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AtAMT2 is an ammonium transporter that is only distantly related to the five members of the AtAMT1 family of
high-affinity ammonium transporters in Arabidopsis. The short-lived radioactive ion '""NH," was used to show that
AtAMT2, expressed in yeast (Saccharomyces cerevisiae), is a high-affinity transporter with a K., for ammonium of about 20 um.
Changes in external pH between 5.0 and 7.5 had little effect on the K,,, for ammonium, indicating that NH, ", not NH;, is
the substrate for AtAMT2. The AtAMT2 gene was expressed in all organs of Arabidopsis and was subject to nitrogen (N)
regulation, at least in roots where expression was partially repressed by high concentrations of ammonium nitrate and
derepressed in the absence of external N. Although expression of AtAMT?2 in shoots responded little to changes in root N
status, transcript levels in leaves declined under high CO, conditions. Transient expression of an AtAMT2-green fluorescent
protein fusion protein in Arabidopsis leaf epidermal cells indicated a plasma membrane location for the AtAMT2 protein.
Thus, AtAMT2 is likely to play a significant role in moving ammonium between the apoplast and symplast of cells
throughout the plant. However, a dramatic reduction in the level of AtAMT2 transcript brought about by dsRNA
interference with gene expression had no obvious effect on plant growth or development, under the conditions tested.

Ammonium and nitrate are thought to be the pri-
mary sources of nitrogen (N) for most plants growing
in agricultural soils. Acquisition of these inorganic
nutrients from the soil solution involves a variety of
different transporters, which transport the ions from
the apoplast of root epidermal and cortical cells into
the symplast. Although ammonium concentrations
are often 10 to 1,000 times lower than those of nitrate
in well-aerated soil, ammonium nutrition plays an
essential role in waterlogged and acid soils (Marsch-
ner, 1995). Furthermore, ammonium seems to be a
preferred source of N and is taken up more rapidly
than nitrate when both ions are presented simulta-
neously to plants (Gazzarrini et al., 1999).

Physiological studies of ammonium transport into
roots have revealed biphasic kinetics in several spe-
cies (Fried et al., 1965; Vale et al., 1988; Wang et al.,
1993). The so-called high-affinity ammonium trans-
port system is predominant at low (submillimolar)
concentrations of substrate (NH,") and exhibits sat-
uration kinetics. A second component of ammonium
uptake is the low-affinity transport system, which
becomes significant at higher external ammonium
concentrations (above 1 mwm) and exhibits non-
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saturation kinetics (Wang et al., 1993; Kronzucker et
al., 1996). Although the molecular basis of low-affinity
transport system activity remains unknown, there is
growing evidence that members of the AMT1 family
of transporters are responsible for high-affinity ammo-
nium transport system activity in plants. The first
AMT1 gene to be discovered in plants was AtAMT1;1
from Arabidopsis, which was cloned by complemen-
tation of a yeast (Saccharomyces cerevisiae) mutant de-
fective in ammonium transport (Ninnemann et al.,
1994). Analysis of the Arabidopsis genome sequence
reveals four additional closely related genes (AtAMT1;
2-5). Several plant AMT1 family members, including
three homologs from Arabidopsis and three from to-
mato (Lycopersicon esculentum) have now been ex-
pressed and studied in yeast, and all but one appear to
be saturable, high-affinity ammonium transporters
that can also transport methylammonium (MA; Gaz-
zarrini et al., 1999; von Wirén et al., 2000). Interest-
ingly, AtAMT1;2 exhibited biphasic transport kinetics
when expressed in yeast: In addition to a saturable,
high-affinity component, a non-saturable component
was manifest at millimolar concentrations of external
ammonium (Shelden et al., 2001).

