), whereas it orients more
towards H5P in aquaporins of other subfamilies [22].
The non-hydrogen bonded carbonyl can interact more
freely with pore substrates and may thereby compensate
for a hydrophobic residue at H5P. Furthermore, in TIPs
the residue at LCP, which is histidine in TIP2s, can also
interact with pore substrates. From sequence alignments,
it is clear, that for TIP3s a phenylalanine is located at
the LCP [22]. Beside the potential of hydrogen bonding
to LEP carbonyl and the interaction with a permeating
molecule, the amino acid residue at LCP can have an
additional effect. Bulky sidechains at this position are
able to shift the location of arginine in helix E (HEP).
Depending on the residue at H2P this shift is further
stabilized by a hydrogen bond between the secondary
nitrogen of arginine and the residue at H2P. By establish-
ing the highest energy barrier for a permeating molecule,
confining diameter and offering hydrogen bonding net-
work, the selectivity filter is determining the substrate
profile of the channel.
The distinctly different substrate profile of AQP8s

compared to the well described water-specific aquapo-
rins and glycerol facilitators enhances the interest in
determining the molecular structure of an AQP8 and
the determinants of its function. These structural deter-
minants are difficult to derive based on known struc-
tures of these families in e.g. animals, because of
sequence variation in the selectivity filter. Although
human AQP8 analyzed with electron microscopy con-
firmed the formation of tetramers and 2D crystals [23],
there is no solved structure of AQP8 available yet. So
far, high resolution structures of mammalian AQP0,
AQP1, AQP2, AQP4, and AQP5, which are classified as
water specific aquaporins, have been solved [20, 24–27].
Additionally, a homology model of AQP9 was supported
by a projection map at 7 Å [28]. Homology modeling
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approaches of a plant isoform functionally related to
AQP8, the wheat (Triticum aestivum) TaTIP2;1, have
been applied using a water specific aquaporin (bovine
AQP1) as a template [9]. Although the overall fold is
conserved, the modelled selectivity filter did not comply
with the TIP2 structure that was later solved (see below),
demonstrating that comparative modeling of this region
is strongly dependent on the used template. Sequence
alignments of AQP8s combined with structural
alignments of aquaporins of known structure has an
isoleucine at H5P. Loop C can be aligned such that a
phenylalanine is positioned at LCP, which would render
the selectivity filter identical to TIP3s, aquaporins that
are also expected to be permeable for ammonia and
water [22, 23, 29]. Recently, our group solved the first
structure of a functionally related protein from the TIP
family (AtTIP2;1 from Arabidopsis thaliana) and could
thereby extend the view on the selectivity filter [22]. The
new findings and revised alignments suggested that this
structure should be a good template for homology
modeling of AQP8.
Here, we explore this idea by modeling seven closely

related AQP8 orthologs, for which common structural
features are expected. The initial models are optimized
using various techniques, and the final open monomeric
models are analyzed structurally. For one of the seven
monomeric models, a tetrameric model is generated,
and the stability of the AtTIP2;1-like selectivity filter is
validated by molecular dynamics (MD) simulations.

Results
Modeling and stereochemical evaluation
In this study AQP8s from seven vertebrates, namely
from man (Homo sapiens, HsAQP8), cattle (Bos taurus,
BtAQP8), rat (Rattus norvegicus, RnAQP8), falcon (Falco

peregrinus, FpAQP8), turtle (Chrysemys picta bellii,
CpAQP8), frog (Xenopus tropicalis, XtAQP8), and
salmon (Salmo salar, SsAQP8b), were independently
modelled.The initial homology modeling was based on
AtTIP2;1, for which a multiple sequence alignment with
the modelled AQP8 isoforms is presented in Fig. 2. The
selected AQP8s are relatively closely related and present
a pairwise amino acid sequence identity to HsAQP8
ranging from 47.8% for SsAQP8b to 81.6% for BtAQP8
(Additional file 1: Figure S1). Their sequence identity
with AtTIP2;1 is at least 30% (SsAQP8b). A structural
alignment of representative solved aquaporin structures
indicates parts that are more likely to be modelled cor-
rectly due to conservation (Fig. 3). The longest loop,
loop C, contains two sections that are structurally more
conserved than the rest of this loop: the middle region
at LCP and the C-terminal region before helix 4. Using
this as a guide, alignment of the LCP residue can be
done with higher confidence. With prior structural
knowledge revealing the possibility of an aromatic
residue at this position in aquaporins [22], the choice of
phenylalanine at LCP of AQP8s seems very reasonable.
Initially, all the AQP8 models solely based on AtTIP2;1
were unexpectedly blocked by another phenylalanine
that is conserved among AQP8s (F85 in HsAQP8) but
corresponding to a valine (V82) in AtTIP2;1. As it has
been shown for several of these channels that they are
highly permeable to water and ammonia, it is reasonable
to expect that the pore of the model should be wide
enough to allow for passage of these substrates [13, 23].
By sequence alignment and comparison of structures a
corresponding phenylalanine in a spatial orientation that
supports an open pore, was identified in AqpZ from
Escherichia coli. To realize a functional pore, additional
AQP8 models were therefore created using EcAqpZ as

Fig. 1 The five positions of the selectivity filter in EcAqpZ and in AtTIP2;1.The five amino acid residues shown in stick representation in EcAqpZ (a)
and AtTIP2;1 (b) are used to describe the selectivity filter. The positions of these amino acids in the selectivity filter are named according to their
localization in secondary structural elements: helix 2 (H2P), loop C (LCP), helix 5 (H5P), loop E (LEP), and helix E (HEP). Cartoon representation of the
backbone with rainbow coloring, N- and C-terminal ends are blue and red, respectively. Oxygens of two water molecules in the selectivity filter
are shown as red spheres
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template. The resulting models showed a slight shift of
helix 1 and 2 that leave enough space to accommodate the
phenylalanine between them, leading to an unblocked
pore. A monomeric hybrid model of each AQP8 isoform
was then created by combining different of parts of the
two models generated from the different templates
(Table 1, and Additional file 2: Figure S2). Addition-
ally, for one of the models (SsAQP8b) another
phenylalanine specific for this paralog (F95, following
the rare NPP motif analyzed below) had to be manu-
ally rotated to clear the pore.
The final monomeric AQP8 homology models were

evaluated for stereochemical quality with the QMEAN-
server [30], and Ramachandran plots were generated
using RAMPAGE [31]. The Ramachandran plots are
shown in Fig. 4, and further details are given in Table 2.
The Ramachandran outlier residues all lay within loop
sections, which are the structurally most variant part of
the aquaporins. However, the high sequence similarity at
important positions between the modelled isoforms and
AtTIP2;1 and the consistency, as well as the reasonable
stereochemical quality of the final models, justify
drawing some conclusions.

