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Abstract Aquaporins and/or aquaglyceroporins regulate the membranes is generally lower than that of the tonoplast, which

permeability of plant membranes to water and small, uncharged
molecules. Using molecular simulations with a plant plasma
membrane aquaporin tetramer, the residues in the channel con-
striction region were identified as the crucial determinants of
ammonia and urea conductance. The impact of these residues
was experimentally verified using AtPIP2;1 pore mutants. Sev-
eral, but not all, mutants with a NIP-like selectivity filter pro-
moted yeast growth on urea or ammonia as sole sources of
nitrogen. TIP-like mutants conducted urea but not NH3, and a
residue without direct contact to the pore lumen was critical
for conduction in the mutants.

© 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

The permeability of plant membranes to uncharged small
solutes, such as urea and NHj, depends on the presence of
channels from the major intrinsic membrane protein family
[1,2]. Homologous channels are found in archae, bacteriae
and mammals, and molecular determinants for their selectivity
have been identified [3]. In higher plants, four major subfami-
lies have been classified according to their similarity and their
subcellular localization pattern: the plasma membrane intrinsic
proteins (PIPs), tonoplast intrinsic proteins (TIPs), NOD26-
like proteins (NIPs) and small basic intrinsic proteins (SIPs)
[4,5]. In the model plant Arabidopsis, 35 genes encoding aqu-
aporin homologs have been identified [4].

Aquaporins form homo-tetramers, with each subunit pro-
viding a functional channel [4,5]. The two constriction regions
include a central highly conserved pair of Asn-Pro-Ala (NPA)
residues and the aromatic/Arg (ar/R) region. The latter is lo-
cated more closely to the extracellular pore exit, is generally
the most narrow part of the pore and is critical for water
and solute conduction, while the NPA region is involved in
the selection against protons [6]. An increasing pore diameter
allows the conduction of larger solutes, such as the plant nitro-
gen fertilizer urea [7]. The urea permeability of plant plasma
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correlates with high urea transport rates in some TIPs com-
pared to PIPs [8]. However, a plasma membrane PIP, NtAQP1
from tobacco, has been reported to transport urea, as was At-
NIP6.1 [5,7]. Specific residues are required for urea conduction
[71.

How aquaporins select between smaller substrates, such as
NHs;, which is not substantially larger than water, is less clear
[3]. Ammonium is also widely used to fertilize plants and is a
by-product of many metabolic processes, including urea degra-
dation [9]. Channel mediated NH; conduction has been re-
ported in the plant symbiosome membrane. This envelope
separates symbiotic bacteria from plant cells and is rich in
the aquaporin homolog nodulin 26 (NOD26) [10,11]. In addi-
tion, homologs of the TIP2 family conduct ammonia [1,2] and
specific pore mutations abolish flux [1]. However, the impor-
tance of the channel pores for ammonia conductance in
TIP2;2 from wheat has been challenged by the finding that
the conduction of water and ammonia is differentially affected
by inhibitors [12].

Molecular dynamics simulations were used to identify the
molecular determinants of ammonia conduction in plant aqu-
aporins. The residues at the ar/R constriction region were most
critical. These data were used to design a series of mutants in
which the crucial — solute conductance determining — residues
in AtPIP2;1 were exchanged to TIP and NIP-like residues.
Experimental determination of the transport function of pore
mutants expressed in yeast confirmed the role of this region
on selectivity and allowed the identification of the structural
requirements for ammonia and urea conduction.