Recently, we reported the isolation and partial
characterization of the ammonium transporter
AtAMT?2 from Arabidopsis, which is only distantly
related to plant AMT1 proteins (Howitt and Udvardi,
2000; Sohlenkamp et al., 2000). In fact, AtAMT?2 is
more closely related to ammonium transporters from
prokaryotes than it is to plant AMT1 transporters.
Sequencing projects have uncovered novel members
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Figure 1. Northern-blot analysis of AMT2 transcripts in different
organs of Arabidopsis. Tissue from different organs was harvested
from 5-week-old soil-grown plants, except roots, which were har-
vested from 19-d-old axenically grown plants. Twenty micrograms of
total RNA from each organ was separated, blotted, and probed with
an antisense riboprobe specific to the last 400 bp (3’-end) of
AtAMT2. Lower, Ethidium bromide-stained gel before blotting.

of the AMT2 family in several plant species, includ-
ing Lotus japonicus, Medicago truncatula, rice (Oryza
sativa), and Physcomitrella patens. Unlike other ammo-
nium transporters studied to date, AMT2 was unable
to transport "*C-MA, which made it difficult to char-
acterize the transport kinetics of this protein (Sohlen-
kamp et al., 2000).

Plant AMT proteins are presumed to play major
roles in the uptake of soil ammonium into roots. For
instance, the AtAMT1;1, AtAMT1;2, and AtAMT1;3
genes are all strongly expressed in Arabidopsis roots
(Gazzarrini et al., 1999), and regulation of these genes
is correlated with changes in ammonium uptake ac-
tivity of roots (Gazzarrini et al., 1999; Rawat et al.,
1999; Shelden et al., 2001). At least two AMT genes
from Arabidopsis, AtAMT1;1 and AtAMT?2, are also
expressed in shoots (Ninnemann et al., 1994; Gazzar-
rini et al., 1999; Sohlenkamp et al., 2000), where they
may play roles in ammonium recycling, especially
after photorespiration. The fact that the Arabidopsis
genome contains at least six genes encoding ammo-
nium transporters, five from the AMT1 family and
one from AMT2, may make it difficult to assign a
specific role(s) to any one transporter. Because of the
divergence of AtAMT2 from all other AMTs in Ara-
bidopsis, we expected that it might play a role(s)
distinct from the other transporters. To uncover this
role(s), we have investigated the expression pattern
and regulation of AtAMT?2, the kinetic properties and
intracellular location of the protein, and the physio-
logical and developmental consequences of interfer-
ing with expression of the gene. The results of this
work are presented here.
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RESULTS
AtAMT?2 Is Expressed in All Plant Organs

Previous work showed that AtAMT? is expressed
in both roots and shoots of Arabidopsis (Sohlenkamp
et al.,, 2000). To obtain more information about
AtAMT?2 expression in different organs, northern-
blot analysis was performed using total RNA isolated
from stems, rosette leaves, cauline leaves, flowers,
and siliques of plants grown in soil for 5 weeks. Root
RNA was isolated from plants grown in axenic cul-
tures for 19 d. AMT?2 transcripts were detected in all
organs examined. Transcript levels were greatest in
roots, leaves, and stems, and somewhat lower in
flowers and siliques (Fig. 1). In addition to the full-
length transcript (1.7 kb), a second shorter transcript
of 1.2 kb was detected in both root and stem RNA. As
the Arabidopsis genome contains no other sequences
that are closely related to AtAMT2, we suspected that
the shorter transcript was also derived from
AtAMT?2. To investigate this further, we hybridized
northern blots of total RNA from roots or shoots with
antisense riboprobes complementary to either the 5’
end of the AtAMT?2 transcript (300 nucleotides) or its
3’ end (400 nucleotides; Fig. 2). The 3’ end probe
hybridized to both a 1.7- and a 1.2-kb RNA from
roots, whereas the 5 end probe hybridized to the
larger, full-length AMT? transcript only. Both probes
hybridized to only a single, 1.7-kb transcript from
leaves. Thus, the 1.2-kb fragment in total RNA from
roots appeared to lack the first (5') 500 bp of the
full-length transcript.