Pore and selectivity filter
In the final models, the diameter of the pore is relatively
wide and fairly uniform along the axis of the pore as
compared to water specific AQPs where the selectivity

filter clearly constitutes the most narrow region (Fig. 5).
Substrate profiles of aquaporins are believed to be de-
fined by their selectivity filter, and residues in this region
are generally well conserved within each subgroup or
even within a whole subfamily. The dimensions of the
pore in the AQP8 models are very similar to AtTIP2;1
[22], and although there is some variation between the
models as discussed later, the selectivity filter region is
the least variable part in the modelled pores.
The models confirm that the histidine in H2P, although

it is located in a region of the hybrid model that was
initially modelled on EcAqpZ, can be fitted in a similar
position as in AtTIP2;1 where it stabilizes the arginine in
HEP in a AtTIP2;1-like orientation (Fig. 6, Additional file 3:
Figure S3). Furthermore, the isoleucine at H5P is situated
in an identical spatial location in the AQP8 models and in
AtTIP2;1. The LEP residues, contributing their carbonyls
to the selectivity filter, are consistently small in both
AQP8s and AtTIP2;1. While LEP in HsAQP8 is glycine as
in TIP2s, this residue is replaced by alanine in all but
salmon AQP8, occupying essentially the same space. In
SsAQP8b, LEP is occupied by the slightly larger threonine
residue, as in EcAqpZ, but the orientation of its carbonyl
is not deviating from those in other AQP8 models. This
may suggest that it is sufficient with any small residue at
this position to achieve the same substrate profile. None
of the modelled LEP carbonyls can form a hydrogen bond
to the side chain of the residue at LCP since this is a

Fig. 2 Alignment of seven vertebrate AQP8s together with the modeling templates AtTIP2;1 and EcAqpZ. Secondary structures as modelled in
HsAQP8 are depicted beneath the multiple sequence alignment. The amino acids are colored according to their chemical properties. Residues
that are part of the selectivity filter are depicted by vertical arrows: H2P – black, LCP – purple, H5P – yellow, LEP – green, HEP – red. Black boxes
mark regions in HsAQP8 that are modeled based on EcAqpZ. See also Table 1 and Additional file 2: Figure S2
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phenylalanine in all the models. As a result, all LEP car-
bonyls reside in a relaxed position, like in the structures of
all other AQPs that are not limited to water as a substrate
[22]. A further effect of the phenylalanine at LCP is the
stabilization of the arginine at HEP in an AtTIP2;1-like

position. Where arginines at HEP in water specific aqua-
porins and aquaglyceroporins are oriented towards the
pore, phenylalanine in AQP8s shifts the arginine towards
the H2P histidine. There it probably hydrogen bonds to
the imidazole group of the histidine, lowering the pKa of
the latter, as has been suggested for AtTIP2;1 [22]. To as-
sure that this hydrogen bond can be formed, the proton-
ation state and the rotamer of H2P histidine were
modelled accordingly. In return, the pKa of this histidine
is predicted by PROPKA3 [32] to be significantly lowered
(e.g. 4.92 in BtAQP8). The potential of arginine to get so
close to the histidine to modify its acidity is depending on
its spatial constrains and other stabilizing interactions (see
Discussion).

Structural analysis of the NPP motif
The NPA boxes cap the half-helices, while the positive
charge of the macro dipoles is focused at the amide of
the asparagines in the NPA motifs. Their multiple func-
tions including proton exclusion, connection of the two
half helices via hydrogen bonding, and lining of the pore
with hydrogen bond donors are likely reasons for the
high degree of conservation of this motif. Yet, there is a
huge variety of deviating sequences known at this re-
gion. The MIP modeling database MIPModDB [33] cur-
rently lists 1507 AQPs, presenting NPA as motif 2502
times, which is much less than expected from the
conserved dual symmetry of AQPs. Besides NPA, NPS
and NPP are found in fish AQP8s, the latter being most
unusual among aquaporins. Interestingly, two salmon
AQP8 paralogs have NPP in the first box, while SsAQ-
P8aa1 has only canonical NPA motifs [6]. Do these
variations in sequence lead to functional differences
between the isoforms? In oocyte experiments, all salmon
paralogs showed water and urea permeability, but the
NPP containing proteins were in addition permeable to
glycerol [6]. From our models, we can conclude that the
second proline of NPP (P94 in SsAQP8b) render the sec-
ondary structures unchanged, although the backbone
may be more constrained compared to AQPs with an
alanine at this position (Fig. 7). Notably, all NPP motifs
in the non-redundant NCBI database (nr) that were

Fig. 3 Structural conservation of Cα positions in AQPs mapped onto
the structure of AtTIP2;1. The result of structural alignment of 49
deposited AQP structures from the PDB is indicated on the AtTIP2;1
structure. Thin (blue) putty indicates high degree of structural
conservation, while thick (red) putty indicates low degree of
structural conservation. In general, transmembrane helices are
highly conserved, while loops are more variable. The longest
loop in the upper part of the picture, loop C, has a high degree
of variance at the N-terminal end (right), while the LCP (middle)
and the fold at the C-terminal region (left) before helix 4 is
more conserved. PDB IDs are provided in Additional file 6

Table 1 Composition of hybrid models compiled from homology models based on AtTIP2;1 and EcAqpZ

AQP8 Accession AtTIP2;1 modelled EcAqpZ modelled

Human 1–255 AAH40630.1 12–52; 87–124; 139–245 53–86; 129–138

Cattle 1–289 AAI16017.1 46–86; 120–158; 172–276 87–119; 159–171; 272–281

Rat 1–263 NP_062031.1 20–60; 94–132; 146–253 61–93; 133–145; 254–255

Turtle 1–248 XP_005289228.1 7–31; 81–240 32–80; 241–242

Frog 1–269 NP_001107728.1 28–74; 102–261 75–101; 262–263

Falcon 1–335 XP_013151085.1 (=79–335) 94–125; 168–327 126–167; 328–329

Salmon (AQP8b) 1–259 NP_001167386.1 18–57; 96–152; 160–251 58–95; 153–159
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found by a BLAST search with SsAQP8b are followed by
phenylalanine replacing the conserved smaller hydro-
phobic residue (V89 in HsAQP8) immediately after the
first NPA motif (data not shown). The backbone con-
straints could evoke that this phenylalanine (F95 in
SsAQP8b) is kept out of the pore. The modelled con-
formation is further substantiated by a smaller hydro-
phobic residue lining the pore (V168 in SsAQP8b
instead of isoleucine in the other models), leaving a
pocket for the more bulky aromatic sidechain. Further-
more, the second proline of the NPP motif (P94 in
SsAQP8b) appears to change the hydrogen bonding of
the asparagine in the motif (N92 in SsAQP8b) towards
the amide of F95. The resulting rotation of the aspara-
gine widens the pore in the NPA region, as evident in
the pore profile (Fig. 5).

Surface electrostatics
When comparing AtTIP2;1, which resides in the vacu-
olar membrane, i.e. the tonoplast, with an aquaporin lo-
cated in the plasma membrane (SoPIP2;1), a difference
of the non-cytosolic surface was pointed out [22]. The
more acidic surface on the luminal side of AtTIP2;1 was
connected to the lower pH in the vaccuole. Although
the mitochondrial intermembrane space may only have a
slightly lower pH than the cytosol depending on the
metabolic state, its pH of 6.8 is significantly more acidic
(around 0.8 pH units) than the mitochondrial matrix
[34, 35]. We hypothesized that this pH difference is
reflected in the electrostatic potentials of the opposing
surfaces of AQP8s. The overall picture is that the surface
close to the selectivity filter is more negative than the
side harboring the N and C termini (Fig. 8).

