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In organisms from all kingdoms of life, ammonia and its
conjugated ion ammonium are transported across
membranes by proteins of the AMT/Rh family. Efficient and
successful growth often depends on sufficient ammonium
nutrition. The proteins mediating this transport, the so called
Ammonium Transporter (AMT) or Rhesus like (Rh) proteins,
share a very similar trimeric overall structure and a high
sequence similarity even throughout the kingdoms. Even
though structural components of the transport mechanism,
like an external substrate recruitment site, an essential twin
histidine pore motif, a phenylalanine gate and the
hydrophobic pore are strongly conserved and have been
analyzed in detail by molecular dynamic simulations and
mutational studies, the substrate(s), which pass the central
pores of the AMT/Rh subunits, NH,*, NH; + H, NH,© + H*
or NHs, are still a matter of debate for most proteins,
including the best characterized AmtB protein from
Escherichia coli. The lack of a robust expression system for
functional analysis has hampered proof of structural and
mutational studies, although the NH3 transport function for
Rh-like proteins is rarely disputed. In plant transporters
belonging to the subfamily AMT1, transport is associated with
electrical currents, while some plant transporters, notably of
the AMT2 type, were suggested to transport NHs across the
membrane, without associated ionic currents. Here we
summarize data in favor of each substrate for the distinct
AMT/Rh classes, discuss mutants and how they differ in
structure and functionality. A common mechanism with
deprotonation and subsequent NHs transport through the
central subunit pore is suggested.

Introduction

Long before the molecular identification of transport proteins
for ammonia (this term refers here to the sum of ammonia and
ammonium, the molecular species are further distinguished by
using NH3 and NH,"), the presence of such high affinity,
energy-dependent transport systems for ammonia had been
shown in all domains of life."* With the help of a bakers yeast
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mutant, that was deficient in the endogenous high affinity
ammonia uptake, in 1994, the molecular basis of ammonia trans-
port was identified by yeast complementation cloning assays,
revealing the yeast methylammonia permease MEP1° and the
Arabidopsis thaliana AMT1,1 transporter.® Homology to these
allowed the functional identification of further ammonia trans-
porters from organisms of all domains of life. Over the years,
yeast remained an important model organism for ammonia trans-
port studies, but the first X-ray crystal structure of an AMT/Rh
protein was published for the AmtB transporter from Eschericha
coli,”® making that homolog the model transporter of choice for
structural and molecular studies. Key structural determinants for
the transport mechanism that are relevant to plant ammonium
transporters are discussed here, but a more detailed overview is
given in Lamoureux et al. 2010.”

For plants, the molecular basis of ammonium transport is cur-
rently best understood in Arabidopsis thaliana. The genome of
this plant comprises 6 AMT genes and transcriptional, post-tran-
scriptional and post-translational regulation of individual AMTs
has been identified.'®'* The 6 AMT proteins divide into 2 sub-
families. The AMTT1 family has 5 members, AMT1,1-5, and the
AMT?2 family has a single member. Three vmembers of the
AtAMT1 subfamily, At AMTT1,1; AtAMT1,2 and AtAMT1,3 are
responsible for 90% of the high affinity ammonium uptake at
the roots.'” They mainly reside in the plasma membrane of root
(and shoot) cells. In the root, they show a spatial radial arrange-
ment in the order of their afﬁnity.la’14 AMT1,1 and AMT1,3
build heterotrimers in the plasma membrane of the root epider-
mis."””> With a Kpaprin = 5-34 pM'"® and Kpanvris =
11 pM'” these 2 transporters mediate the very high affinity
uptake of ammonia from the rhizosphere into the root. AMT1,2
with a Kavri 2 = 140 p,M14 is primarily located in the cortical
root cell layers and also mediates uptake of ammonia into the
endodermis to facilitate the transfer of ammonia across the
impermeable casparian strip.'*

