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Abstract A model of the nodulin 26 channel protein has been
constructed based on comparative modeling and molecular dy-
namics simulations. Structural features of the protein indicate a
selectivity filter that differs from those of the known structures
of Escherichia coli glycerol facilitator and mammalian aquapor-
in 1. The model structure also reveals important roles of Ser207
and Phe96 in ligand binding and transport.

© 2004 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction

Aquaporins (AQPs) are an ancient family of channel pro-
teins that transport water and non-ionic small metabolites
across the biological membranes. Structure of these proteins
enforces high specificity for a particular solute when allowing
high flux of the solute. AQPs are members of the major in-
trinsic protein (MIP) family, a widespread membrane channel
proteins that has been identified in bacteria, fungi, insects,
plants and animals having more than 200 members [1,2].
Based on their function, they have been classified into three
major subgroups: (1) AQPs (AQP family), specific for water
transport; (2) glycerol facilitator (GlpF family), transporting
small linear carbohydrates like glycerol, ribitol, xylitol, etc.
and (3) aquaglyceroporin (AQP3 family), transporting water,
glycerol and small non-ionic solutes [2].

In plants, AQPs are present in tonoplast, plasma membrane
and in other internal membranes like the symbiosome mem-
brane (SM) of symbiotic nitrogen fixing bacteria at infected
root nodules [3,4]. About 30 genes are present in the Arabi-
dopsis genome [5] and 31 are present in Zea mays [6]. This
family of genes in plants can be divided into four phylogenetic
subfamilies — the tonoplast intrinsic proteins (TIPs), the plas-
ma membrane intrinsic proteins (PIPs), the nodulin-like in-
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trinsic proteins (NIPs) and the small basic intrinsic proteins
(SIPs) [7]. The phylogenetic classification has good agreement
with the subcellular localization and function of these sub-
classes. The function and intracellular localization of SIPs
are yet to be addressed.

The AQP family arose from gene duplication and the N-
terminal segment has ~20% conservation with the C-terminal
segments [8]. Both the segments contain a highly conserved —
NPA- (-Asn—-Pro-Ala-) motif. High resolution structures of
AQPI from bovine red blood cells [9] and GIpF from Esche-
richia coli [10] determined by the X-ray crystallographic meth-
od, reveal a homotetrameric form of the protein with similar
overall transmembrane helices and monomer association. In
both the cases, monomers are related by a four-fold axis and
each monomer, containing six tilted membrane-spanning heli-
ces and two half membrane-spanning helices surrounding a
central channel, forms an hourglass model [2] with the nar-
rowest constriction at the middle of the channel. This con-
striction region contains the characteristic -NPA— motif from
both the segments, common to all AQPs [9,10]. Structural and
molecular dynamics studies [11-15] indicate the presence of a
high-affinity binding site near the outlet at the extracellular
site of the channel in AQPs, the appropriate electrostatic en-
vironment and the size complementary of which are to some
extent responsible for the selective binding and subsequent
transport of specific solute(s) through the channel. This region
is called the selectivity filter [12].

Plant PIPs and TIPs cluster together with animal AQPs
according to a phylogenetic study [16] but NIPs form a differ-
ent group. Nodulin 26, a member of the NIP family, is found
in soybean (Glycine max) root nodule SM when infected by
Bradyrhizobium japonicum. It transports water, glycerol, form-
amide, malate, etc., with highest permeability towards form-
amide, from host to bacteria to meet the bacteria’s metabolite
requirements [17]. There is at least one reference where a
possibility of transporting ammonia as an uncharged solute
through this protein has been mentioned [18]. Nodulin 26 is
the major protein component of the soybean SM and is a
target of phosphorylation which regulates its water and solute
transport rate [19]. A recent study [20] suggests CpNIP1 from
zucchini, a member of NIP family can transport urea. De-
tailed knowledge of the structure of this class of proteins is
required to understand this broad selectivity.