Fig. 4 Ramachandran plots of AQP8 models. All outliers are identified by position and three letter code. For a summary see Table 2. a HsAQP8.
b XtAQP8. c RnAQP8. d CpAQP8. e SsAQP8b. f BtAQP8. g FpAQP8. The plots were generated with RAMPAGE [31]

Table 2 Summary of Ramachandran plots for AQP8 models

Number of residues in: Cattle Falcon Frog Rat Turtle Human Salmon

Favored region 211 (90.2%) 208 (89.7%) 212 (90.6%) 204 (87.2%) 210 (89.7%) 212 (91.4%) 210 (90.5%)

Allowed region 17 (7.3%) 20 (8.6%) 18 (7.7%) 22 (9.4%) 19 (8.1%) 18 (7.8%) 20 (8.6%)

Outlier region 6 (2.6%) 4 (1.7%) 4 (1.7%) 8 (3.4%) 5 (2.1%) 2 (0.9%) 2 (0.9%)
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In Fig. 8 all modelled isoforms except SsAQP8b display
a negative surface in the middle of the membrane-
spanning region due to an aspartate (D191 in HsAQP8)
preceding the residue in H5P. However, the hydrophobic
milieu and the observation that the corresponding residue

in SsAQP8b and in AtTIP2;1 is a polar but uncharged as-
paragine (N184 in AtTIP2;1) suggest that this aspartate is
most likely protonated, hence uncharged in this setting.

Validation by MD simulation
Apart from examining the stereochemical qualities of
the models, they may be evaluated by studying their sta-
bility in MD simulations. The simulation allows the
model to equilibrate as a tetramer in an adequate milieu
and is expected to resolve local unfavorable states,
resulting in a more relevant and stable conformation.
Similar to the majority of the solved AQP structures, the
homotetrameric AtTIP2;1 structure was solved using a
4-fold non-crystallographic symmetry, thus treating all
monomers as identical. We used the symmetry operator
from the AtTIP2;1 structure to form a homotetramer of
the monomeric HsAQP8 model. This operation re-
stricted the model to the same tetrameric packing, in-
cluding the distance of the monomers to the
symmetry axis and thereby to each other. Considering
that interface residues of the monomer were energy
minimized in vacuum, they were not expected to be
in the right orientation for a tight interaction between
monomers. To avoid clashes and to optimize the
packing, energy minimizations of the tetramer were
done in a stepwise fashion with a gradual release of
constraints.
A pre-simulation setup of the HsAQP8 tetramer equil-

ibrated in a lipid membrane can be seen in Fig. 9. Inter-
estingly, it was required that an aspartate (D191 in
HsAQP8, corresponding to N197 in SsAQP8b), was pro-
tonated and uncharged to achieve a stable setup. This is
consistent with its local environment being hydrophobic,
and with our evaluation of the surface electrostatics of
the monomer as well as the conservation pattern among

Fig. 5 Comparison of pore radii along the axis of the pore. Similar
to AtTIP2;1 (red), most of the models have a rather uniform radius
throughout the pore. The radii of the AQP8 models are particularly
homogeneous at the selectivity filter (around 7 Å on the z axis)
where they deviate from water specific AQPs like EcAqpZ (black)
which have their most narrow region here. Interestingly the salmon
AQP8 (SsAQP8b; blue) is wider at the lower NPA region (around −
2 Å on the z axis)

Fig. 6 Selectivity filter of the modelled human AQP8. a The monomeric model of HsAQP8 (slate blue) is aligned to the template AtTIP2;1 (rainbow).
The residues in the selectivity filters are shown in stick representation. b Close up of the residues in the selectivity filters. Selectivity filter of HsAQP8 and
AtTIP2;1 consists of H66 (H2P), F139 (LCP), I192 (H5P), G201 (LEP), R207 (HEP) and H63 (H2P), H131 (LCP), I185 (H5P), G194 (LEP), R200 (HEP),
respectively. Oxygens of two water molecules in the selectivity filter are shown as red spheres
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AQP8s and AtTIP2;1 as mentioned above. The Cα

RMSD relative to the starting tetrameric model did
stabilize during the 3 ns MD simulation, indicating that
a conformational equilibrium had been reached during
the run (Additional file 4: Figure S4). Visual inspection
of the HsAQP8 tetramer during the 3 ns MD simulation
supports that the pores of the four monomers stay open
during the simulation and that the selectivity filter re-
mains in an AtTIP2;1-like configuration (Fig. 10). Im-
portantly, the interaction between the histidine (H66) at
H2P and the arginine (R207) at HEP is stable over time,
and a AtTIP2;1-like hydrogen bond network that con-
nect the arginine to a carbonyl of loop C is formed and
persists, although the mediating water molecules are
moving and exchanged in the course of simulation
(Additional file 5: Movie S1). Similarly, the putative side
pore remains water-filled although the positions of water
molecules are not static. Thus, MD simulations of the
HsAQP8 tetramer support that the model is stable and
that the selectivity filter after the simulation conforms to
that of monomeric model of the other AQP8s. Hence, it
is likely that these AQP8 models provide a valid struc-
tural hypothesis that can be exploited in future work.

Discussion
A relevant model is a prerequisite for structural based
discussions on channel properties. However, achieving

Fig. 8 Surface electrostatics of AQP8 models. The slightly tilted side views show clear differences in potential between the C loop side (top) and the
opposing side. Red areas represent relatively negative surfaces, while blue are positive. The approximate position of the membrane is shown by
vertical lines and the central axis of the tetramer (dashed line), is indicated on HsAQP8. Note the negative surface deep in the membrane on the right
of all models except the salmon AQP8b. This charge is due to an aspartate which corresponds to an asparagine in AtTIP2;1 and SsAQP8b, hence the
aspartate is more likely to be in a protonated state in this hydrophobic environment. The vacuum electrostatics for individual monomers were
generated in PyMOL [40] and are only for relative comparisons within the individual monomer as the scale varies between monomers

Fig. 7 Rare NPP motif in salmon AQP8 changes the hydrogen
bonding and widens the pore. In spite of the unusual NPP motif, the
overall fold of the SsAQP8b model (salmon) is similar to the
template AtTIP2;1 (green) harboring the canonical NPA motif.
Nevertheless, the second proline in the NPP motif of SsAQP8b (P94)
eliminates a hydrogen bond partner of the asparagine (N92), which
instead turns to the next amide of the backbone (F95). The altered
orientation of the asparagine widens the pore and potentially
optimizes the polar interactions with the permeant substrate
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a high resolution structure of a eukaryotic membrane
protein may be both laborious and time demanding, if
at all possible. In the absence of an experimentally de-
termined structure, homology models can provide a
conjecture of the most reasonable three dimensional
structure of the protein of interest. Based on sequence
alignments we have hypothesized that AtTIP2;1 should
be a good template for homology modeling of selected
AQP8s, since they appear to share identical residues in at
least three of the five positions of the extended selectivity
filter, have a small residue in LEP, and can be aligned with

an aromatic residue at the LCP position of the filter [22].
It should be noted that employing template based
methods does not automatically yield reasonable struc-
tures. For example, Swiss Modeller did not return a model
for AQP8 from tardigrade (Milnesium tardigradum),
which has a sequence identity of 21% to AtTIP2;1, as a
loop could not be aligned well enough (data not shown).
Furthermore, the model of AQP8 from parakeet (Melop-
sittacus undulates) was discarded, since not all helices
could be modelled, resulting in an insufficiently stable
structure.