Plants seem to possess NH;™ and NHj transporting pro-
teins,'>** which may also apply to C. elegans and Drosophila
melanogaster, which encode both Amt and Rh homologues in
their genomes.”' Plant AMT1 proteins not only from Arabidop-
sis, but also from tomato,”* bean®® and many other plants were
shown to mediate electrogenic, secondary active transport, which
might be molecularly as NH4" ion, NH; + H' or even
NH," + H* transport (Fig. 1A and B). The latter was suggested
for the bean AMT1,1 homolog.23 Until now, functional assays
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Figure 1. Schematic transport mechanisms in AMT subunit pores. (A) Electrogenic wild type transport in which the proton is co-transported with the
ammonia molecule in the central subunit pore. (B) Wild type electrogenic transport in which the proton is transported through the protein via a specific
(unknown) proton pathway. (C) Mutation of the 2 pore-lining histidines in E.c. AmtB results in direct K* transport. (D) Mutations at the subunit interfaces
disrupt proton transport in A.t. AMT1;2, which results in net NH; transport.
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with plant AMT proteins belonging to subfamily 2 suggest these
to be electroneutral NHj transporters, although they also likely
recruit NH4" to the pore entrance.”?%%* A(AMT2 is co-local-
ized with AtAMT1,1 and AtAMT1,3 in the plasma membrane
of the root epidermis cells, but root ammonia uptake was
unchanged in a loss-of-function mutant.'>?” This raises the ques-
tion how plants regulate AMT activity to avoid concurrent activ-
ity and futile cycling of ammonium and ammonia, which would
lead to the breakdown of the essential proton gradient across the
membranes.

Lessons from the structure

The high-resolution X-ray structures of ammonium transport-
ers from different species were a breakthrough for AMT research,
beginning with EcAmtB from E. coli,”® followed by AfAMT-1
from A. fulgidus,26 NeRh50 of N. europaea,27 and finally the
human RhCG.?® All these proteins share a similar overall struc-
ture, especially in the central subunit pore, with at least 3 impor-
tant conserved molecular arrangements:

situation in EcAmtB, the recruitment site was not occupied with
electron-dense substrate, when co-crystallized with ammonium
or the transport analog methylammonium (MeA).® Only
recently, ionic currents have been detected from AfAMT-1 using
a cell-free solid-supported membrane (SSM)-based electrophysi-
ology system, with extremely low maximal transport rates at
~300 per second and an unusual low affinity in the mM range.””

In an attempt to visualize transport events in an AFAMT-1, we
performed molecular dynamics simulations of the highly stable
trimeric structure embedded into a POPE lipid membrane and
surrounded by water (Fig. 2A and B), a similar setup had been
used to study the permeation of solutes in aquaporins.*® The
simulations were carried out using the NAMD2** program and
classical force field (Amber03). Minimization and equilibration
preceded the simulations, as described.’® A constant force vector
(44.5 pN) in the z-direction was applied to NH; and NH,™, to
increase the probability that the substrate enters the outer vesti-
bule and eventually crosses the pore. The trajectories of the sub-
strates along the z-axis were calculated relative to the Ca of

Ammonium binding site,
deprotonation and mechanistic
simulations with computer
models

The structure of EcAmtB sug-
gested that a NH4" recruitment
site selects against water and cati-
ons at the external pore entrance
of each subunit.”® While the

force

released

structure implied that only NHj
crosses the pore center,” others
suggested that NH," may be
translocated.® Most computational
analyses are in line with the idea
that the ion must be deprotonated
before NHj passes the central his-
tidines along the pore, which may
even be co-transported with a pro-
ton in such simulations.?’ Rh pro-

teins, by contrast, for which most
functional and structural evidence
suggests  transport  of  the
uncharged NH3, lack a bona fide
external ion recruitment
site.””*>?! Disruption of the pro-
posed ammonium ion recruitment
site in EcAmtB lead to hyperactive
transporters,”> while its disruption
in LeAMTT1;1 decreased massively
the transport rate and decreased

10 20
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the K,,.."° The molecular architec-

ture of an aromatic cation recruit-
ment site in the external pore
vestibule is highly similar in the
functionally  less  characterized
AfAMT-1, but in contrast to the