The extent of sequence identity of AQP1 from the mamma-
lian system and GIpF from E. coli with NIP family proteins
and structural homology in the conserved transmembrane
helices among the known structures suggested a feasibility
of comparative protein structure modeling of nodulin 26,
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the best biochemically characterized [17-19,21,22] protein in
the NIP family. Here we report a homology model of the
tetramer unit of nodulin 26 with two formamide molecules
docked in the channel of each monomer in the membrane
environment.

Structural studies based on the homology model of nodulin
26 reveal a selectivity filter and a ligand binding pattern which
is different from AQPI1 and GIpF. The model structure sup-
ports the phylogenetic classification that NIPs form a separate
subfamily of AQPs based on amino acid sequence.

2. Materials and methods

2.1. Sequence analysis

Multiple sequence alignment by CLUSTAL W (http://www.ebi.a-
c.uk/clustalw) was used to compare the sequence of nodulin 26 with
the representatives of AQP subfamilies like AQPs, AQP3 and NIP
(Fig. 1).

2.2. Comparative modeling of monomeric nodulin 26

The protein sequence of nodulin 26 (acc. no. P08995) was submitted
to the SWISS-MODEL server (Automated Comparative Protein
Modeling Server, Version 3.5, GlaxoWellcome Experimental Re-
search, Geneva, Switzerland) [23] for comparative protein structure
modeling. Structures having more than 25% sequence identity with
the target sequence (nodulin 26) were selected initially by the program
from the template library ExXPDB extracted from the PDB database
[24]. A structural alignment was performed among these structures to
identify the core region of the selected structures and the top five
structures with low Ca root mean square (rms) deviation values for
the core region were selected as templates. Templates selected in this
way were bovine AQP1 (PDB code: 1j4n), human AQP1 (PDB code:
1fgy, 1ih5, 1h6i) and E. coli GIpF (PDB code: 1fx8). A previous study
[12] on these five structures also shows a close resemblance in their
transmembrane helical region as indicated by low rms deviation val-
ues (0.9-2.67 A for helix backbone atoms) between the structural
pairs using these structures. This observation also added confidence
for selecting these structures as templates though their sequence iden-
tities with the target are not high (29.9% for E. coli GlpF, 27.93% for
human AQPI and 27.46% for bovine AQPI). ProModIIl [25] was
subsequently used to generate the model of the target using the tem-
plates. The generated comparative model of nodulin 26 comprises 215
residues from sequence numbers 36-250 which includes all six trans-
membrane helices and two half membrane-spanning helices of the
monomer.

The model was then validated by PROCHECK. Short contacts and
bad regions were rectified manually by InsightIl (MSI, Inc.). All hy-
drogens were generated to fill the unoccupied valences of heavy atoms
at the neutral state and the generated H atom positions were opti-
mized by the BUILDER and DISCOVER3 modules of InsightII re-
spectively. The molecule was then minimized, keeping all CA atoms
fixed.

2.3. Docking of ligand molecules

Two formamide molecules, generated and optimized by the BUIL-
DER module, were fitted at two regions of the nodulin 26 channel,
one at the selectivity filter and one at the constriction region in a
manner similar to glycerol binding in the GIpF channel [10]. The
nodulin 26 complexed with two formamide molecules was solvated
by 10 A water layer by the SOAK utility of InsightII and the resulting
system was then minimized by DISCOVER3 initially by steepest de-
scent (SD) and then by conjugant gradient (CG) keeping all CA
atoms fixed.

2.4. Tetramerization of nodulin 26

All the water molecules except those in the channel were removed
from the structure and the tetramer assembly was generated using the
same matrix having four-fold symmetry as used in the GlpF tetramer
structure generation [10]. This tetramer assembly was then minimized
by SD for 500 iteration steps keeping the CA atoms fixed. The struc-
ture was then analyzed by CONTACT implemented in CCP4 suite
[26] of programs and no significant overlapping was found between
the constituent monomers.
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2.5. Membrane embedding and solvation of the nodulin 26 tetramer