2. Results

2.1. Simulation of small solute conduction in a plant aquaporin

Most residues that are in direct contact with the pores, espe-
cially those of the ar/R constriction region, are strongly con-
served among PIP-type aquaporins, including the crystallized
plasma membrane aquaporin SoPIP2;1 from spinach [13].
All 13 PIP1- and PIP2-type homologs from Arabidopsis con-
tain an identical ar/R filter consisting of phenylalanine (Phe),
histidine (His), threonine (Thr) and arginine (Arg). We, there-
fore, chose SoPIP2;1 as a representative model to simulate the
conduction mechanism of ammonia and urea in plant PIP aqu-
aporins. The setup for steered molecular dynamics simulations
on the “open” (see Section 4) tetrameric SoPIP2;1 is shown in
Fig. 1A. The lipid embedded tetramer was solvated with water,
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Fig. 1. Simulation of NHj transport in a plant aquaporin. (A) Setup of the SoPIP2;1 tetramer embedded in a POPE membrane solvated with water.
The starting positions of five NH; molecules along the channel axis are explicitly shown. (B) Trajectories of five individual NH3 molecules crossing
the pore. (C) Weighted residency times along the pore axis for water (red), NH; (blue) and urea (green). The entrance and exit sites along the channel
axis (dashed brown lines), the selectivity filter (ar/R, dashed green line) and the NPA region (dashed yellow line) are indicated. (D) Estimated
apparent energy (AG") profiles along the channel axis deduced from the residency times for NH3, H,O and urea.

as has been described [14]. Examples of the trajectories of indi-
vidual NH; molecules along the z-axis are shown in Fig. 1B.
Although a steering force was applied to each NH; molecule,
not every NHj entered a pore. However, all the molecules that
found their way into a pore vestibule crossed the channel fully.
A major site of residency was at the ar/R region, which can be
seen in the residency histogram from three independent 16 ns
simulations, with a total of 14 NH; molecules crossing the
pore. Compared to water, NHj crossed the pore less rapidly,
while urea conduction was impaired (Fig. 1C) [14]. The pre-
ferred residency sites for water and the other solutes partially
overlapped.

Apparent energy barriers along the z-axis were estimated
from the dwell time histograms and are shown in Fig. 1D. De-
spite a bias caused by the applied forces, ranging from 40 to
46 pN, these trajectories can be compared, since all three sub-
strates were handled equally. The major barrier for NH; was

at the ar/R region and was ~4 kJ/mol higher than for H,O,
indicating that NH; is a less preferred substrate. Likewise,
the key barrier for urea conduction was located just in front
of the barrier for NH; and was estimated to be at least
~5 kJ/mol higher than the barrier for water.

Two of the NH; molecules entered the central cavity be-
tween the monomer channels and one of these crossed the en-
tire membrane after 16 ns. Another NH; passed the membrane
lipids, suggesting that pure POPE membranes still let some
ammonia through. Taking into account the well-established
intrinsic background permeability of lipid membranes to
NH; [15], it remains questionable whether PIP aquaporins
can thus enhance the flux across native membranes (see Sec-
tion 3).

The simulations showed that the small size of NH; did
apparently not cause the extended residency time at the selec-
tivity filter. While urea was apparently too large to readily
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cross the constriction region, the major NHj residency peaked
slightly further inside the pore. Visual inspection of individual
conduction events showed that the high barrier for NHj re-
sulted from effects on the water molecules within the pore.
While individual waters established a defined array of hydro-
gen bonds, NH; molecules interfered with this property and
even caused imperfect arrangement of the surrounding waters.
As a result, the formation of a line of waters within the pore —
a characteristic of rapid water conduction — was prevented [6].

That the ar/R region is the key determinant of whether NH;
or urea are conducted in SoPIP2;1 coincides with mutational
results (see below) and former work, in which residues in the
ar/R region were involved in the ammonia [1] or urea conduc-
tance [7] in plant aquaporin homologs.

2.2. Solute conduction in PIP2;1 with TIP-like selectivity filter

To investigate the role of the ar/R region on the NH; and
urea permeability, we experimentally tested a series of mutant-
ed AtPIP2;1. Mutant channels with TIP-like ar/R filters were
constructed. Up to four residues from AtPIP2;1 were ex-
changed to mimic all TIPs from Arabidopsis. These TIP-like
mutants (TIPL) were expressed in selective yeast strains and
cells were grown under selective conditions. The names of
the constructs and their respective pore compositions are given
in Table 1.