Fig. 10 The selectivity filter of HsAQP8 remains AtTIP2;1-like during the MD simulation. The selectivity filter of each of the four monomers of the
tetramer in the last frame of the 3 ns simulation, the monomers are aligned to facilitate comparisons. The residues of the selectivity filter, H66
(H2P), F139 (LCP), I192 (H5P), G201 (LEP), R207 (HEP) as well as A137 in loop C are shown in stick representation together with the carbonyl
oxygens of G200 and C202 lining the pore. R207 is stabilized in an AtTIP2;1-like position via hydrogen bonds (dashed lines) to H66 and to A137 of
loop C via a water molecule, which has a variable position and is exchanged occasionally (Additional file 5: Movie S1). The orientation of the
carbonyl of G201 (LEP) mainly points to the centre of the pore. The side pore remains more or less water filled during the simulation; the blue
mesh marks the surface of water molecules in the last frame

Fig. 9 MD simulation setup of tetrameric HsAQP8 in membrane. Simulation setup after equilibration of waters (blue), ions and lipids (POPC lipids
colored in sand) to the protein HsAQP8 model (red). a Side view showing two monomers of the tetramer inserted in the POPC membrane, and
the water boundary (blue/grey). The slightly protruding loop C is visible at the top. b Unit cell displayed from above
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To achieve an open pore, structural information from
EcAqpZ was incorporated in the presented models of
AQP8. This strategy of creating a composite model by
combining elements from different structures is a gen-
eral approach that might be useful also for other AQPs
lacking a 3D structure. Our models confirm that the
studied AQP8s are likely to have an AtTIP2;1-like
extended selectivity filter. A prominent feature of this
filter is the specific orientation of the arginine at HEP,
engaged in an interaction with the histidine at H2P and
additionally constrained by the phenylalanine at LCP fit-
ted next to the arginine. Notably, the automatically built
HsAQP8 model currently provided in the MIP modeling
database MIPModDB [33] is not taking the recent
AtTIP2;1 structure into account and is fundamentally
different from the models presented here, as it is not
placing the arginine at HEP in a AtTIP2;1-like orienta-
tion. Arginine and phenylalanine are able to stabilize
each other by cation-π interaction. The strength of
this interaction is depending on the distance between
the guanidinium group of arginine and the aromatic
ring and their relative orientation. Interestingly, the
proximity of phenylalanine to arginine could cause a
deformation of the π-electron clouds, which in turn
could have an effect on interactions between phenyl-
alanine and pore solutes.
AQP8s may utilize an additional way to stabilize argin-

ine in a AtTIP2;1-like position. On the side of the argin-
ine not facing the pore, some AQP8s harbor a cysteine

in helix 1. In our automatically optimized models, this
potential hydrogen bond partner is oriented away from
the arginine at HEP. This orientation and an alternative
rotamer are exemplified for SsAQP8b cysteine 53 (C53)
in Fig. 11. All three salmon AQP8 paralogs (aa1, ab, and
b) are, as typical for aquaporins, susceptible to blocking
by mercury, although SsAQP8aa1 exhibits a much lower
sensitivity [6]. As C53 (SsAQP8b) is close to the HEP ar-
ginine, binding of mercury could potentially block the
pore indirectly via displacement of the arginine. Interest-
ingly, a difference between SsAQP8aa1 and the other
two paralogs is an alanine that replaces serine 128 (S128
SsAQP8b), which hydrogen bonds to C53 in our model.
It is known that arginines can change the pKa of close

cysteines [36]. This may influence the susceptibility of
C53 to oxidation. An oxidized cysteine might, in turn,
change the location of the arginine at HEP and thereby
modify the permeability of the selectivity filter. If an oxi-
dizing agent, e.g. H2O2, can access this cysteine (C53 in
SsAQP8b), it may, therefore, regulate the aquaporin
function. Interestingly, there are recent results support-
ing that stress can regulate the permeability of AQP8 via
the oxidation state of this cysteine [37].
In all solved AQP structures except AtTIP2;1 the ar-

ginine at HEP is stabilized by hydrogen bonding to a
backbone carbonyl of the C loop. In AtTIP2;1 the argin-
ine is also connected to the C loop but indirectly via
hydrogen bonding a water molecule [22]. This water
molecule is located at the possible entrance of a water

Fig. 11 Alternative cysteine rotamers at the selectivity filter of salmon AQP8. Cysteine 53 is modelled in two alternative conformations. The
rotamer colored in green is turned towards arginine 213 at HEP with a distance of 3.3 Å. If not oriented towards arginine 213, cysteine 53 can
hydrogen bond to a serine (S128) in helix 3. Hydrogen bonds are depicted as dashes, and the pore is contoured by a dotted surface. The
histidine at H2P (H72) stabilizes the position of arginine 213 by hydrogen bonding to the secondary ketimine
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filled side pore going under loop C and up to the surface
of the protein. The waters in the side pore have been
speculated to form a proton wire that may assist in de-
protonation of ammonium ions leading to an increased
local concentration of ammonia and thereby elevating
the net permeation of ammonia. So far there is no ex-
perimental evidence for such a mechanism, and it is
conceivable that these water molecules instead have a
strictly structural role in the protein. Interestingly, there
is no clash between the four water molecules in the side
pore of AtTIP2;1 and the residues of the modelled
AQP8s (Fig. 12). Thus the models are compatible with a
water filled side pore in this region and all static models,
except HsAQP8, are compatible with a water molecule
connecting the arginine at HEP with loop C in a
AtTIP2;1-like fashion. In HsAQP8 the afore mentioned
carbonyl of the C loop adopts a position found in e.g.
water specific AQPs, and the carbonyl clashes with the

water at this location in AtTIP2;1 (Fig. 12). A possible
explanation of this difference is that the HsAQP8 model
deviates from the other models at this site because a lar-
ger part of its C loop was initially modelled based on the
water specific EcAqpZ. Nonetheless, the MD simulation
with HsAQP8 demonstrates formation of a AtTIP2;1-like
hydrogen bond network that connects the C loop via an
exchangeable water molecule to the arginine at HEP.
Furthermore, the MD simulation shows that the water
filled side pore persists over time even though the posi-
tions of water molecules are not fixed. Thus a functional
role of a side pore in AQP8, possibly in deprotonation,
cannot be excluded.
The surface electrostatics of AQP8 may hold clues to

its orientation in membranes. The surface close to the
selectivity filter is more negative than the opposite side
where N and C termini are protruding. This may indi-
cate an evolutionary selection based on stability at a
lower pH. Alternatively, the distribution of charges can
be a result of the requirements for membrane insertion,
as suggested by the positive-inside rule [38]. This rule
might apply when AQP8 is localized to the plasma
membrane, however, when nuclear encoded proteins,
like AQP8, are localized to the mitochondria they may
not always follow this rule. Nevertheless, depending on
the insertion pathway, negatively charged residues have
been reported to be under-represented on the matrix
side of the membrane [39]. This would suggest that the
N and C termini of mitochondrial AQP8s are positioned
on the matrix side. In both cases, the more acidic side of
AQP8s and the putative side pore is facing the more
acidic intermembrane space.