A pre-equilibrated rectangular membrane bilayer of 340 (16:0/
18:1C9) palmitoyloleyl phosphatidyl-ethanolamine (POPE) and 6628
water molecules was downloaded from the server http://moose.bio.u-
calgary.ca. The membrane plane was parallel to the XY plane and the
Z axis was perpendicular to the membrane plane. The tetrameric
protein was placed at the center of the membrane box by optimal
matching of hydrophobic surfaces of the protein with the hydropho-
bic mid part of the membrane bilayer and hydrophilic residues with
hydrophilic head of the POPE bilayer. The channel axis was kept
approximately parallel to the Z axis, i.e. perpendicular to the mem-
brane plane. After placing the tetramer, the polar head and two ali-
phatic tails of the lipid molecules simultaneously clashing with the
protein atoms were removed manually. But the lipids which had
very few overlaps with protruding protein residues, either with their
tail ends or polar head were kept to avoid generation of any void
space in between the lipid bilayer and protein, expecting that the
overlaps would be removed by minimization. A 5 A water layer was
generated by the SOAK utility of InsightIl covering the entire system
and their positions with respect to protein and lipid molecules were
optimized. The resulting system with four protein chains of 215 amino
acids each, eight formamide molecules, 185 POPE molecules and 1053
water molecules (a total of 62985 atoms) were then subjected to
molecular mechanics calculations (Fig. 2).

2.6. Molecular mechanics calculations

The system was minimized initially keeping protein and formamide
molecules fixed for a few cycles using SD minimization to relax the
lipid molecules and then rigorous minimization was performed keep-
ing only CA atoms fixed. CONTACT (of CCP4 suite) [26] run on this
system showed no significant overlapping between lipid and protein
side chains. The minimized system was equilibrated for a short period
of 10 ps keeping the protein part fixed which allowed the POPE
bilayer to be accommodated around the protein molecules. Then the
entire system was minimized for 300 iteration steps CG (down to a
gradient <10 kcal/mol/A) without any constraint. This system was
then equilibrated for a period of 210 ps with constant volume and
temperature (NVT ensemble) through the velocity verlet integrator
[27]. The temperature was kept at 310 K (physiological temperature
and above gel-liquid crystalline phase transition temperature of
POPE). The time step for integration was 2 fs using the RATTLE
algorithm, a velocity version of SHAKE [28] with a tolerance of le-5
to constrain the bonds during simulation. The last 120 ps trajectory
were analyzed saving the coordinates at every 0.2 ps interval. All the
simulations were carried out with the CVFF forcefield and for non-
bonded calculations, the cell multipole method along with a dielectric
constant of 1 was used. The structure was finally analyzed for quality
with PROCHECK.

2.7. Ligand binding studies

Since the binding of a ligand in the channel is specific in the region
between the selectivity filter and the constriction region, five positions
of the ligand were trapped from the four monomers during the last
120 ps trajectory in this region of the channel, one position at selec-
tivity filter, two positions in between the selectivity filter and the
constriction region, one at constriction region and at just after con-
striction region. These five positions of the ligand molecule were se-
lected based on the following three criteria: (i) the duration of occu-
pancy of the ligand molecule in those positions was ~ 10 ps in the
trajectory, (ii) the positions of center of mass of the ligand molecule
are distributed along 10 A region of the channel axis between the
selectivity filter and the constriction region near the —-NPA- motif,
and (iii) the interactions of the ligand molecule with the protein atoms
in the channel are different in each of the five cases. Possible inter-
actions of the ligand molecules with the protein channel in this region
were analyzed by Ligplot [29].

3. Results and discussion

3.1. Overall fold

The transmembrane helical regions of nodulin 26 model
structure adopt similar conformation to mammalian AQP1
and E. coli GIpF structure, the templates of the model, but
all extracellular loops are shorter compared to them. The rms
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Fig. 1. Some important portions of sequence alignment of AQP family of proteins by CLUSTAL W. The -NPA- motifs are shaded.

deviation values of all Co atoms of nodulin 26 with AQP1
and GIpF are 2.61 and 3.33 A respectively.