Regulation of AMT2 Transcription by Nutrient Supply

To determine whether AtAMT2 expression is sub-
ject to N regulation, northern-blot analysis of plants
grown under different N regimes was performed.
Plants were grown in axenic culture for 19 d in
modified Murashige and Skoog medium containing
20.6 mM ammonium nitrate and 18.8 mm potassium
nitrate, or for 16 d in this medium followed by trans-
fer to a similar medium lacking N for 3 d. After N
deprivation, plants were transferred to fresh medium
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Figure 2. Structure of two AMT2 transcripts in roots. A, Schematic
representation of the putative structure of the two AMT2 transcripts.
Black bars indicate parts to the transcripts that were complementary
to the antisense riboprobes. B, Northern blot of 20 ug of total RNA
from root and leaf tissue of Arabidopsis C24, using riboprobes spe-
cific to the 3’ or 5’ part of the AtAMT2 gene.
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supplemented with 1 mM nitrate for 30 min or 1 h, to
test the influence of nitrate on AMT?2 expression. The
amount of AtAMT?2 transcript increased in roots in
response to N deprivation (Fig. 3), as observed before
(Sohlenkamp et al.,, 2000). Addition of nitrate to
N-deprived plants resulted in a slight decrease in
AtAMT? transcript levels in roots at 30 and 60 min,
although levels did not fall to those observed in
ammonium nitrate-grown plants. No differences in
AtAMT? transcript levels were detected in shoots of
plants subjected to the various treatments (Fig. 3).
Once again, roots contained both 1.7 and 1.2 kb
AMT? transcripts, whereas shoots contained only the
larger transcripts.

Photorespiration results in significant ammonium
production in photosynthetic tissues in C3 plants, but
can be suppressed by increasing the ratio of CO, to
O, in the atmosphere (Somerville and Ogren, 1979,
1980, 1981). To test whether AtAMT2 may play a role
in recycling of photorespiratory ammonium, we per-
formed a northern-blot analysis of plants grown in
the presence of high CO,. Plants were grown in soil
under ambient atmospheric conditions for 3 weeks
before being transferred to high CO, (800 uL L1 for
a further 2 weeks, whereas control plants were kept
under ambient CO, conditions (approximately 400
wL L") for the entire period. The high CO, treatment
resulted in a slight decline in AtAMT?2 transcript level
in leaves (Fig. 4).

Promoter B-Glucuronidase (GUS) Studies of AMT2
Expression in Arabidopsis

To analyze AtAMT2 expression with greater reso-
lution than was possible with northern blots, trans-
genic Arabidopsis plants were generated that ex-
pressed the GUS reporter gene (Jefferson et al., 1987)
under the control of 1.0 kb of the AtAMT2 promoter.
T, individuals of more than 20 transgenic lines were
analyzed. Seedlings were grown in vitro in magenta
boxes for 4 weeks in Murashige and Skoog medium
(Murashige and Skoog, 1962), and all organs were
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Figure 3. N regulation of AtAMT2 expression. Plants were grown in
axenic culture in media containing 20.6 mm NH,NO; and 18.8 mm
KNO, for 19 d (A), for 16 d followed by transfer to a similar medium
lacking N for 3 d (B), followed by addition of T mm nitrate for 30 min
(O) or 1 h (D). Twenty micrograms of total RNA from roots and shoots
was loaded in each lane. Hybridization was done with a random-
primed full-length AtAMT2 cDNA. Equal loading of RNA was con-
firmed with a probe to the constitutively expressed gene elF4a.
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Figure 4. Effect of high CO, on AtAMT2 expression. Plants were
grown in soil in a normal atmosphere (400 uL L™" CO,) for 3 weeks
before a subset of plants were transferred to high CO, (800 uL L™
conditions. Twenty micrograms of total RNA isolated from whole
plants was separated, blotted, and probed with an antisense ribo-
probe specific to the 3’ part of AMT2. Lower, Ethidium bromide-
stained gel before blotting.

analyzed for GUS activity. GUS activity was detected
in the vascular tissues of leaves, stems (not shown),
roots, and flowers. GUS activity was also detected in
root tips and in the root cortex, but not the root
epidermis (Fig. 5). No GUS activity was detected in
siliques.

