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Abstract

The three-dimensional models built for the Nod26-like aquaporins all exhibit the typical a-helical fold of other aquaporins containing
the two ar/R and NPA constriction filters along the central water channel. Besides these structural homologies, they readily differ with
respect to the amino acid residues forming the ar/R selective filter. According to these discrepancies in both the hydrophilicity and pore
size of the ar/R filter, Nod26-like aquaporins can be distributed in three subgroups corresponding to NIP-1, NIP-II and a third subgroup
of Nod26-like aquaporins exhibiting a highly hydrophilic and widely open filter. However, all Nod26-like aquaporins display a bipartite
distribution of electrostatic charges along the water channel with an electropositive extracellular vestibular portion followed by an elec-
tronegative cytosolic vestibular portion. The specific transport of water, non-ionic solutes (glycerol, urea, ammoniac), ions ðNH4

þÞ and
gas (NH3) across the Nod26-like obviously depends on the electrostatic and conformational properties of their central water channel.
� 2007 Elsevier Inc. All rights reserved.
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Plant channel proteins known as aquaporins (AQPs)
consist of a family of membrane major intrinsic a-helical
proteins (MIPs) that have been classified in three subroups
according to their transport facilities: (1) aquaporins or
AQPs specific for water transport, (2) glycerol facilitators
or GlpFs specific for small carbohydrates (glycerol) trans-
port and, (3) aquaglyceroporins or AQP3s which insure
the transport of both water and small non-ionic solute mol-
ecules [1]. With respect to their sequence homologies and
sub-cellular localization, four subgroups have been identi-
fied: (1) the tonoplast intrinsic proteins or TIPs, (2) the
plasma membrane intrinsic proteins or PIPs, (3) the Nodu-
lin26-like intrinsic membrane proteins or NIPs and, (4) the
small basic intrinsic proteins or SIPs [2–5]. Aquaporins
identified as late-nodulins or nodulin26 proteins were first
characterized in soybean [6] and subsequently in other rhi-
zobia-symbiotic legumes [7,8]. These Nod26-like aquapo-
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rins are located in the symbiosome or peribacteroid
membrane of the nitrogen-fixing cells in functional nodules
[9] but also occur in non-symbiotic plants, e.g. in Arabidop-

sis [10] and rice [11]. They have been classified in two dis-
tinct subgroups of NIP-I and NIP-II according to the
amino acids forming the aromatic and arginin selective fil-
ter (ar/R region) of their central water channel [12].

As shown from extensive studies essentially performed
on the Nod26 aquaporin (GmNod26) from soybean (Gly-

cine max) [13,14], the Nod26-like aquaporins correspond
to glyceroaquaporins involved in the transport of both
water and glycerol across the plasma membrane [15]. They
are thus considered as key nodulins responsible for the
osmoregulation inside the nodule and contributing to the
carbon supply by the host-plant to the bacteroids since
fast- and slow-growing Rhizobium strains were demon-
strated to contain two glycerol-inducible ATP-glycero
kinase and glycerophosphate dehydrogenase susceptible
to metabolize glycerol as a carbon source [16]. They simi-
larly stimulate the rate of dicarboxylate (malate) uptake
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across the symbiosome membrane upon phosphorylation
which are likely to be the major source of carbon supplied
to the bacteroids [17]. Other Nod26-like aquaporins from
non-legume plants apparently fulfill a similar transport
function. However, some experimental results support
other possible transport functions towards non-ionic sol-
utes like urea or ammoniac [15,18]. In this respect,
CpNod26 from zucchini (Cucurbita pepo), was successfully
used to complement a yeast mutant defective in the plasma
membrane urea transporter Dur3p [19]. Moreover, another
proposed function of Nod26-like aquaporins in the facili-
tated transport of either uncharged NH3 or NH4

þ ions
across the symbiosome membrane still remains a matter
of debate [20]. In this respect, both the size and hydrophi-
licity of the ar/R filter and the electrostatic properties of
the water channel of Nod26-like aquaporins should play
a key role to facilitate the flux of NH3=NH4

þ across the
membrane.

Owing to the structurally conserved character of aqu-
aporins, accurate molecular models have been built for
the Nod26-like aquaporins susceptible to reveal the struc-
ture–function relationships of this class of transporter pro-
teins and get an insight into their specific functions in
plants. With respect to the pore size and hydrophilicity of
their ar/R filter Nod26-like aquaporins from the symbiotic
chickpea (Cicer arietinum) (CaNod26) and the non-symbi-
otic zucchini (Cucurbita pepo) (CpNod26) species readily
differ from other Nod26-like aquaporins of the NIP-I and
NIP-II subgroups.