Conclusions
Overall the models of the selected AQP8s are com-
patible both with an AtTIP2;1-like selectivity filter
and the existence of a side pore. Using the published
AtTIP2;1 X-ray structure as a template, the pre-
sented AQP8 models are likely to be closer to the
real structures as compared with currently available
AQP8 models in the MIPmodDB [33]. The models
generated in this study provide a base for further de-
tailed structural analysis. These may include cross-
linking experiments, which can be analyzed by mass
spectrometry. Alternatively, FRET spectrometry is a
known tool to derive distances between neighboring
residues, which are accordingly labeled. Comparison
of functional data from mutational studies or be-
tween different isoforms may lead to insights in
functional mechanisms. As previously shown for
other AQPs, the presented tetrameric model of
human AQP8 may be used to find drug binding sites
or improve potential binders by interaction mapping.

Fig. 12 AQP8 models are compatible with existence of a water filled
side pore beneath loop C. a Top view of loop C in aligned AQP8
models and AtTIP2;1 with amino acid residues shown as sticks and
oxygens of waters in the side pore of AtTIP2;1 represented by
dotted spheres. Although the monomeric models were generated
without waters, there is no obvious clash with the four water
molecules in the side pore. b Side view of the same region. The
water molecule connecting the arginine at HEP to a carbonyl
oxygen in loop C can be accommodated in all models except
HsAQP8. In human AQP8 this residue (A137) sits deeper and
overlaps with the oxygen of the water from AtTIP2;1. Thereby it
blocks a potential connection of the side pore to the main pore in
this model. AtTIP2;1 – green, HsAQP8 – slate blue, BtAQP8 – cyan,
RnAQP8 – orange, FpAQP8 – magenta, CpAQP8 – greenblue,
XtAQP8 – yellow, SsAQP8b – salmon
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Methods
Mapping structural conservation
To map the structural conservation of AQPs, 49 struc-
tures identified by a BLAST search with the sequence of
HsAQP8 as query were retrieved from PDB, leaving out
the low resolution structures 3IYZ and 3J41. PDB IDs
are given in Additional file 6.
The structural alignment was calculated in PyMOL

[40] with the Python script color_by_conservation writ-
ten by Jason Vertrees. The scores were recalculated as 1
minus original score.
All structural images in this article were made with

PyMOL [40].

Homology modeling
A flowchart is summarizing the main steps of the process
is presented in Additional file 7: Figure S5. Homology
modeling was performed using SWISS-MODEL work-
space [41] running in project mode. Accession numbers
for the modelled proteins are given in Table 1. An initial
multiple sequence alignment was created for all models
together with AtTIP2;1 by Clustal Omega (v1.2.0) [42]
and modified in loop C to match LCP phenylalanines to
histidine 131 from AtTIP2;1 using Discovery Studio
Visualizer (Accelrys Software Inc). A phylogenetic tree
was calculated in MEGA [43] using Neighbor-Joining al-
gorithm [44]. The distances are computed by the JTT
matrix-based method [45]. Final pair-wise alignments of
template and model sequences were saved as projects in
Deep-View (v4.1.0) [46] available under http://www.expa-
sy.org/spdbv/. In comparison, an automatic sequence
alignment with EcAqpZ placed S118 instead of N119 at
LCP (Fig. 2). As the HEP arginine in EcAqpZ is oriented
towards the pore, aligning phenylalanine of AQP8s in LCP

would cause a steric clash. This part of the structures is
later taken from the AtTIP2;1-based models (PDB ID
5I32). To increase the chance of achieving models based
on EcAqpZ (PDB ID 1RC2), a smaller residue of AQP8s
was allowed to be aligned with N119 of EcAqpZ. The al-
ternative models were used to create chimeras mainly
consisting of structural parts based on the AtTIP2;1 tem-
plate supplemented with parts modelled on EcAqpZ
(Table 1). Notably, the position of the residue at LCP in
the final hybrid models comes from models originating
from AtTIP2;1. The chains of the hybrid models were
connected in Coot [47]. All resulting models were energy
minimized based on GROMOS96 [48] force field embed-
ded in Deep-View (> 400 rounds). Additionally, the back-
bone at LEP carbonyls were energy minimized in NAMD
(> 5000 rounds) [49].

Validation and analysis of monomeric models
Energy minimized models were stereochemically im-
proved utilizing Coot [47] and validated by MolProbity

[50], both included in Phenix package [51]. This cycle
was repeated until energy, stereochemistry and struc-
tural features were acceptable and did not appear to im-
prove further.
The diameter of the pore was estimated using the

program HOLE [52].

MD simulation
A tetramer of HsAQP8 was constructed in PyMOL [40]
based on the 4-fold symmetry axis of AtTIP2;1 coincid-
ing with the central pore. Protonation states of amino
acid side chains were assigned as predicted by PROPKA3
[32]. Crystallographically resolved waters derived from the
AtTIP2;1 structure [22] were added, including water mole-
cules positioned in the membrane spanning monomeric pore,
and the positions were energy minimized with > 2000 steps
using the steepest decent algorithm in NAMD [49], with
everything fixed except the added water molecules. The
protein, including the water molecules from the previous step,
were positioned in a 115 Å×115 Å 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) membrane made with the
membrane builder function in VMD [53], and then solvated
with the TIP3P water model [54] to a resulting lipid/water/
protein box of 115 × 115 × 85 Å. The charges in the system
were neutralized by addition of sodium and chloride ions.
Lipids and waters from the membrane patch were re-
moved, if overlapping or being closer to the protein
than 0.8 Å for lipids and 1.2 Å for waters. The result-
ing system consisted of 94,254 atoms and was used in
all subsequent equilibrations and MD runs, applying
the CMAP corrected CHARMM22 force field [55].
To equilibrate the membrane to the HsAQP8 and vice

versa before MD runs, an initial 10,000 steps of conju-
gated gradient minimization was performed on the system
with the protein, ions and crystallographically resolved
waters from the AtTIP2;1 structure fixed, the remainder
of waters restrained, and with the phosphate of the POPC
head groups restrained in the z-axis direction.
This was followed by > 250 ps of MD equilibration of

the system with the protein and crystallographically
resolved waters (derived from the AtTIP2;1 structure)
fixed and the phosphate of the POPC molecules
restrained in the z-axis direction (normal to the lipid
bilayer plane) in the NPT ensemble with periodic
boundary conditions (PBC) and long-range electrostatics
included with the Particle mesh Ewald method (PME)
[56], with grid spacing set to 1. Langevin dynamics was
applied with Langevin damping coefficient set to 0.5 per
ps, which was gradually increased to 1 during the run.
The temperature was set to 310 K.
This equilibration run allowed the lipid “tails” to adapt

fully to the protein surface and to adapt randomized posi-
tions in relation to each other. The above melting of the
lipid “tails” was followed by 250 ps equilibration in the
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NVT ensemble with PBC and PME, at 310 K. Water mol-
ecules in the pore were subjected to harmonic restraints
in the x,y,and z direction. Furthermore, the phosphorous
atom in the lipid head groups where restrained in the z-
axis direction. During the time frame of the equilibration,
harmonic restraints were released gradually. The protein
was initially fixed, followed by harmonic restraints of the
whole protein, and then slow release of first the sidechain
and later the backbone from the restraints.
The equilibrated systems were then simulated for 3 ns

in a NPzAT ensemble at 310 K and 1 atm of pressure.
All simulations were done with the timestep set to 1 per
fs, PME, PBC and Langevin damping coefficient set to 1
per ps.