AtAMT2 Encodes a High-Affinity
Ammonium Transporter

Initial characterization of AtAMT2 showed it to be
an ammonium transporter that, unlike AtAMT1
transporters, cannot transport the ammonium ana-
log, MA (Sohlenkamp et al., 2000). The inability of
AtAMT?2 to transport MA is unfortunate, because it

Figure 5. Localization of AMT2 expression in Arabidopsis with
promoter-GUS fusions. Organs from 4-week-old plants were stained
for GUS activity: flower (A), rosette leaf (B), root (C), cross section
through mature root (D), and root tip (E).

Plant Physiol. Vol. 130, 2002
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Figure 6. '*N-ammonium transport by AtAMT1;1 and AtAMT2 ex-
pressed in the yeast. A, Time course of 100 pM '*N-ammonium
uptake at external pH 6.1 or 7.5. Yeast strain YCW012 was trans-
formed with: pYES3 (@), pAMT2 (O), or pAMT1;1 (V¥), and uptake
measured at pH 6.1. Uptake was also measured at pH 7.5 for yeast
expressing pAMT2 (V). B, Double reciprocal plots of initial uptake
versus ammonium concentration at different external pH. Strain
YCWO012 was transformed with the following plasmids and assayed
at the pH indicated: pAMT1;1 at pH 5.0 (@), pAMT1;1 at pH 6.1 (O),
PAMT1;1 at pH 7.5 (¥), pAMT2 at pH 5.0 (CJ), pAMT2 at pH 6.1 (W),
and pAMT2 at pH 7.5 (V). The symbols for pAMT1;1 at pH 5.0 and
6.1 partially overlap.

precludes studies of transport kinetics using radioac-
tive "*C-MA. Thus, to determine the transport char-
acteristics of AtAMT?2, we resorted to the use of
®N-ammonium, which has a half-life of only 10 min.
AtAMT2 was expressed in the yeast ammonium
transport mutant, YCWO012, which is defective in all
three of its known ammonium transporters and does
not possess NADPH-dependent Glu dehydrogenase
(GDH1), the principle enzyme of ammonia assimila-
tion in yeast. Furthermore, 1 mm L-methionine sul-
foximine was added to the cultures before the uptake
assays to inhibit GIn synthetase activity. Yeast cells
transformed with constructs expressing AtAMT2
were able to take up '>N-ammonium from the exter-
nal medium (Fig. 6). The same was true for cells
expressing the Arabidopsis transporter, AtAMT1;1,
which was included as a positive control (Fig. 6).
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AtAMT1;1 facilitated rapid influx of "*N-ammonium
with an apparent K, of 22 um at pH 6.1 (Table I).
Although AtAMT?2 also exhibited a high affinity for
*N-ammonium (apparent K., of 21 um at pH 6.1), its
capacity for ammonium transport was at least an
order of magnitude lower than that of AtAMT1;1 at
pH 5.0 and 6.1 (Fig. 6; Table I). Interestingly, the
apparent V.. of AtAMT2 increased with increasing
external pH, whereas that of AtAMT1;1 decreased, so
that at pH 7.5 the transport capacity of the two trans-
porters appeared to be similar. The yeast mutant
containing the vector pYES3 alone was unable to
import "?’N-ammonium at either pH 5.0 or 6.1 (Fig. 6).
However, significant rates of *N-ammonium uptake
were exhibited by this strain at pH 7.5, which may be
attributable to the diffusion of NH; into the cells.