Figure 2. MD simulations with AfAMT-1. (A) Side view (B) top view of the trimer embedded in lipid mem-
branes. (C) Detail of the pore with 2 preferential residency sites of NH,* along the z-axis shown in blue and
gray. (D and E) Z-axis trajectories of NH,* (D) and NHj (E) relative to His 157. Individual trajectories are given
in different colors. Note that a steering force was applied to increase the probability of the substrate to enter
the external vestibule. The force was released after 20 ns.
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histidine 157 (Fig. 2D and E). However, the computational data
did not identify NH3 or NH," transport events, despite the
steering force into the AMT pore (Fig. 2). This may be a conse-
quence of the short computational simulation time used, may
suggest that none of these molecular species are effectively trans-
ported or, most likely, powerfully illustrates the limited value of
classical force fields in molecular simulations of this unique trans-
port system. Thermodynamic free energy calculations had previ-
ously identified the critical importance of polarizable force fields
in cation-7 interactions and suggested that the NH," is frag-
mented during transport in EcAmtB.?” Commonly used classical
force fields failed to identify essential deprotonation and reproto-
nation events. NH, " forms m-interactions with aromatic residues
and a H-bridge with yO from Ser 208, in the external pore vesti-
bule of AFAMT-1.2° In our steered molecular dynamics (MD)
simulations with NH,+ on AFAMT-1, the ion entered the exter-
nal vestibule and localized preferendally to that position
(Fig. 2C). However, a second distinct position along the z-axis
was also recognized, and occasionally hydrogen bonds with other
residues of the vestibule were formed (Fig. 2C). H-bonds were
frequently formed with the backbone O from Ser 208, O¢1 from
Gln 93, and the backbone oxygen from Phe 150 and Ala 151.
The existence of 2 neighboring positions for the ion in the
recruitment site of AfAMT-1 may explain the lack of a defined
substrate electron density peak in the structure.?® Slightly differ-
ent H-bonding partners in the outer vestibule and a different
entry depth were identified when NH4" was replaced by NH.
Although steering forces were applied to NH4" and NH3, both
molecules never entered the pore beyond the Phe gate. Identical
steering forces allowed rapid NHj permeation events (within a
few ns) in similar simulations with (open) water channels.*®
When the forces on the substrates were released, NH3 and NH,"
eventually exited from the recruitment vestibule into the extracel-
lular space (Fig. 2D and E). While a closed pore was also encoun-
tered in previous simulations with EcAmtB, this was mostly
ignored in the interpretations.”” Opening of the phenylalanine
gate side chains, which showed more flexibility than other pore
residues, as in EcAmtB,*® was sufficient in other simulations to
allow substrate to pass, but opening may involve larger conforma-
tional changes of AfAMT-1, not captured by short molecular
simulations. If deprotonation of NH4 " to NHj is a prerequisite
for the pore opening, only molecular dynamics simulations with
polarizable force fields describing quantum mechanical effects are
able to mechanistically reveal the true transport events.

Because the neighboring AMT subunits of the trimer allosteri-
cally regulate activity via the carboxyl-terminus, the flexibility of
this region was particularly monitored, but only minimal confor-
mational movements occurred. All simulations, including those
above, agree that the overall AMT arrangement represents a rela-
tively stable conformation of the pore. However, studies with a
fluorescent sensor coupled to AtAMT1,1 imply that conforma-
tional changes occur during transport in AMTs, and that the
change between these conformations is ammonia- and activity-
dependent.””

Most simulations on EcAmtB were initially in agreement with
a NH4" recruitment, transient deprotonation and NH;
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conduction mechanism, although the site of de-protonation and
the H' acceptor are disputed.’ 74043 Some molecular dynamics
(MD) simulations suggested that the essential Asp160 stabilizes
NH," indirectly at the external pore vestibule, where water
accepts a proton from NH,".**** Alternatively, Aspl60 may
play a direct role with Ser219 and Alal162; the corresponding res-
idues in AtAMTT1,2 are Asp211, Ser275, Ala213.%3%% In electro-
physiological measurements with Xenopus leavis oocytes
expressing AtAMT1,2, the K,(NH4 ") was highly voltage depen-
dent, suggesting that the site that determines the affinity for
NH," is deeply buried in the membrane electric field. The frac-
tional electrical distances 8 (NH,) = 0.56 and & (MeA™) =
0.26 suggest that the “binding” sites for NH," and MeA™ are
located 56% and 26%, respectively, inside the membrane electric
field, measured from the outside. These functional data suggest
NH, " crosses more than half of the membrane electric field to
reach the hydrophobic pore environment that prefers the conju-
gated base, NHj and thus the catalytic site of deprotonation.'*
Clearly, rapid transport excludes tight “binding” of the substrate
to the pore and high selectivity against K together with high
transport rates may thus require fragmenting the substrate,
NH," into NH3 and H". The proposed recruitment sites are
highly conserved in plant AMT1, AMT2, AfAMT-1 and AmtB
proteins.”® However, the substrate affinities among distinct iso-
forms can differ in more than fold10-, which further implies that
the recruitment site does not define the affinity of the transport-
ers. Mutations in the cytoplasmic part of a wheat AMT not only
changed the pH dependence of the transport, but also its affinity
for NH," and MeA™, highlighting the importance of internal
protein regions and inner-subunit interactions for the determina-
tion of the transport activity.*® Several other mutations in regions
distant from the recruitment site massively changed the substrate
saturation properties of AMTs by NH, " and MeA™.>”