Additional files

Additional file 1: Figure S1. Phylogenetic tree of protein sequences of
AQP8 models and the used templates. The scheme is congruent with the
species tree with two exceptions. First, AQP8 from frog (XtAQP8) groups
with mammalian AQP8s, instead of being basal to amniota and second,
the distance of human AQP8 (HsAQP8) to rat AQP8 (RnAQP8) is longer
than to bovine AQP8 (BtAQP8). Scale is shown in amino acid
substitutions per position leading to a branch length sum of 3.5. (TIFF
1987 kb)

Additional file 2: Figure S2. Cartoon representation highlighting parts
of hybrid models that are based on the structure of EcAqpZ. All seven
final monomeric composite models are aligned, and regions that are
initially modelled on EcAqpZ are marked in magenta. Residues at the five
positions of the selectivity filter of HsAQP8, as well as the phenylalanine
(F85 in HsAQP8) that occludes the pore in models solely relying on
AtTIP2;1, are depicted as sticks. The extent of the EcAqpZ based structure
in the chimeric models varies but as a minimum consist of the complete
helix 2 (H2) and the consecutive residues up to and including the
phenylalanine corresponding to F85 in HsAQP8. (TIFF 703 kb)

Additional file 3: Figure S3. Structural alignment of AQP8 models. The
seven AQP8 models and the main template AtTIP2;1 are shown in ribbon
representation, and the five residues of the selectivity filters are depicted
as sticks. The highest variability is found in loop regions, especially in
loop C. Still the part of the loop contributing to the selectivity filter is
consistently modelled in to a AtTIP2;1-like structure. a Side view of models and
the template. b View of opposite side relative (a). c Top view of the selectivity
filter. AtTIP2;1 – green, HsAQP8 – slate blue, BtAQP8 – cyan, RnAQP8 – orange,
FpAQP8 – magenta, CpAQP8 – greenblue, XtAQP8 – yellow, SsAQP8b
– salmon. (TIFF 883 kb)

Additional file 4: Figure S4. RMSD of Cα HsAQP8 in MD simulation
support a conformational equilibrium at the end of the simulation. The
tetrameric model of HsAQP8 was gradually equilibrated and released
during the first ns, after which the MD simulation was run for 3 ns. The
RMSD levels out around 2.3 Å relative to the starting position, indicating
that a stable conformation was reached. (PNG 99 kb)

Additional file 5: Movie S1. The AtTIP2;1-like selectivity filter in HsAQP8
and stable water molecules. The movie is showing the 30% least mobile
water molecules at one of the monomeric pores in the tetrameric model
of HsAQP8 during the 3 ns MD simulation. Four of the residues of the
selectivity filter, H66 (H2P), F139 (LCP), I192 (H5P), and R207 (HEP) are
shown in stick representation, together with A137 in loop C. The
selectivity filter maintains an open AtTIP2;1-like conformation, where R207
is stabilized in an AtTIP2;1-like position via hydrogen bonds to H66 and
to the carbonyl A137 of loop C via two water molecules consecutively
(shown as Van der Waals spheres). The movements of the protein and
water molecules are averaged over several ps to smoothen the movie.
The color of water molecules is proportional to their momentary speed,
from red for the fastest to deep blue for the slowest. (MP4 1124 kb)

Additional file 6: Text. The PDB IDs of the structures used for the
alignment. 1FQY, 1FX8, 1H6I, 1IH5, 1J4N, 1LDA, 1LDF, 1LDI, 1RC2, 1SOR,
1YMG, 1Z98, 2ABM, 2B5F, 2B6O, 2B6P, 2C32, 2D57, 2EVU, 2F2B, 2O9D,
2O9E, 2O9F, 2O9G, 2W1P, 2W2E, 2ZZ9, 3C02, 3CLL, 3CN5, 3CN6, 3D9S,
3GD8, 3LLQ, 3M9I, 3NE2, 3NK5, 3NKA, 3NKC, 3ZOJ, 4CSK, 4IA4, 4JC6, 4NEF,
4OJ2, 5BN2, 5C5X, 5DYE, 5I32. (DOCX 12 kb)

Additional file 7: Figure S5. Modeling process. Data presented in sharp
edged parallelograms and processes with round edged shapes. Each of
seven vertebrate AQP8s was modelled twice, using AtTIP2;1 and EcAqpZ
as template. Resulting model pairs were hybridized and further refined.
Based on the final monomeric model a tetrameric model was formed for
HsAQP8, and its stability was studied in MD simulations. (TIFF 118 kb)

Abbreviations
AQP: Aquaporin; At: Arabidopsis thaliana; Bt: Bos taurus; Cp: Chrysemys picta
bellii; Ec: Escherichia coli; Fp: Falco peregrinus; H2P: Helix 2 position; H5P: Helix
5 position; HEP: Helix E position; Hs: Homo sapiens; LCP: Loop C position;
LEP: Loop E position; MD: Molecular dynamics; MIP: Major intrinsic protein;
PBC: Periodic boundary conditions; PME: Particle mesh Ewald method;
POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; Rn: Rattus
norvegicus; Ss: Salmo salar; Ta: Triticum aestivum; TIP: Tonoplast intrinsic
protein; Xt: Xenopus tropicalis

Acknowledgements
Past and present colleagues in the aquaporin group are acknowledged for
inspiring discussions on the structure, function and evolution of AQPs.

Funding
Carl Tryggers Stiftelse, Stiftelsen Olle Engkvist Byggmästare and the Swedish
Research Council (VR) are gratefully acknowledged for financial support. The
funding bodies had no role in the design of the study, or in the collection,
analysis, and interpretation of data, or in writing the manuscript.

Availability of data and materials
The models presented in this article are available in the Model Archive
repository via https://www.modelarchive.org/, using unique persistent
identifiers. SsAQP8: https://www.modelarchive.org/doi/10.5452/ma-a6tcb;
XtAQP8: https://www.modelarchive.org/doi/10.5452/ma-akjef; CpAQP8:
https://www.modelarchive.org/doi/10.5452/ma-abid4; FpAQP8: https://
www.modelarchive.org/doi/10.5452/ma-alwes; RnAQP8: https://
www.modelarchive.org/doi/10.5452/ma-ad8dc; BtAQP8: https://
www.modelarchive.org/doi/10.5452/ma-acsmw; HsAQP8: https://
www.modelarchive.org/doi/10.5452/ma-ar76g. The raw datasets used and/or
analysed during the current study are available from the corresponding
author on reasonable request.

