
Plant Signaling & Behavior 5:6, 736-738; June 2010; © 2010 Landes Bioscience

 articLe addendum

736 Plant Signaling & Behavior Volume 5 issue 6

Key words: arabidopsis, nitrogen, ammo-
nium transport, AMTs, phosphorylation

Submitted: 03/02/10

Accepted: 03/03/10

Previously published online: 
www.landesbioscience.com/journals/psb/
article/11696

*Correspondence to: Wolf B. Frommer; 
Email: wfrommer@stanford.edu

Addendum to: Lanquar V, Loqué D, Hörmann 
F, Yuan L, Bohner A, Engelsberger WR, et al. 
Feedback inhibition of ammonium uptake by a 
phospho-dependent allosteric mechanism in 
Arabidopsis. Plant Cell 2009; 21:3610–22. PMID: 
19948793; doi: 10.1105/tpc.109.068593.

In plants, AMT/MEP/Rh superfam-
ily mediates high affinity ammonium 

uptake. AMT/MEP transporters form a 
trimeric complex, which requires a pro-
ductive interaction between subunits in 
order to be functional. The AMT/MEP 
C-terminal domain is highly conserved 
in more than 700 AMT homologs from 
cyanobacteria to higher plants with no 
cases found to be lacking this domain. 
AMT1;1 exists in active and inac-
tive states, probably controlled by the 
spatial positioning of the C-terminus. 
Ammonium triggers the phosphoryla-
tion of a conserved threonine residue 
(T460) in the C-terminus of AMT1;1 
in a time- and concentration-depen-
dent manner. The T460 phosphoryla-
tion level correlates with a decrease of 
root ammonium uptake. We propose 
that ammonium-induced phosphoryla-
tion modulates ammonium uptake as a 
general mechanism to protect against 
ammonium toxicity.

Plant-available nutrient pools in soils 
are highly variable and influenced by 
drought, flooding, oxygen concentration 
or pH of the soil. Survival of sessile organ-
isms relies on rapid acclimation to these 
environmental changes. Under conditions 
of nutrient limitation, plants optimize 
morphological and physiological param-
eters: root surface area can increase, 
the metabolic conversion, storage and 
translocation are modified, transporters’ 
nature and density on the plasma mem-
brane can be altered.1 To be able to adjust 
these parameters and maintain optimal 
nutrient cellular concentration, plants 
use sensing systems, which monitor both 
the external and intracellular substrate 
concentrations.

About 70% of all ions acquired by 
plants contain nitrogen (N); N is there-
fore quantitatively the most important 
nutrient. Although ammonium is toxic 
at high concentrations, some species like 
Arabidopsis thaliana favor ammonium 
uptake over nitrate as a nitrogen source.2 
The ammonium transporter/methylamine 
permease/rhesus (AMT/MEP/Rh) super-
family mediates high-affinity uptake of 
ammonium in bacteria, fungi and plants. 
Crystal structures of bacterial AMT reveal 
a trimeric complex with each monomer 
built from 11 transmembrane spanning 
helices. Each of the three subunits has a 
pore that allows passage of ammonium. 
The 11th helix is connected to a cytosolic 
C-terminus that interacts physically with 
its own cytosolic loops and connects with 
several loops of the adjacent subunit.3

Phylogenetic analyses show that the 
cytosolic C-terminus is conserved in more 
than 700 AMT homologs, including 
archaebacteria, cyanobacteria, fungi and 
plants. Most modifications, e.g., muta-
tions of the AMT1;1 C-terminus lead to 
inactive forms of the transporter when 
tested in yeast, suggesting that the pre-
cise positioning of the C-terminus is criti-
cal for transport activity. Threonine-460 
(T460) is highly conserved among the 
plant AMTs, and in silico modeling locates 
T460 between the domain that interacts 
with the loops of his own monomer and 
the domain that connects the neighbor-
ing subunit. Replacement of T460 for an 
aspartate leads to loss of the activity of the 
transporter. Interestingly, coexpression 
of the defective T460D transporter with 
a wild-type functional transporter inhib-
its ammonium uptake by the wild-type 
protein.4 A screen identified suppressor 
mutants that regained activity; suppressor 
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blocking the entrance of ammonium. 
The binding of 2-oxoglutarate and ATP 
allosterically regulates GlnK, thus inte-
grating the cell’s energy status and the 
amount of available precursors for ammo-
nium assimilation. In the E. coli AmtB, 
only the highly conserved domain of the 
C-terminus is present. In contrast, the 
plant C-terminus is extended. Deletion 
of the non-conserved part has no obvious 
effect on transport activity when the plant 
proteins are expressed in yeast. GlnK is 
a PII protein and in plants, the PII pro-
teins identified so far are located in the 
chloroplast. Thus, possibly, the extended 
C-terminus in the plant AMTs could bind 
to proteins that serve similar functions as 
GlnK in E. coli. Using mass spectrome-
try-based proteomic analysis we identi-
fied multiple phosphorylation sites in the 
non-conserved domain of the C-terminus 
in addition to T460, supporting the idea 
that this domain is involved in regulat-
ing AMT function in planta. Two of the 
phosphorylated residues, S488 and S490, 
were regulated in response to ammonium 
re-supply, while S475 was not. These 
additional phosphorylation sites could 
integrate information on nitrogen status, 
cells’ energy supply or availability of pre-
cursors for assimilation of ammonium. 
Given the role of its bacterial counterparts 
in signaling, it is conceivable that plant 
AMTs are involved in sensing and signal 
integration as well.