3.2. Selectivity filter

The selectivity filter region of the channel is amphipathic in
nature like GIpF [10]. The hydrophilic part is contributed by
Arg212 and Ser207 whereas the hydrophobic contributions
are mainly coming from Trp77 and Vall97 (Fig. 3a). Presence
of Ser207 makes the binding of the ligand in a different man-
ner compared to AQP1 and GIpF having Gly and Ala in this
position respectively. Ser2070G interacts with the ligand in
the region between the selectivity filter and the -NPA- con-
striction region (Fig. 3a—c).

3.3. Probable ligand binding
The binding of the ligand is highly specific for the region

Fig. 2. Tetramer assembly of nodulin 26; monomers are represented
in different colored ribbons. The phosphate heads of the POPE bi-
layer molecules are only displayed and represented by yellow balls.
The formamide molecules in the channels are represented in CPK
model. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

from the selectivity filter to the constriction region along the
channel and mediated mainly by side chain atoms whereas the
binding at the other regions of the channel is mediated by the
backbone oxygens. Biochemical studies indicate that the nod-
ulin 26 of soybean root nodule SM has the highest permeabil-
ity towards formamide [17]. Our model structure demon-
strates the mode of formamide binding in the lumen of
nodulin 26. At the selectivity filter, the binding of formamide
is mediated through hydrogen bonds between Ser2070G—
NH2 and Arg212NH1-O, whereas the CH atom of the form-
amide molecule faces a hydrophobic region formed by Vall97
and Trp77 (Fig. 3a).

In the region between the constriction region and the selec-
tivity filter, the ligand mainly interacts with the OG and back-
bone O atoms of Ser207 and with Asn209 of the -NPA— motif
from C-terminal half. The hydrophobic interactions are pro-
vided by the Leu50 side chain atoms (Fig. 3b.c).

At the constriction region, the formamide molecule inter-
acts with Asn97 by strong H bonds with their opposite polar-
ity atoms (Fig. 3d), the hydrophobic interactions here are
provided by the Leul93 side chain atoms.

3.4. Comparison with AQPI1 and GIpF

Though the overall structure of nodulin 26 is closely related
to AQP1 and GIpF, some important differences are observed
in nodulin 26 compared to other members of this class of
proteins. Ser207 at the selectivity filter of nodulin 26 is only
conserved in the NIP and TIP subfamilies. Residue in the
equivalent position is glycine in AQP1 [9] and alanine in
GIpF [10] though serine is also found in AQP2, AQP4 and
AQP5. The role of serine side chain in ligand binding and the
channel transport mechanism is not yet established from the
known structures [9,10]. Homology modeling of nodulin 26
and ligand binding studies indicate an important role of
Ser207. The hydrophilic contribution at the selectivity filter
mainly comes from the arginine residue of Ar/R motif (aro-
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Fig. 3. Ligplot [29] of formamide molecule (CP1) at different parts of the channel: a: at the selectivity filter, b, c: in between the selectivity fil-
ter and the constriction region, d: at the constriction region, and e: just after passing the constriction region. H bondings are indicated by
green dots and hydrophobic interactions are indicated by radial lines around atoms or residues. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Table 1

@ and ¥ angles of the residues of the -NPA- motif (P4, P5, P6) near the cytoplasmic side and three preceding residues (P1, P2, P3) of nodulin
26, AQPI [9] and GIpF [10]

Protein Pl @ b 4 P2 @ b4 P3 o b4 Asn (P4) Pro (P5) Ala (P6)

D b4 ] b D b4
GIpF Ala 519 —1150 His —77.8 121.8 Leu 51.5 —153.5 —1658 —62.1 —55.16 142.6 —652 1433
AQPI Ala 483 —1268 His —684 117.6 Leu 539 —1554 —170.2 —68.7 —474 143.0 —64.0 148.5