As expected from the molecular simulations, the AtPIP2;1
did not allow sufficient ammonia and urea influx for yeast
growth under selective conditions (Fig. 2A and B). In contrast,
AtPIP2;1 with ar/R residues exchanged to those encountered
in TIPS;1 (TIPLS5;1) was capable of transporting urea, as
growth tests determined (Fig. 2). Surprisingly, the other mu-
tants with TIP-like ar/R residues did not conduct, or only min-
imally conducted urea, although native TIP1, TIP2 and TIP4
homologs are known to transport this solute [16] (Fig. 2A).

We, therefore, examined whether the constriction region in
SoPIP2;1 and in homology models with exchanged ar/R resi-
dues is sufficiently large to accommodate TIP-like amino acid
side chains. Interestingly, replacing phenylalanine 87 by a his-
tidine resulted in a blocked pore, because it twisted into the

Table 1
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Fig. 2. Transport activity of TIP-like AtPIP2;1 mutants. (A) Growth

on urea (2 mM) as sole nitrogen source. (B) Growth on ammonium
(3 mM) as sole nitrogen source. Growth improvement by pore mutants
of AtPIP2;1 is compared with empty plasmid transformed yeast
(pDR), wild-type AtPIP2;1, AtTIP1;2 and AtTIP2;3. Tenfold dilution
series are shown, beginning with identical optical density (OD) of 1.0.
(C) Top view into the pore of superimposed homology models of TIP2-
like pore mutants with and without additional **Thr to Gly mutation.

pore lumen (Fig. 2C). This twist was caused by the neighboring
Thr side chain at position 55, which has no direct contact with
the pore lumen. In all the TIPs, the corresponding residue is a
smaller Gly. Therefore the introduced His was combined with
Gly at position 55, leading to TIPLG channels (Fig. 2C). These
were permeable to urea (Fig. 2). Surprisingly, none of the TIP-
like mutants promoted growth on limiting ammonia, suggest-

Amino acid compositions in the constriction region of AtPIP2;1 mimicing different aquaporin isoforms

Construct Position in PIP2;1 Corresponding MIPs
55 87 216 225 231
PIPL Thr Phe His Thr Arg PIP1 subfamily, PIP2-subfamily
PIPLG Gly Phe His Thr Arg
TIPIL Thr His Ile Ala Val
TIPILG Gly His Ile Ala Val TIP1;1, TIP1;2, TIP1;3
TIP3/4L Thr His Ile Ala Arg
TIP3/4LG Gly His Ile Ala Arg TIP3;1, TIP3;2, TIP4;1
TIP2L Thr His Ile Gly Arg
TIP2LG Gly His Ile Gly Arg TIP2;1, TIP2;2, TIP2;3
TIPS;1L Ala Asn Val Gly Cys TIPS;1
NIP124L Thr Trp Val Ala Arg
NIP124LG Gly Trp Val Ala Arg NIPI;1, NIP1;2, NIP2;1, NIP4;1, NIP4;2
NIP3L Thr Trp Ile Ala Arg
NIP3LG Gly Trp Ile Ala Arg NIP3;1
NIP5;1L Ala, n.r. Ala Ile Gly Arg NIP5;1
NIP6;1L Gly, n.r. Ala Ile Ala Arg NIP6;1
NIP7;1L Val, n.r. Ala Val Gly Arg NIP7;1

n.r., not relevant.
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Fig. 3. Transport activity of NIP-like AtPIP2;1 mutants. (A) Growth
of the Adur3 yeast strain expressing NIPL pore mutants of AtPIP2;1
on urea (2mM) as sole nitrogen source. (B) Growth on ammonium
(3 mM) as sole nitrogen source. NIPL and NIPLG pore mutants of
AtPIP2;1 are compared with empty plasmid transformed yeast (pDR)
and wild type AtPIP2;1. Tenfold dilution series are shown, beginning
with identical optical density (OD) of 1.0.

ing that a TIP-like selectivity filter is not sufficient to enhance
the NH; permeability in AtPIP2;1 (Fig. 2).