Materials and methods

The amino acid sequence alignment was performed with CLUSTAL-X
[21] using the Risler’s structural matrix for homologies [22]. The Hydro-
phobic Cluster Analysis (HCA) [23] plot were generated using the HCA
server (http://bioserv.rpbs.jussieu.fr) to recognize the structurally con-
served regions common to the archeal aquaporin AqpM from Methan-

othermobacter marburgensis [24] and the human aquaporin-1 [25].
According to the percentages of both identity (�22%) and similarity
(�60%) legume aquaporins share with other aquaporins, accurate three-
dimensional models were built using the X-ray coordinates of AqpM and
human aquaporin-1 as templates.

Homology modeling of Nod26-like aquaporins was performed on a
Silicon Graphics O2 10000 workstation, using the programs InsightII,
Homology and Discover (Accelrys, San Diego CA, USA). The atomic
coordinates of both AqpM (PDB code 2F2B) [24] and human aquaporin-1
(PDB code 1H6I) [25] were used as templates. The few steric conflicts
resulting from the replacement or the insertion of some residues in the
modeled proteins were corrected during the model building procedure
using the rotamer library [26] and the search algorithm implemented in the
Homology program [27] to maintain proper side-chain orientation. Energy
minimization and relaxation of the loop regions were carried out by sev-
eral cycles of steepest descent using Discover3. A final energy minimiza-
tion step was performed by �300 cycles of steepest descent with Discover
3. PROCHECK [28] and the ANOLEA program [29] were used to check
the stereochemical quality of the three-dimensional model. Cartoons were
drawn and displayed with PyMOL (http://pymol.sourceforge.net.). A clip
of 8–16 Å slab across the molecular surface of the modeled aquaporins
was used to display the overall shape and size of the transmembrane
channel.

Electrostatic potentials were calculated and displayed with GRASP
using the parse3 parameters [30]. The solvent probe radius used for
molecular surfaces was 1.4 Å and a standard 2.0 Å-Stern layer was used to
exclude ions from the molecular surface. The inner and outer dielectric
constants applied to the protein and the solvent were, respectively, fixed at
4.0 and 80.0 and the calculations were performed keeping a salt concen-
tration of 0.145 M. Once the electrostatic potentials were mapped on the
molecular surface, a clip of 8–16 Å slab was applied across the molecular
surface to display the differentially tuned electrostatics regions along the
transmembrane channel of the modeled aquaporins.

An unrooted parsimony tree built from the amino acid sequences of
different plant aquaporins was displayed with TREEVIEW [31].
Results

Nod26-like aquaporins exhibit a similar three-dimensional

structure

The modeled MtNod26 aquaporin from Medicago trun-

catula (AAT35231) exhibits the canonical hourglass-
shaped fold of aquaporins built from six a-helices (H1–
H6) organized in two symmetrically arrayed tandem
repeats, each containing three a-helices (H1–H3 and H4–
H6) connected by more or less extended loops, to delineate
a core water channel (Fig. 1A). Loops connecting H1–H2,
H2–H3, H3–H4, H4–H5 and H5–H6 correspond to LA,
LB, LC, LD and LE, respectively (Fig. 1B). Two highly
conserved signature motifs Asn139-Pro140-Ser141 (NPA)
and Asn250-Pro251-Val250 (NPV) occur in loops LB and
LE which contain short a-helices that fold back into the
core of the aquaporin to form one of the two major con-
striction filter occurring along the central water channel
(Fig. 1D and E). The second constriction referred to as
the aromatic/arginine region (ar/R), is located approxi-
mately 8 Å above the NPA region and consists of four
amino acid residues from helix H2 (Ala116), helix H5
(Ile238) and loop LE1 + LE2 (Ala247 and Arg251)
(Fig. 1C and D). The two cytosolic N- and C-terminal ends
of the polypeptide chain contain the putative N-glycosyla-
tion sites Asn34-Gly-Ser and Asn300-Ala-Ser. Addition-
ally, three putative phosphorylation sites are predicted to
occur at Ser174, Thr254 and Ser303 using the NetPhos
2.0 server (http://www.cbs.dtu.dk). Except for Thr254
which belongs to the short a-helical segment of loop LE
embedded into the lipid bilayer and is therefore suspected
to escape phosphorylation, the two exposed Ser174 and
Ser303 occurring in loop LC and the cytosolic C-terminus,
respectively, could be actually phosphorylated to partici-
pate in the regulation of the water transport through the
water channel (Fig. 1B).
Nod26-like aquaporins differ by their ar/R selective filter