Subcellular Localization of AtAMT2

Although circumstantial evidence points toward a
plasma membrane location for some AMT1 family
members (Lauter et al., 1996; Gazzarrini et al., 1999;
Shelden et al., 2001), no direct evidence for this has
been published. To determine the intracellular loca-
tion of AtAMT?2 in Arabidopsis, a translational fusion
between AMT2 and the fluorescent reporter protein,
green fluorescent protein (GFP) was transiently ex-
pressed in Arabidopsis leaves under the control of a
double cauliflower mosaic virus 35S promoter. To
test the efficacy of this approach, a variety of positive
controls were included in our experiments. The con-
trol constructs were GFP (smGFP without a leader
sequence; Davis and Vierstra, 1998), RbcS-GFP (pea
[Pisum sativum] RbcS plastid transit peptide fused to
GFP; Anderson and Smith, 1986), mGFP5 (which is
targeted to the endoplasmic reticulum [ER]; Haseloff
et al.,, 1997), and cox-GFP (transit peptide of mito-
chondrial cytochrome oxidase fused to GFP). Tran-
sient expression of RbcS-GFP in epidermal cells of
Arabidopsis led to accumulation of GFP in chloro-
plasts (Fig. 7, A-C). The cox-GFP fusion protein was
found in mitochondria of transformed cells, which
were smaller, and clearly distinct from chloroplasts

Table 1. Kinetic data for ">N-ammonium uptake by AtAMT1;1 and
AtAMT2 expressed in yeast

Values are derived from Figure 6B.

Transporter  External pH K Vinax
oy nmol NH,* min™" unit Agpp™"

AtAMT1;1 5.0 16 £ 0.5 53=*1.8

6.1 22 £ 1.1 56 1.2

7.5 25 €25 2.7*1.0
AtAMT2 5.0 23 +55 0.3 =0.2

6.1 213 0.5*03

7.5 22 £1.3 1.9 *+0.5

*The background rate of ammonium uptake measured in the mu-
tant strain YCWO012 containing pYES3 was taken into account when
calculating V... Estimates of error represent 95% confidence inter-
vals and were calculated from independent samples.
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Figure 7. Transient expression of AtAMT2-GFP
in Arabidopsis leaf epidermal cells. The images
shown are representative of numerous trans-
formed cells. Images show chlorophyll fluores-
cence (red), GFP fluorescence (green), or both. A
through C, Epidermal cell expressing RbcS-GFP.
A, Chlorophyll fluorescence. B, GFP fluores-
cence. C, Overlap of both channels, with yellow
indicating coincidence of GFP and chlorophyll.
D, Overlay of chlorophyll and the GFP fluores-
cence of an epidermal cell expressing cox-GFP.
E, Epidermal cell expressing mGFP5 (Haseloff et
al., 1997), which is targeted to the ER. F, Cell
expressing GFP without a leader sequence,
which distributes between cytoplasm and nu-
cleus. G, Epidermal cell expressing AMT2-GFP.
GFP fluorescence can be observed on the border
of the cell and on the nuclear envelope.

(Fig. 7D). The mGFP5 protein was observed in the
ER, whereas GFP without a leader sequence was
located in the cytoplasm (Fig. 7, E and F, respective-
ly). Transient expression of the AtAMT2-GFP fusion
in leaf epidermal cells invariably led to green fluo-
rescence on the plasma membrane and the nuclear
envelope (Fig. 7G). Labeling of the latter may simply
reflect the fact that plasma membrane proteins are
delivered via the ER, which is contiguous with the
nuclear envelope. We have observed this phenome-
non for other GFP fusions that are targeted to the
plasma membrane (C. Sohlenkamp and M.K. Udvardi,
unpublished data).

Molecular Physiology of AtAMT2

To gain further insight into the possible physiolog-
ical role(s) of AtAMT2, we used a reverse genetics
approach using RNA interference (RNAi; Fire et al.,
1998; Kennerdell and Carthew, 1998; Waterhouse et