TIP1 channels have a unique ar/R filter, in which the highly
conserved arginine (Arg 231 in SoPIP2;1) is replaced by valine.
When compared to Arg-containing TIP2- or TIP3-like mu-
tants, the TIP1-like channels were similar in promoting growth
on urea and were identical on ammonia. The difference in the
Arg/Val residue is, thus, not critical for ammonia and urea
transport.

2.3. Ammonia and urea conduction with NIP-like selectivity
filters
The same growth tests were performed with channels that
contained NIP-like selectivity filters. NIP-like mutants (NIPL)
that correspond to NIP5;1, NIP6;1 and NIP7;1 channels had,
among other amino acid changes, Phe 87 replaced by Ala and
promoted growth on urea (Fig. 3). In contrast, other NIP-like
channels, where Phe 87 was replaced by Trp, show urea trans-
port only when Thr 55 was exchanged to Gly as well, the
respective amino acid in native NIPs. In contrast to the TIPL
aquaporins, the NIPLG constructs and NIPL6;1 improved
growth on ammonia (Fig. 3). The sequences of NIPL6;1 and
NIPLS5;1 only differ in a single amino acid (Ala/Gly) at posi-
tion 225, indicating that minor differences affect ammonia con-
ductance.

3. Discussion

The simulations of water and small solute conduction in So-
PIP2;1 indicated, that the ar/R region is the major energetic
barrier for conduction. Similar results have recently been ob-
tained from simulations on human and bacterial homologs
[17]. Although the calculations suggest that NH; is conducted
in SoPIP2;1 at a low rate, this does not appear to be sufficient
to increase the permeability of the lipid membrane to NHj
(Fig. 2). Lipid membranes, such as POPE membranes, impair
NH; passage with an intrinsic energy barrier of 19 kJ/mol and
a rate limiting major barrier of similar hight was found for
NH; transport in the human aquaporin AQP1 (18 kJ/mol)
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[17]. An apparent maximal barrier of 20 kJ/mol was observed
for SoPIP2;1, indicating that these aquaporins do not improve
ammonia flux. Different simulation techniques (umbrella sam-
pling) and force fields yielded similar maximal barriers [17].
The simulations suggest that the selectivity filter restricts
NH; passage by preventing the formation of a favorable
hydrogen bonding network, as observed in pure water simula-
tions, for example. A similar mechanistic explanation for selec-
tivity against small substrates other than water has been
proposed for human AQP1 [17].

In initial preliminary experiments, we noticed that some NIP
channels were non-functional in yeast. AtNIP5;1 conducts
boron and urea when expressed in Xenopus oocytes [18], but
AtNIP5;1 caused neither boron sensitivity nor urea uptake in
yeast (data not shown). Thus, a direct comparison of the selec-
tivity of individual plant aquaporin homologs with distinct ar/
R regions will be biased by their expression level, the differen-
tial trafficking to the correct membrane and the possible regu-
lation of their open probability [19].

To avoid this bias and to explicitly test the relevance of dif-
ferent selectivity filters, we replaced the potentially crucial —
solute conductance determining — residues in AtPIP2;1 only.
While the native AtTIP1;2 promoted yeast growth on ammo-
nia, PIP2;1 mutants with an identical TIP-like selectivity filter
did not (Fig. 2). This is in agreement with results obtained
from previous inhibitor studies [12]. It supports the theory that
NHj; crossed the membrane using the central pore formed by
the four monomers and challenges the conclusion that an
Arg/His pair in the selectivity filter region accommodates
NHj; conductivity [3]. Interestingly, in one simulation NHj3
crossed the membrane using that central pore. While the sim-
ulations suggest that the tetramer center is not a preferential
NHj; pore in SoPIP2;1, however, this may not be the case
for other homologs. An advantage of conduction through
the tetramer center is that water will not compete with NHj
conduction through the hydrophobic tetramer center.