Authors’ contributions
AK conceived and designed the study, carried out homology modeling,
participated in model validation and drafted the manuscript. YS designed
and performed model validation, molecular dynamics simulation and
participated in revision of the manuscript. PK took part in revision of the
manuscript. UJ conceived the study and wrote the manuscript. All authors
contributed to analysis and interpretation of data and finalized and
approved the manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Kirscht et al. BMC Structural Biology  (2018) 18:2 Page 13 of 15

https://doi.org/10.1186/s12900-018-0081-8
https://doi.org/10.1186/s12900-018-0081-8
https://doi.org/10.1186/s12900-018-0081-8
https://doi.org/10.1186/s12900-018-0081-8
https://doi.org/10.1186/s12900-018-0081-8
https://doi.org/10.1186/s12900-018-0081-8
https://doi.org/10.1186/s12900-018-0081-8
https://www.modelarchive.org/
https://www.modelarchive.org/doi/10.5452/ma-a6tcb
https://www.modelarchive.org/doi/10.5452/ma-akjef
https://www.modelarchive.org/doi/10.5452/ma-abid4
https://www.modelarchive.org/doi/10.5452/ma-alwes
https://www.modelarchive.org/doi/10.5452/ma-alwes
https://www.modelarchive.org/doi/10.5452/ma-ad8dc
https://www.modelarchive.org/doi/10.5452/ma-ad8dc
https://www.modelarchive.org/doi/10.5452/ma-acsmw
https://www.modelarchive.org/doi/10.5452/ma-acsmw
https://www.modelarchive.org/doi/10.5452/ma-ar76g
https://www.modelarchive.org/doi/10.5452/ma-ar76g


Received: 13 July 2017 Accepted: 25 January 2018

References
1. Marcaggi P, Coles JA. Ammonium in nervous tissue: transport across cell

membranes, fluxes from neurons to glial cells, and role in signalling. Prog
Neurobiol. 2001;64(2):157–83.

2. Li C, Wang W. Molecular biology of Aquaporins. Adv Exp Med Biol. 2017;
969:1–34.

3. Soria LR, Fanelli E, Altamura N, Svelto M, Marinelli RA, Calamita G.
Aquaporin-8-facilitated mitochondrial ammonia transport. Biochem Biophys
Res Commun. 2010;393(2):217–21.

4. Pelagalli A, Squillacioti C, Mirabella N, Meli R. Aquaporins in health and
disease: An overview focusing on the gut of different species. Int J Mol Sci.
2016;17(8):1213.

5. Tingaud-Sequeira A, Calusinska M, Finn R, Chauvigne F, Lozano J, Cerda J.
The zebrafish genome encodes the largest vertebrate repertoire of
functional aquaporins with dual paralogy and substrate specificities similar
to mammals. BMC Evol Biol. 2010;10(1):38.

6. Engelund MB, Chauvigné F, Christensen BM, Finn RN, Cerdà J, Madsen SS.
Differential expression and novel permeability properties of three aquaporin
8 paralogs from seawater-challenged Atlantic salmon smolts. J Exp Biol.
2013;216(20):3873–85.

7. Bienert GP, Møller ALB, Kristiansen KA, Schulz A, Møller IM, Schjoerring JK,
Jahn TP. Specific Aquaporins facilitate the diffusion of hydrogen peroxide
across membranes. J Biol Chem. 2007;282(2):1183–92.

8. Marchissio MJ, Francés DEA, Carnovale CE, Marinelli RA. Mitochondrial
aquaporin-8 knockdown in human hepatoma HepG2 cells causes ROS-
induced mitochondrial depolarization and loss of viability. Toxicol Appl
Pharmacol. 2012;264(2):246–54.

9. Jahn TP, Moller AL, Zeuthen T, Holm LM, Klaerke DA, Mohsin B, Kuhlbrandt
W, Schjoerring JK. Aquaporin homologues in plants and mammals transport
ammonia. FEBS Lett. 2004;574(1–3):31–6.

10. Bienert GP, Chaumont F. Aquaporin-facilitated transmembrane diffusion of
hydrogen peroxide. Biochim Biophys Acta. 2014;1840(5):1596–604.

11. Calamita G, Ferri D, Gena P, Liquori GE, Cavalier A, Thomas D, Svelto M. The
inner mitochondrial membrane has Aquaporin-8 water channels and is
highly permeable to water. J Biol Chem. 2005;280(17):17149–53.

12. Lehmann GL, Larocca MC, Soria LR, Marinelli RA. Aquaporins: their role in
cholestatic liver disease. World J Gastroenterol. 2008;14(46):7059–67.

13. Saparov SM, Liu K, Agre P, Pohl P. Fast and selective ammonia transport by
Aquaporin-8. J Biol Chem. 2007;282(8):5296–301.

14. Finn RN, Cerda J. Aquaporin evolution in fishes. Front Physiol. 2011;2:44.
15. de Groot BL, Frigato T, Helms V, Grubmuller H. The mechanism of proton

exclusion in the aquaporin-1 water channel. J Mol Biol. 2003;333(2):279–93.
16. Beitz E, Wu B, Holm LM, Schultz JE, Zeuthen T. Point mutations in the

aromatic/arginine region in aquaporin 1 allow passage of urea, glycerol,
ammonia, and protons. Proc Natl Acad Sci U S A. 2006;103(2):269–74.

17. Wu B, Steinbronn C, Alsterfjord M, Zeuthen T, Beitz E. Concerted action
of two cation filters in the aquaporin water channel. EMBO J. 2009;
28(15):2188–94.

18. Hub JS, de Groot BL. Mechanism of selectivity in aquaporins and
aquaglyceroporins. Proc Natl Acad Sci U S A. 2008;105(4):1198–203.

19. Fu D, Libson A, Miercke LJ, Weitzman C, Nollert P, Krucinski J, Stroud RM.
Structure of a glycerol-conducting channel and the basis for its selectivity.
Science. 2000;290(5491):481–6.

20. Sui H, Han BG, Lee JK, Walian P, Jap BK. Structural basis of water-specific
transport through the AQP1 water channel. Nature. 2001;414(6866):872–8.

21. de Groot BL, Grubmuller H. Water permeation across biological membranes:
mechanism and dynamics of aquaporin-1 and GlpF. Science. 2001;
294(5550):2353–7.

22. Kirscht A, Kaptan SS, Bienert GP, Chaumont F, Nissen P, de Groot BL,
Kjellbom P, Gourdon P, Johanson U. Crystal structure of an ammonia-
permeable aquaporin. PLoS Biol. 2016;14(3):e1002411.

23. Agemark M, Kowal J, Kukulski W, Nordén K, Gustavsson N, Johanson U, Engel
A, Kjellbom P. Reconstitution of water channel function and 2D-crystallization
of human aquaporin 8. Biochim Biophys Acta. 2012;1818(3):839–50.

24. Harries WE, Akhavan D, Miercke LJ, Khademi S, Stroud RM. The channel
architecture of aquaporin 0 at a 2.2-Å resolution. Proc Natl Acad Sci U S A.
2004;101(39):14045–50.

25. Frick A, Eriksson UK, de Mattia F, Oberg F, Hedfalk K, Neutze R, de Grip WJ,
Deen PM, Tornroth-Horsefield S. X-ray structure of human aquaporin 2 and
its implications for nephrogenic diabetes insipidus and trafficking. Proc Natl
Acad Sci U S A. 2014;111(17):6305–10.