Eovowo® 88
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Figure 8. RNAI inhibition of AMT2 expression in Arabidopsis. Up-
per, Results of a typical northern-blot analysis of transgenic RNAi
lines of Arabidopsis expressing the AMT2 hairpin construct. Ran-
domly chosen leaves were harvested from 4-week-old plants and 10
pg of total RNA was subjected to northern analysis, using an anti-
sense riboprobe specific to the 3’ part (400 bp) of AMT2. Wt,
Wild-type C24; numbers refer to different RNAi lines. Lower,
Ethidium bromide-stained gel before blotting.
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al., 1998; Baulcombe, 1999; Cogoni and Macino, 1999;
Smith et al., 2000; Wianny and Zernicka-Goetz, 2000).
A binary vector containing the entire AtAMT?2 coding
sequence (1.5 kb) and a 0.9-kb fragment from the 5’
end of the coding sequence in a head-to-tail config-
uration was constructed and transformed into Ara-
bidopsis. Seeds from transformed plants were se-
lected on Murashige and Skoog plates containing
kanamycin, and resistant seedlings were transferred
to soil. Four weeks after germination, rosette leaves
from 40 independent lines were harvested for
northern-blot analysis of AtAMT2 expression. An an-
tisense riboprobe specific to the 3’ part (500 bp) of the
AtAMT?2 gene was used for hybridization. The wild-
type transcript of AtAMT2 was undetectable in most
of the RNAI lines (e.g. Fig. 8). Instead of the 1.7-kb
transcript present in the wild type, RNAi lines exhib-
ited an abundant 0.6-kb RNA fragment that was
thought to represent the loop connecting the two
complementary parts of the RNA hairpin structure
(Fig. 8). This was confirmed with two other ribo-
probes. A sense probe identical to the loop sequence
did not hybridize to the 0.6-kb band, as expected,
whereas an antisense probe specific to the 5" part of
the wild-type AMT2 transcript hybridized to much
smaller, apparently degraded fragments (not shown).
Despite the absence of detectable AfAMT?2 transcript
in many of the RNAI lines, none of them exhibited
aberrant growth or development under a variety of
different growth conditions (data not shown).

DISCUSSION

The results presented here on the expression pat-
tern and regulation of AtAMT?2 confirm and extend
previous work on this subject (Sohlenkamp et al.,
2000). Transcripts of AtAMT2 were found in all or-
gans tested, with highest levels being detected in
roots, leaves, and stems. Lower levels of transcript
were found in flowers and siliques (Fig. 1). Promoter-
GUS studies showed that the AtAMT2 promoter (1.0

Plant Physiol. Vol. 130, 2002



kb) was active in vascular tissues of roots, leaves, and
flowers. Lower activity was also detected in other
tissue types, including the root cortex and meristem-
atic region (Fig. 5). Expression of AtAMT2 in various
tissues indicates that the transporter is likely to play
diverse roles in the plant.

Expression of AtAMT? in roots was subject to reg-
ulation by N supply (Fig. 3). Thus, the amount of
AtAMT? transcript increased in roots after 3 d of N
deprivation. Subsequent addition of N to the roots, in
the form of 1 mm nitrate, resulted in a decrease in
AtAMT?2 transcript levels toward the level exhibited
by plants grown in the presence of both ammonium
and nitrate (Fig. 3). In contrast to the situation in
roots, AtAMT?2 transcript levels remained unchanged
in the shoots of plants subjected to the various treat-
ments (Fig. 3). It has been shown for AtAMT1;1 that
transcript levels respond to the internal N status of
the plant (Rawat et al., 1999). Given the similarities in
the responses of AtAMT2 and AtAMT1,1 to altered N
supply, it is likely that transcription of AtAMT?2 in
Arabidopsis roots responds to the same N cues. The
lack of response of AtAMT2 expression in shoots of
plants exposed to different N regimes may reflect
real differences in the regulation of the gene in shoots
and roots. However, it is also possible that the shoots
were somewhat buffered by the roots against
changes in external and internal N pools, which
might otherwise have caused similar changes in
AtAMT?2 expression in shoots.