The large energy barrier for urea in SoPIP2;1 matches the
inability of AtPIP2;1 to promote yeast growth on this sub-
strate. This is in agreement with the low permeability of the
plant plasma membrane and with the inability of many PIPs
to transport urea. Urea may, however, pass the selectivity filter
at low rate [5]. Urea was well conducted by TIPLG channels,
which resemble TIP1-, TIP2- and TIP4-type members from
Arabidopsis [16], but not by TIPL channels. Using homology
modelling, we successfully predicted that a Thr/Gly exchange
close to the ar/R region is responsible for the differences
(Fig. 2C). The results foretell that the pollen-specific AtTIP5;1
will transport large solutes such as urea.

The growth tests confirmed that several native NIPs conduct
urea, such as AtNIP6;1 [7] and AtNIP5;1 (data not shown).
Interestingly, NIP6;1, but not NIP5;1 or NIP7;1 is predicted
to transport substantial amounts of ammonia, although these
channels have only one minor amino acid difference in the rel-
evant region (Tab.1). NIPLG, but not NIPL channels, pro-
moted growth on ammonia, although these have identical ar/
R residues. Not only the ar/R residues per se, but also their ori-
entation and exact position appear to be critical. Channel
homologs from lower organisms with completely distinct resi-
dues in the ar/R region also conduct ammonia, which hinders a
simple, general conclusion on the molecular requirements for
efficient ammonia conductance [3]. Furthermore, other chan-
nel region may be also of importance. Whether the ammonia
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and urea conduction by individual aquaporin homologs is
found in the native NIP channels and whether this is physio-
logically relevant must be directly investigated in plants at a fu-
ture time.

4. Materials and methods

4.1. Plasmid constructs and yeast expression

All the mutants were introduced into the pDR plasmid containing
AtPIP2;1 (At3g53420) using the Quickchange kit from Stratagene.
All constructs were verified by sequencing. Saturated cultures of yeast
transformed with the respective constructs were diluted to the same
optical density of 1 and were then spotted in 10-fold dilution on con-
trol plates (2 mM arginine, no differences observed) and plates contain-
ing either 2 mM urea or 3 mM ammonia (pH 6.5 with MES) as sole
nitrogen source. For growth tests with urea the Adur3 yeast strain
was used [20], for those with ammonium a yeast mutant that lacks
three endogenous MEP transporters (AAAmep) was used [21]. Yeast
nitrogen base medium (Difco) supplemented with 2% glucose was used
and photos were taken after identical incubation times (2-3 days).
High contrast scanning was used to optimally visualize even weak
growth differences.

4.2. Molecular dynamics simulations

Molecular dynamics simulations (MD) were carried out using the
NAMD?2 program [22] and the Amber03 force field, on an “open con-
formation” of SoPIP2;1 [14]. Minimization and equilibration preceded
simulations, as described [14]. A constant force vector in z-direction
was applied to water, NH; or urea, to reduce calculation times [23].
The trajectories along the z-axis were calculated relative to the Ca of
valine 206. The z-positions of Ca of lysine 144 were taken as external
entrance and the positions of the Ca of proline 33 as internal exit,
respectively.

4.3. Residency time and apparent energy profiles R

The residency histogram along the z-axis was accumulated in 1 A
intervals and the apparent energy profiles were then estimated from
transition state theory as

. 1 h
AGY = —RTIn (- —
G n< 77{)

T 1kp

where 7 is the residence time, AG** is the apparent Gibbs free energy of
activation, 7 is the absolute temperature, R is the universal gas con-
stant, ki, is Boltzmann’s constant, and / is Planck’s constant.
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