Other Nod26-like aquaporins from Lotus japonicus

(LjLIMP2) (AAF82791), Glycine max (GmNod26)
(P08995), Pisum sativum (PsNod26) (CAB45652), Cicer ari-

etinum (CaNod26) (CAG34223) and Cucurbita pepo

(CpNod26) (CAD67694), were successfully modeled using
2F2B and 1H6I as templates (Fig. 2). In spite of very lim-
ited local structural discrepancies, their overall three-
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Fig. 1. (A) Ribbon diagram of MtNod26 showing the six a-helices (H1–H6) connected by loops (LA–LE) surrounding the central water channel. Residues
forming the two NPA signature motifs are represented in blue sticks. N and C correspond to the N- and C-termini of the polypeptide chain, respectively.
(B) Diagram showing the overall organization of the six a-helices (H1–H6) interconnected by loops (LA–LE), that build the Nod26-like aquaporin of
Medicago truncatula. (C) Spatial organization of residues (CPK representation) forming the ar/R filter of the proximal part (located at the extracellular
face) of the water channel. (D) Cartoon showing the localization of the two constriction filters ar/R (yellow/blue) and NPA/NPV (magenta) along the
central water channel of MtNod26. Extracellular and cytosolic parts correspond to the upper and lower parts of the channel, respectively. (E) Spatial
organization of Asn (N) residues (CPK representation) of the two NPA/NPV signature motifs. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this paper.)
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dimensional fold looks very similar to that of MtNod26.
Like in all other plant aquaporins, the water channel exhib-
its two constriction filters that play a key role in the selec-
tive transport of water and small molecules across the
symbiosome membrane. On the basis of the amino acid res-
idues that build the first ar/R filter located at the extracel-
lular moiety of the channel, two subgroups of NIPs have
been defined [12]. In GmNod26 and other related aquapo-
rins (PsNod26, LjLIMP2) of the NIP-I subgroup, the four
residues correspond to Trp77 (H2), Val196 (H5), Ala206
(LE1) and Arg212 (LE2) (Fig. 3). The hydrophobic resi-
dues Trp, Val and Ala, provide a non-polar surface that
hydrophobically interacts with the hydrocarbon skeleton
of glycerol whereas the Arg residue creates a hydrogen
bonding with the hydroxyles of glycerol. In addition, the
tiny character of the Val and Ala residues insures a wider
aperture for the ar/R filter that should facilitate the transit
of glycerol and water molecules across the central water
channel. Other Nod26-like aquaporins belonging to the
NIP-II subgroup (MtNod26) [(Thr/Ala (H2), Ile (HE),
Ala (LE1), Arg (LE2)] essentially differ by the substitution
of the bulky Trp residues by a tiny Ala residue whereas the
Val residue is replaced by Ile (Fig. 2C). Accordingly, the
ar/R filter offers an even wider aperture susceptible to



Fig. 2. Clips showing the overall shape of the water channel, electrostatic potentials along the water channel and relative position of residues (represented
as space-filling spheres) forming the ar/R constriction filter of the modeled MtNod26 (A–C), CaNod26 (D–F) and CpNod26 (G–I). Black arrows indicate
the constriction formed by the ar/R filter. Electropositively (blue) and electronegatively (red) regions are indicated. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this paper.)
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enhance the glycerol and water conductance of the channel.
The replacement of Trp by a hydrophilic and smaller Thr
residue should create additional hydrogen bond interac-
tions with both the hydroxyls of glycerol and water
molecules.
Two Nod26-like aquaporins possess a widely open ar/R filter

The most important discrepancies concern the size and
properties of the central water channel that contains the
two major constriction filters corresponding to the NPA/
NPV signature motif and the ar/R region, respectively
(Fig. 2A, D and G). In all of the modeled Nod26-like aqu-
aporins the water channel display opposite electrostatic
potentials at both extremities. Their proximal part located
at the extracellular face (opposite to the N- and C-terminal
side) is preferentially electropositively charged whereas the
distal part located at the intracellular face (at the N- and C-
terminal side) is electronegatively charged (Fig. 2B, E and
H). However, Nod26-like aquaporins from etiolated coty-