Unlike AtAMT1 genes, AtAMT?2 is expressed at
least as strongly in leaves as it is in roots (Figs. 1-3).
Photorespiration in shoots leads to production of
ammonium, which must be recycled for the plant to
maintain its N status. In fact, the flux of ammonium
through this cycle can exceed ammonium influx into
roots by a factor of 10 (Keys et al., 1978), and photo-
respiratory mutants that cannot reassimilate this am-
monium efficiently are unable to grow under ambi-
ent atmospheric conditions (Somerville and Ogren,
1979, 1980, 1981; Wallsgrove et al., 1987). To investi-
gate the possible involvement of AtAMT2 in ammo-
nium recycling after photorespiration, plants were
exposed to double the normal concentration of CO,
in the atmosphere to repress photorespiration. Alter-
ations in the CO, to O, ratio have been found to alter
the expression of GS2 in Phaseolus vulgaris, a gene
that is involved in ammonium recycling after photo-
respiration (Wallsgrove et al., 1987; Cock et al., 1991).
In contrast, no such regulation was found for GS2 in
Arabidopsis (Beckmann et al., 1997). AtAMT?2 tran-
script levels fell slightly in response to high CO, (Fig.
4), indicating that the transporter may participate in
ammonium recycling during photorespiration.

In addition to the 1.7-kb AtAMT2 transcript that
was detected in all organs, a second, 1.2-kb RNA was
detected in roots, using an AtAMT2 probe. (Figs.
1-3). Further analysis of the shorter transcript indi-
cated that it probably corresponded to the 3" end of
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AtAMT?2 because it lacked sequence homologous to
the 5’ end of the full-length transcript (Fig. 2). If this
is the case, then it will be interesting to determine
whether the shorter transcript is derived from the
longer by RNA processing, or whether it results from
transcription from an alternative promoter in the
AtAMT?2 gene. Interestingly, the AtAMT2 gene has
four introns, one of which is 400 bp downstream of
the normal start of transcription. A promoter within
this intron could, in theory, produce a 1.2-kb tran-
script. Multiple transcripts have been found for other
genes. For example, cystathione y-synthase mRNA in
Arabidopsis was truncated at the 5" end in a process
that was dependent on Met concentration (Chiba et
al., 1999). Mutants not able to process the full-length
transcript were isolated during a screen for plants
that accumulate Met to high concentrations inside the
cells, which highlighted the importance of such pro-
cessing (Chiba et al., 1999). By analogy, the 1.2-kb
AtAMT? transcript may also play a regulatory role.
In this context, it is interesting to note that its syn-
thesis is not only regulated in a developmental man-
ner, but also by N supply to the plant (Figs. 1-3).

This paper presents for the first time, to our knowl-
edge, short-term kinetic data for '*N-ammonium
transport by an isolated plant AMT (Fig. 6). AtAMT2
and AtAMT1;1 were expressed separately in a yeast
mutant defective in all known ammonium transport-
ers. The data indicate that AtAMT2 and AtAMT1;1
are both high-affinity ammonium transporters, with
K., for NH, " of approximately 15 to 25 um. A similar
value was obtained for LeAMT1;1 recently using
electrophysiology (Ludewig et al., 2002). Although
expression in yeast of both AtAMT2 and AtAMT1;1
were driven from the same Gal-inducible (GAL1)
promoter, the V. for ammonium transport in
AtAMT1;1-containing cells was at least an order of
magnitude greater than that exhibited by AtAMT2-
containing cells, at pH 5 and 6.1. Although we do not
know whether similar numbers of transporter mole-
cules were targeted to and functional in the plasma
membrane in both cases, the V. data may indicate
an important difference between AMT2 and AMT1
transporters. We have consistently observed shorter
doubling times for yeast expressing AMT1 proteins
from Arabidopsis and L. japonicus (Simon-Rosin et
al., 2003) than for those expressing AMT2 transport-
ers from these species, which would be consistent
with a higher V., for AMT1 transporters.