Under low nitrogen situations, plants 
need to be in a physiological state where 
they rapidly sense the re-supply of ammo-
nium, conditions that also require effi-
cient retrieval of nitrogen. Consistent with 
this possible role, high affinity ammo-
nium transporters are expressed in root 
hairs and are located in the root plasma 
membrane. We propose that once an opti-
mal cellular ammonium concentration is 
reached, a rapid regulatory mechanism 
prevents ammonium entrance to prevent 
against toxic effects of ammonium excess. 
This first level of regulation is achieved 
by a rapid negative modulation system 
mediated by phosphorylation of AMT 
in response to an increase in the sub-
strate supply. Subsequently, a second level 
of regulation leads to endocytosis of the 
transporter or proteolysis as well as down-
regulation of RNA levels (Fig. 2).8

the phosphorylation. Neither glutamine, 
a downstream product of ammonium 
assimilation nor ammonium intracellular 
accumulation by L-methionine sulfoxi-
mine, triggered phosphorylation. External 
ammonium levels as low as 50 µM (∼K

m
 

of the AMT1;1 transporter) induced phos-
phorylation, suggesting that an unknown 
extracellular high affinity sensor or the 
transporter itself could be involved in the 
sensing.

The hypothesis of sensing extracellular 
ammonium levels through the transporter 
is supported by the finding that bacterial 
and fungal AMTs function as transcep-
tors, responsible for both transport and 
ammonium sensing.

Phosphorylation of T460 in response 
to an increase in external ammonium cor-
relates with a reduction of ammonium 
uptake, consistent with the model of a 
mechanism where phosphorylation mod-
ulates the uptake of ammonium into the 
root. It had been previously observed that 
prior to a decrease of RNA, the ammo-
nium uptake was diminished, suggesting 
a post-translational regulation.8 However, 
this is the first time that the reduction 
of the uptake is explained mechanisti-
cally. Thus, phosphorylation triggered by 
an increase in ammonium supply in the 
medium appears to function as a nega-
tive modulator that restricts ammonium 
uptake, potentially to prevent ammonium 
toxicity.

In E. coli, ammonium uptake by AmtB 
is regulated through the recruitment of 
the soluble protein GlnK to the plasma 
membrane. Depending on the nitrogen 
demand, trimeric GlnK interacts with the 
cytosolic face of the trimeric transporter, 

mutations in defined residues in the pore 
or the intracellular loops suggest that 
the interaction of the C-terminus both 
with its own monomer and its neighbor 
modulates the passage of the substrate 
through the channel.4-6 Interestingly, the 
pore mutation Q57H uncouples transport 
from the dependence on the C-terminal 
regulation. Ammonium permeability 
increases 10-fold and yeast cells express-
ing the Q57H mutant become sensitive 
to ammonium.5 Recently, Kustu’s group 
speculated that the C-terminus promotes 
the oscillation of transmembrane helix 
5, thereby affecting transport activity. In 
addition, threonine T460 was found to be 
phosphorylated in a phosphoproteomic 
study of cell cultures grown on high lev-
els of ammonium.7 Considered together, 
these results are consistent with a model 
in which T460 phosphorylation induces a 
conformational change and that a single 
phosphorylation event in the C-terminus 
of one monomer is sufficient for coopera-
tive closure of the trimer (Fig. 1).4

The key question was whether T460 
phosphorylation is regulated and thereby 
modulates AMT activity. To identify 
potential signals that elicit the phosphory-
lation in planta, we produced a phospho-
specific antiserum, which specifically 
recognizes a peptide carrying the phos-
phorylated form of T460. In the absence of 
ammonium in the growth medium, phos-
phorylation was undetectable. Addition of 
ammonium triggered rapid phosphoryla-
tion of T460 in a time- and concentra-
tion-dependent manner. Monovalent 
cations, such as potassium, sodium or 
the analog of ammonium, methylam-
monium, were ineffective in eliciting 

Figure 1. Schematic representation of the regulation of amt1;1 trimer. the homotrimer (blue) is 
represented with the c-terminus (brown line) connecting the neighboring subunit. in absence 
of phosphorylation of t460, the pores are in open conformation, enabling ammonium to enter 
the cell. a single phosphorylation event in the c-terminus of one the monomers (red phosphate), 
induces a conformational change which is sufficient for cooperative closure of the trimer. multiple 
phosphorylation events could potentially maintain the complex closed.
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integrated into decisions regarding the cel-
lular and system responses. A major aim 
will be to identify the kinases involved in 
phosphorylation.
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Thus, ammonium uptake is subtly con-
trolled transcriptionally and post-trans-
lationally. Trans-regulation controlled by 
extracellular ammonium and potentially 
other factors may provide the means for 
protecting against ammonium toxicity 
and fine-tuning accumulation. The next 
steps in the characterization of ammonium 
nutrition will be to determine specifically 
how plants sense ammonium levels: i.e., 
whether they use an ammonium sensor 
at the cell surface, or whether they use 
AMTs as transceptors. Important ques-
tions will be how other parameters such 
as nitrate supply, energy status and accep-
tor molecule availability are perceived and 

Figure 2. illustration of the benefice of a protective modulatory mechanism. at low ammonium concentrations, amt1;1 expression is upregulated; 
ammonium is retrieved from the soil. When the cell experiences a sudden increase in ammonium (Scenario 1), the regulation of amt1;1 transcript 
levels and the proteolysis of the transporter may not be not fast enough to prevent over-accumulation of ammonium leading to toxicity. in Scenario 2, 
the rapid ammonium-dependent phosphorylation prevents over-accumulation of the substrate, thus preventing ammonium toxicity.