Fig. 3. Parsimony tree built from the amino acid sequences of Nod26-like aquaporins from symbiotic and non-symbiotic plants. Another Nod26-like
aquaporin from Vitis vinifera [Thr (H2), Ser (H5), Ala (LE1), Arg (LE2)] (CAN83047), which clusters in NIP-II subgroup, is not represented. Ribbon
diagrams corresponding to the relative position of amino acid residues forming the ar/R filter are shown opposite to the corresponding clusters.
Hydrophobic (yellow) and hydrophilic (blue) residues forming the ar/R filter are shown in the corresponding circles. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this paper.)
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ledons of Cicer arietinum seedlings (CaNod26) and Cucur-

bita pepo leaves (CpNod26) readily differ from other aqu-
aporins by a much more hydrophilic ar/R filter [Gly
(H2), Ser (H5), Gly (LE1), Arg (LE2)]. Due to the tiny
character of the two Gly residues that replace the most
bulky Val/Ile and Ala residues in other Nod26-like aqu-
aporins, the ar/R constriction filter is more widely open
with a size P6 Å which readily differs from the narrower
ar/R filter (64 Å) of other Nod26-like aquaporins
(Fig. 2F and I). Interestingly, CaNod26 is apparently
involved in the transport of urea since it can complement
a yeast mutant defective in the plasma membrane urea
transporter Dur3p [19]. Conversely to the ar/R filter, the
NPA/NPV filter which consists of the highly conserved
twinned triads NPA(S)/NPA(V) of the LE1 and LE2 loops,
is readily conserved and displays a similar size in all the
modeled Nod26-like aquaporins. Accordingly, the selectiv-
ity of the transported solutes across the water channel of
Nod26-like aquaporins essentially depends on their ar/R
filter.

Phylogenetic clustering of Nod26-like aquaporins

Interestingly, the discrepancies observed in the hydro-
phobicity and size of the ar/R constriction filter among
Nod26-like aquaporins correlate fairly well with their clus-
tering in the parsimony tree built from the available amino
acid sequences of Nod26-like aquaporins from both symbi-
otic and non-symbiotic plants (Fig. 3). The three clusters
identified so far correspond to the NIP-I subgroup, the
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NIP-II subgroup and a third cluster grouping Nod26-like
aquaporins containing a totally hydrophilic and largely
open ar/R filter (CaNod26, CpNod26), respectively.

Discussion

The legume Nod26-like channel proteins of the aqua-
glyceroporin subgroup have been characterized as late nod-
ulins responsible for the transport of both water, small
non-ionic solutes (glycerol, formamide) and charged ions
(malate) across the symbiosome membrane of symbiotic
nitrogen-fixing rhizobia in functional nodules [5]. Nod26-
like aquaporins all exhibit a very similar three-dimensional
organization consisting of a pseudo-symmetrical tandem
repeat of a three a-helical motif forming an outer crown
of six a-helices surrounding a central water channel. This
molecular organization confers a canonical hourglass
shape to plant aquaporins characterized so far, including
the divergent SIP class of aquaporins (result not shown).

TIP2 aquaporins from wheat (Triticum aestivum) were
previously characterized as a new group of NH3-transport-
ing aquaporins or aquaammoniaporins, which exhibit a
specific ar/R signature consisting of the four residues His
(H2), Ile (H5), Gly (LE1) and Arg (LE2) [32]. This aqua-
ammoniaporin signature, which causes a widening of the
constriction region that facilitates the transport of both
NH4

þ=NH3, methylammonia and formamide, was also
found in the mammalian AQP8 aquaporin [32] and fairly
resembles that of NIP-II aquaporins (Ala/Thr (H2), Ile
(H5), Ala/Gly (LE1) and Arg (LE2)). Nod26-like aquapo-
rins have been recently demonstrated to transport, in addi-
tion to water and glycerol, urea and NH4

þ=NH3 across the
symbiosome membrane [18]. The charged character of the
central water channel is of paramount importance for
whether attract or repulse ions and thus allow or prevent
their transit across the membrane. Typical Nod26-like aqu-
aporins occurring in symbiotic species, e.g. MtNod6,
GmNod26, LjLIMP2, PsNod26 and CaNod26, all exhibit
a water channel which is electronegatively charged in the
extracellular vestibule portion whereas their cytosolic vesti-
bule portion displays a strongly electropositive character
(see Figs. 2 and 3). Obviously, this bipartite distribution
of electrostatic charges contributes to the attraction or
repulsion of ions distributed on both sides of the symbio-
some membrane for whether facilitating or hampering their
transport across the channel. Moreover, the repulsive effect
on NH4