After the pore transfer, NHj is quickly re-protonated at the
cytoplasmic pore exit, as the equilibrium between NH," and
NHj in the cytoplasmic pH strongly favors NH,*. More recent
simulations are in favor of a proton-co transport with NH3,*’
but molecular simulations could not unambiguously identify
whether the NH; conduction in the pore of EcAmtB leads to net
transfer of NHj (“passive”) or NH," (secondary active) across
the membrane.

A recent screen with plant AMT1; 2 for functional ammonia-
transporting mutants that rescued yeast growth on methylammo-
nia revealed mutants with residual transport activity. Amino acids
altered in these mutant proteins were in positions not directly in
contact with the hydrophobic substrate pore and rather occurred
in amino acids close to the subunit interface. Interestingly, the
activity of AMT1;1 had been increased by a corresponding muta-
tion in the first membrane span (Q57H), again not directly fac-
ing the hydrophobic pore.'® In the above mentioned screen, the
corresponding glutamine was found to be mutated to lysine and
the activity of this mutant was reduced, rather than elevated.
Three identified mutations showed reduced ammonia and meth-
ylammonia transport, but surprisingly, the residual transport was
not coupled to any electric currents, as is the ammonia transport
in the AMT1;2 wild type protein (Fig. 1D). This loss of flux/
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charge coupling in these mutants is naturally explained by a
NH3/H" co-transport mode in the AMTI1;2 wild type
(Fig. 1A and B), but the co-transported charge is lost in the
mutant (Fig. 1D). This interpretation takes into account that
mutations were not directly associated with the pore and thus,
the selectivity of pore to the major substrate (NHj) was
unchanged. Because uncoupling mutants were not identified in
residues with direct pore contact, but rather at sites between sub-
units, it opens the possibility that the H" is co-transported in
wild type proteins via a distinct pathway than the hydrophobic
pore.”” Clearly, because all structural key elements of the pore
are unchanged in these mutants, the loss of charge coupling by
mutations strongly implies that NH3 and not NH" is generally
passing typical AMT pores (although it cannot be excluded that

large conformational changes occured in the mutants).

The Phenylalanine Gate

In AMT/Rh crystal structures, the pore is occluded to differ-
ent levels by a “gate” that is formed by 2 phenylalanines (Phe).
Some mutations of these phenylalanines to smaller aliphatic resi-
dues did not strongly influence the transport or even improved
the transport rate in EcAmtB, while others are not tolerated.*
The “Phe gate” in RhC glycoproteins appears less strictly
occluded”” and the simultaneous deletion of both Phe in the gate
of the RhC glycoprotein yielded a NH; conducting channel.*®
The outer Phe was absolutely required for the function of
EcAmtB, as it may be critical for the deprotonation of NH,*.%
All these observations are in accordance with the notion that
such a gate is required for stripping off a proton from the NH, "
substrate in EcAmtB and AfAMT-1.