Nodulin 26  Gly —153.6 —94.1 His —119.8 577 Phe —160.4 1559 —114.7 —75.0 —40.0 130.7 —724 1135
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matic/arginine) for AQP1 and GIpF [9,10]. In nodulin 26, this
hydrophilic contribution comes from both Arg212 as well as
Ser207. The interactions of Ser2070G with the ligand are
extended even when the ligand crosses the selectivity filter
and enters the region of the channel between the selectivity
filter and the constriction region. In this case, another rotamer
of Ser207 side chain interacts with the ligand. During 120 ps
trajectory, a transition of y; value for Ser207 is observed
indicating the two rotamers (Fig. 4b). When the ligand is at
the constriction region, the Ser2070G again moves to the

(@)

ASN 209

(b) monomer A
monomer B
——— monomer C
456 L monomer D '
RIa ||
® |
9 100
[=2]
@
=
[t
= 50
=
0
s0 L . . L . )
0 20 40 80 20 100 120

Time in ps

Fig. 4. a: Interaction of second formamide molecule (CP2) with
Ser207 when the first one (CP1) reaches at the constriction region.
b: Two rotamer conformations, indicated by side chain torsion an-
gle y value of Ser207 during the 120 ps trajectory for four mono-
mers A, B, C and D. Ser207 in monomers A and D changes their
side chain conformation in the trajectory. y; value near zero corre-
sponds to the conformation of Ser207 when it interacts to ligand
molecule at the region in between the selectivity filter and the con-
striction region.

Surisce Potentint [

i
&
i
3f

GIpF AQP1

Nodulin26
Fig. 5. Comparison of electrostatic potential surfaces of nodulin 26, GlpF and AQP1 at the extracellular face. The figure was generated by GRASP [30].
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previous orientation and interacts with a second ligand
(Fig. 4a).

Another important difference is found near the cytoplasmic
side of the channel of nodulin 26 from that of AQP1 and
GIpF. The transport of ligand is mediated by three backbone
carbonyl oxygens in the loop region just before the start of the
—~NPA- motif in this region as revealed in the known struc-
tures [15]. Previous MD simulations on AQP1 and GIpF
[11,14] indicated that this loop has both functional and posi-
tional relevance. The loop mobility and pore diameter in this
region of the channel is partly contributed by a pair Phe24—
Leul49 in AQP1 and Leu2l-Leul59 in GIpF [12]. Phe24 in
AQPI intrudes more into the pore [15] and significantly influ-
ences the size of constriction. In the nodulin 26 model struc-
ture though there is a Leu50-Leul67 pair at the equivalent
position, the size of the channel is constricted by Phe96, a
residue preceding the -NPA- motif near the cytoplasmic
side. A Phe residue in this position is found and conserved
in the NIP family only, while the other families have smaller
hydrophobic residues like Leu (in AQP1 and GIpF), Ile, Ala,
etc. This Phe96 makes a stacking interaction with His95 and
the His95NDI1 is hydrogen bonded to Thr1010Gl1, both the
interactions being consistent in the trajectory. These interac-
tions together with the presence of a bulky side chain of
Phe96 increase the rigidity in this region of the loop of nod-
ulin 26 and change the loop’s backbone conformation from
that of AQP1 and GIpF while the backbone conformation of
the -NPA- motif is almost similar (Table 1). So a different
ligand binding and transport mechanism is expected for the
NIP family members in this region of the channel.

The extracellular loops in nodulin 26 are shorter compared
to AQP1 and GIpF. A broader opening of the channel at the
extracellular space is observed in the case of nodulin 26. Elec-
trostatic surface potential of nodulin 26 is quite different from
AQP1 and GIpF. An abundance of electronegative charge is
observed in nodulin 26 (Fig. 5) near the channel opening at
the extracellular space.

4. Conclusion

Overall structure of nodulin 26 is similar to AQP1 and
GIpF with shorter extracellular loops that cause a broader
opening of the channel. The electrostatic potential surface
calculation indicates a highly electronegative surface at the
extracellular region of the channel. Presence of a serine resi-
due at the selectivity filter and a phenylalanine, which pre-
cedes the -NPA— motif near the cytoplasmic side, indicate a
different ligand binding and transport mechanism for NIP
class of proteins.
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