þ ions of the Arg residue of the ar/R selective filter
does not favor its transport by Nod26-like aquaporins. In
this respect, Nod26-like aquaporins are more likely to
transport the uncharged NH3 form instead of the charged
NH4

þ ions across the symbiosome membrane. As a com-
parison, the rat aquaporin AQP8 that had been claimed
to transport both the NH3 and NH4

þ forms [20], has been
recently demonstrated to allow the exclusive transport of
NH3 molecules but preventing NH4

þ ions from passing
the channel [33]. The occurrence of a more widely open
ar/R filter (pore size P6 Å) in both CaNod26 and
CpNod26 is compatible with a NH4
þ=NH3 transport even

though its enhanced hydrophilic character is less favorable
to the transport of NH3 due to lower values of the dipole
moment (1.49 vs 1.85 D for water) and dielectric constant
(22 vs 80 for water) of liquid NH3 [32]. Conversely, the wid-
ening of the ar/R filter should improve the transport of
more bulky and hydrophilic molecules such as urea across
biomembranes.

The recent discovery that Nod26-like aquaporins
actively participate in the boron uptake by Arabidopsis

roots [34] and the silicon accumulation in rice (Oryza sati-

va) [11] has shed a new light on the even broader spectrum
of transport capacities Nod26-like aquaporins display in
higher plants. An Ala residue (Ala132) in the rice trans-
porter Lsi1 involved in silicon uptake seems to be critical
since its substitution by a Thr creates a severe clash with
Asn108 of the NPA/NPV specific filter. However, the
uptake of B and Si by higher plants essentially consists of
the bulky boric acid B(OH)3 and silicic acid H2SiO3 species
that require some widening of the ar/R filter pore to be
transported across biomembranes. In this respect, the four
residues forming the ar/R filter of the Si transporters in
both rice and maize consist of the predominantly hydro-
philic and small-sized Ala (H2), Ser (H5), Gly (LE1) and
Arg (LE2) residues. This amino acid residue pattern of
the ar/R filter closely resembles that of CaNod26 and
CpNod26 [Gly (H2), Ser (H5), Gly (LE1), Arg (LE2)]
but readily differs from the predominantly hydrophobic
and narrower filter [Trp/Ala/Thr (H2), Val/Ile (H5), Ala/
Gly (LE1), Arg (LE2)] occurring in other Nod26-like aqu-
aporins of the NIP-I and NIP-II subgroups (Fig. 3). This
ar/R filter similarity suggests a possible involvement of
CaNod26 and CpNod26 in the Si uptake and translocation
in higher plants although they cluster rather far from the
rice and maize transporters in the parsimony tree built
from the amino acid sequences of the Nod26-like
aquaporins.

According to the clustering of Nod26-like aquaporins
that supports the close structure-function relationship
occurring among these membrane proteins, we propose
to identify a new additional NIP-III subgroup for the
Nod26-like aquaporins from chickpea (CaNod26) and zuc-
chini (CpNod26) according to their ar/R selective filter that
readily differs from other closely-related aquaporins of sub-
groups NIP-I and NIP-II.
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Mohsin, W. Kühlbrandt, J.K. Schjoerring, Aquaporin homologues in
plants and mammals transport ammonia, FEBS Lett. 574 (2004) 31–36.

[33] S.M. Saparov, K. Liu, P. Agre, P. Pohl, Fast and selective ammonia
transport by aquaporin-8, J. Biol. Chem. 282 (2007) 5296–5301.

[34] J. Takano, M. Wada, U. Ludewig, G. Schaaf, N. von Wirén, T.
Fujiwara, The Arabidopsis major intrinsic protein NIP5;1 is essential
for efficient boron uptake and plant development under boron
limitation, Plant Cell 18 (2006) 1498–1509.


	A molecular modeling approach defines a new group  of Nodulin 26-like aquaporins in plants
	Materials and methods
	Results
	Nod26-like aquaporins exhibit a similar three-dimensional structure
	Nod26-like aquaporins differ by their ar/R selective filter
	Two Nod26-like aquaporins possess a widely open ar/R filter
	Phylogenetic clustering of Nod26-like aquaporins

	Discussion
	Acknowledgment
	References