The Twin His Motif

Each AMT protein is arranged as a trimer with the subunits
forming hydrophobic pores that are aligned by 2 pore facing con-
served histidines.”®?**” These histidines were proposed to be
involved in deprotonation of ammonium prior to transport.”®
Mutational and functional analysis had experimentally demon-
strated an important, but not crucial role of the twin-histidine
motif for EcAmtB.*® In initial experiments, the first histidine
(His168), but not the second, could be exchanged to glutamate
(Glu) and yielded a transporter with residual activity. This is in
agreement with the fact that many native AMTs from fungi have
a Glu at that position. Further analysis showed that the second
histidine could also be exchanged to acidic amino acids, to yield
a partially active transporter, but only in combinations with other
mutations.”” All double mutants of the 2 histidines in the E.coli
AmtB transporter were not functional in ammonia trans-
port.*>**>2 For all wild type AMTs analyzed in detail, other cat-
ions with an ionic radius similar to ammonium (like the
potassium ion) are strongly excluded from transport. However,
the mutation of H318D in EcAmtB and the double mutation of
H168D, H318E did not change the overall protein structure,
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but led to a loss of AmtB transport specificity and allowed the
transport of K* (Fig. 1C), even though ammonia transport was
abolished by the mutations.’” Single mutations of the histidines
to alanines, which make the pore more hydrophobic, excluded
the transport of the ammonium analog MeA, but not that of
NH, ™" itself. Mutations of the histidines to residues with a stron-
ger polarity might raise the hydrophilicity of the pore, facilitate a
deeper entry of K and eventually allow passage of this ion. In a
plant AMT from bean, the exchange of the first histidine had an
effect on vy and K., and the proposed HY/NH4* co-transport
mechanism.? These findings demonstrate that individual AMT
pore architecture principally can accommodate and pass cations,
such as K, but this depends on whether potentially negatively
charged residues are positioned in the pore substrate pathway
and determines the electrostatics of the pore lumen. While the
central histidines play a crucial role in the transport mechanism,
their relevance to each individual AMT is not the same. Compar-
ative studies with histidine mutants in functionally distinct
AMTs, such as plant AMT1 and AMT?2 transporters, might not
only help to clarify their role in these proteins, but finally lead to
a common consensus requirement for substrate transport.

Deprotonation as a prerequisite for transport

Although initially disputed, electrogenic transport and cellular
accumulation of NH4" was found repeatedly for several
AMTs."*>? The substrate/charge coupling of 1:1 was determined
for AMTs from tomato and wheat, respectively, which is compat-
ible with NH, ™ uniport and NH3/H™ co-transport.'®“¢ Because
of the high sequence identity of prokaryotic and plant AMTs,
their pore is likely very similar in structure, but unfortunately,
structural homology models were too unstable to derive mecha-
nistic conclusions for plant AMT function using molecular
dynamics simulations.*>*® AMT function can be inactivated by
the C-terminus of each monomer, which also contacts neighbor-
ing subunits and mutations in several protein regions apparently
compensated an inactivating carboxy-terminus mutant of plant
AMTs, suggesting that subunit interactions and inter-protein
movements are crucial for transport.”

If there is a general NH; conduction mechanism through the
central AMT/Rh pore, the electrogenic ammonium transport in
plant AMT1 proteins must be explained by a mechanism, where
NHj transit is coupled to H* co-transport. Although functional
assays with liposomes initially supported a facilitated diffusion
mechanism for NH; in the prototype EcAmtB,” these results
could not be confirmed by others.”> Heterologous expression of
EcAmtB in oocytes is in agreement with a net NHj transport
mechanism,*® but NH4" transport was deduced from the capac-
ity of an EcAmtB mutant to accumulate ammonium in bacterial
cells.”” The exact transport mechanism is likely crucial for the
cellular physiology, as in the presence of a membrane potential
and a proton gradient, this determines whether ammonia is taken
up in a secondary active way and accumulated by exploiting the
membrane potential and proton gradient, or whether NHj is pas-
sively excreted and lost.”®

AMTs are unlikely static “holes” in the membrane, and several
findings suggest that they are “gated.” The carboxy-terminus of

Volume 8 Issue 6



the AMT is involved in this gating mechanism, but apparently
also diverse other membrane integral parts of the protein.
Differential, contrasting gating is therefore expected for function-
ally opposite AMT1 and AMT2-type transporters in plants, as
these are co-localized in the same membranes, but it is still
unclear under which conditions net NH;3-flux is relevant. Simple
facilitated NHj diffusion may occur in Rh glycoproteins or some

14,54

gen and energy.

aquaporins, but in AMT?2 transporters, the transport mechanism

is clearly more complex, as NH4" is typically recruited with high
affinity and the deprotonation step is likely essential for transport

activity. This may impose one barrier to impede futile cycling of
ammonia, in addition to gating and low cytosolic NH4" levels
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