26. Ho JD, Yeh R, Sandstrom A, Chorny I, Harries WE, Robbins RA,
Miercke LJ, Stroud RM. Crystal structure of human aquaporin 4 at
1.8 Å and its mechanism of conductance. Proc Natl Acad Sci U S A.
2009;106(18):7437–42.

27. Horsefield R, Norden K, Fellert M, Backmark A, Tornroth-Horsefield S,
Terwisscha van Scheltinga AC, Kvassman J, Kjellbom P, Johanson U, Neutze
R. High-resolution x-ray structure of human aquaporin 5. Proc Natl Acad Sci
U S A. 2008;105(36):13327–32.

28. Viadiu H, Gonen T, Walz T. Projection map of Aquaporin-9 at 7 Å resolution.
J Mol Biol. 2007;367(1):80–8.

29. Azad AK, Yoshikawa N, Ishikawa T, Sawa Y, Shibata H. Substitution of a
single amino acid residue in the aromatic/arginine selectivity filter alters the
transport profiles of tonoplast aquaporin homologs. Biochim Biophys Acta.
2012;1818(1):1–11.

30. Benkert P, Kunzli M, Schwede T. QMEAN server for protein model quality
estimation. Nucleic Acids Res. 2009;37(Web Server issue):W510–4.

31. Lovell SC, Davis IW, Arendall WB 3rd, de Bakker PI, Word JM, Prisant MG,
Richardson JS, Richardson DC. Structure validation by Calpha geometry:
phi,psi and Cbeta deviation. Proteins. 2003;50(3):437–50.

32. Olsson MH, Sondergaard CR, Rostkowski M, Jensen JH. PROPKA3: consistent
treatment of internal and surface residues in empirical pKa predictions. J
Chem Theory Comput. 2011;7(2):525–37.

33. Gupta AB, Verma RK, Agarwal V, Vajpai M, Bansal V, Sankararamakrishnan R.
MIPModDB: a central resource for the superfamily of major intrinsic
proteins. Nucleic Acids Res. 2012;40(D1):D362–9.

34. Porcelli AM, Ghelli A, Zanna C, Pinton P, Rizzuto R, Rugolo M. pH difference
across the outer mitochondrial membrane measured with a green fluorescent
protein mutant. Biochem Biophys Res Commun. 2005;326(4):799–804.

35. Santo-Domingo J, Demaurex N. Perspectives on: SGP symposium on
mitochondrial physiology and medicine: the renaissance of mitochondrial
pH. J Gen Physiol. 2012;139(6):415–23.

36. Trost P, Fermani S, Calvaresi M, Zaffagnini M. Biochemical basis of
sulphenomics: how protein sulphenic acids may be stabilized by the
protein microenvironment. Plant Cell Environ. 2017;40(4):483–90.

37. Medrano-Fernandez I, Bestetti S, Bertolotti M, Bienert GP, Bottino C, Laforenza
U, Rubartelli A, Sitia R. Stress regulates Aquaporin-8 permeability to impact cell
growth and survival. Antioxid Redox Signal. 2016;24(18):1031–44.

38. von Heijne G. The distribution of positively charged residues in bacterial
inner membrane proteins correlates with the trans-membrane topology.
EMBO J. 1986;5(11):3021–7.

39. Botelho SC, Osterberg M, Reichert AS, Yamano K, Bjorkholm P, Endo T, von
Heijne G, Kim H. TIM23-mediated insertion of transmembrane alpha-helices
into the mitochondrial inner membrane. EMBO J. 2011;30(6):1003–11.

40. The PyMOL Molecular Graphics System, Version 1.7.0.3. Schrödinger, LLC.
41. Arnold K, Bordoli L, Kopp J, Schwede T. The SWISS-MODEL workspace: a

web-based environment for protein structure homology modelling.
Bioinformatics. 2006;22(2):195–201.

42. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez R, McWilliam
H, Remmert M, Söding J, et al. Fast, scalable generation of high-quality
protein multiple sequence alignments using Clustal omega. Mol Syst Biol.
2011;7:539.

43. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGA5:
molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Mol Biol Evol.
2011;28(10):2731–9.

44. Saitou N, Nei M. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol Biol Evol. 1987;4(4):406–25.

45. Jones DT, Taylor WR, Thornton JM. The rapid generation of mutation data
matrices from protein sequences. Comput Appl Biosci. 1992;8(3):275–82.

46. Guex N, Peitsch MC. SWISS-MODEL and the Swiss-Pdb viewer: an environment
for comparative protein modeling. Electrophoresis. 1997;18(15):2714–23.

47. Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development of
coot. Acta Crystallogr D Biol Crystallogr. 2010;66(Pt 4):486–501.

48. W. F. van Gunsteren SRB, A. A. Eising, P. H. Hünenberger, P. Krüger, A. E.
Mark, W. R. P. Scott, and I. G. Tironi. Biomolecular Simulation: The
GROMOS96 Manual and User Guide. Vdf Hochschulverlag AG an der ETH
Zürich, Zürich, Switzerland 1996:1–1042.

Kirscht et al. BMC Structural Biology  (2018) 18:2 Page 14 of 15



49. Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E, Chipot C,
Skeel RD, Kale L, Schulten K. Scalable molecular dynamics with NAMD. J
Comput Chem. 2005;26(16):1781–802.

50. Chen VB, Arendall WB III, Headd JJ, Keedy DA, Immormino RM, Kapral GJ,
Murray LW, Richardson JS, Richardson DC. MolProbity: all-atom structure
validation for macromolecular crystallography. Acta Crystallogr D Biol
Crystallogr. 2010;66(1):12–21.

51. Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, Echols N, Headd JJ,
Hung L-W, Kapral GJ, Grosse-Kunstleve RW, et al. PHENIX: a comprehensive
python-based system for macromolecular structure solution. Acta
Crystallogr D Biol Crystallogr. 2010;66(2):213–21.

52. Smart OS, Neduvelil JG, Wang X, Wallace BA, Sansom MS. HOLE: a program
for the analysis of the pore dimensions of ion channel structural models. J
Mol Graph. 1996;14(6):354–60. 376

53. Humphrey W, Dalke A, Schulten K. VMD: visual molecular dynamics. J Mol
Graph. 1996;14(1):33–8. 27-38

54. Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML.
Comparison of simple potential functions for simulating liquid water. J
Chem Phys. 1983;79(2):926–35.

55. Mackerell AD Jr, Feig M, Brooks CL 3rd. Extending the treatment of
backbone energetics in protein force fields: limitations of gas-phase
quantum mechanics in reproducing protein conformational distributions in
molecular dynamics simulations. J Comput Chem. 2004;25(11):1400–15.

56. Darden T, York D, Pedersen L. Particle mesh Ewald - an n.Log(N) method for
Ewald sums in large systems. J Chem Phys. 1993;98(12):10089–92.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Kirscht et al. BMC Structural Biology  (2018) 18:2 Page 15 of 15


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Modeling and stereochemical evaluation
	Pore and selectivity filter
	Structural analysis of the NPP motif
	Surface electrostatics
	Validation by MD simulation

	Discussion
	Conclusions
	Methods
	Mapping structural conservation
	Homology modeling
	Validation and analysis of monomeric models
	MD simulation

	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