Apart from the possible difference in V.,
AtAMT2 and AtAMTI;1 activity in yeast exhibited
different responses to changes in external pH.
AtAMT1;1 activity was insensitive to pH changes
between pH 5.0 and 6.1 and decreased by more than
50% when pH was increased from 6.1 to 7.5. In
contrast, AtAMT2 activity increased consistently
with increasing pH from 5.0 to 7.5, such that at pH 7.5
the activity of AtAMT2 approached that of
AtAMT1;1 (Fig. 6). The pH profiles of AMT activity
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can help to discern whether NH," or NH; is the
transported molecule. Ammonia is a weak base
(pKa 9.25), which is more than 99% protonated
(NH,") at neutral pH. As pH increases from pH 5.0
to 7.5, the concentration of NH; increases 316-fold,
whereas that of NH," changes by about only 1%.
Thus, rates of NH; transport would be expected to be
strongly dependent on pH in this range, whereas
those of NH," would be independent of pH, other
things being equal. Ammonium transport by
AtAMT1;1 in yeast was independent of changes of
pH between 5.0 and 6.1, and actually decreased be-
tween pH 6.1 and 7.5. This, together with the fact that
the K, for ammonium was unaffected by external
pH, is evidence that NH,", and not NHj, is the
substrate for this transporter (Table I). The same
conclusion was reached recently in an elegant elec-
trophysiological study of LeAMT1;1, a related am-
monium transporter from tomato (Ludewig et al.,
2002). The form of ammonium transported by
AtAMT? is less clear, partly because of the low ca-
pacity exhibited by the transporter. Although ammo-
nium transport rates increased with increasing pH,
the magnitude of these changes was far less than
would be expected if NH; were transported, espe-
cially when the background levels of ammonium
uptake exhibited by the control mutant strain were
taken into account. On the other hand, the K, for
ammonium uptake by AtAMT2 was similar at pH 6.1
and 7.5, which indicates that NH, " is probably the
substrate for this transporter also.

Despite indirect evidence that some plant AMT1
transporters are located on the plasma membrane
(Lauter et al., 1996; Gazzarrini et al., 1999; Rawat et
al., 1999; Shelden et al., 2001), no direct evidence for
this has been published. Our attempts to demonstrate
this directly by immunolocalization have failed so far
for want of specific antibodies to the AMT proteins.
However, using an AtAMT2-GFP fusion construct,
we were able to demonstrate that the information
inherent in the AtAMT2 protein was sufficient to
target the GFP marker to the plasma membrane of
Arabidopsis cells (Fig. 7). With the exception of some
labeling of the nuclear envelope, which may be ac-
counted for by proteins en route to the plasma mem-
brane via the ER-nuclear membrane continuum, no
other membrane systems were labeled in cells express-
ing the fusion protein. Thus, AtAMT?2 is very likely to
be a plasma membrane protein in Arabidopsis.

Double-stranded RNA has proved to be highly ef-
fective at inducing posttranscriptional gene silencing
in plants (Baulcombe, 1999; Cogoni and Macino,
1999; Chen et al., 2000; Smith et al., 2000; Waterhouse
et al., 1998). RNAi has been shown to phenocopy a
number of well-known mutants, including a set of
flower development and meristem identity mutants
(Chen and Meyerowitz, 2000). We also found RNAi
to be very effective at reducing or eliminating expres-
sion of AtAMT?2 in Arabidopsis (Fig. 8). Our aim in

1794

eliminating AtAMT2 expression was to identify an
aberrant phenotype(s) that would provide insight
into the role of the transporter in plants. In particular,
we were interested in a possible role of AtAMT2 in
ammonium recycling after photorespiration. How-
ever, despite the dramatic reduction in AtAMT2 tran-
script levels in many of the transgenic lines, none of
the lines showed a photorespiratory phenotype or
any other obvious changes compared with wild-type
plants. Thus, an essential role for AtAMT2 during
photorespiration can be excluded. Detailed molecu-
lar analyses of these lines, for instance metabolite
profiling, may uncover subtle changes in the RNAi
lines. Although residual AtAMT?2 activity in the nu-
merous transgenic lines may have been sufficient to
fulfill the normal role(s) of the protein, we think that
this is unlikely, given the apparent absence of
AtAMT?2 transcript in many of these lines. What
seems more likely is that other ammonium transport-
ers are able to substitute for a lack of AtAMT?2 activ-
ity. This idea will be tested in the future using
AtAMT2 knockout mutants.

MATERIALS AND METHODS
Growth of Arabidopsis

Arabidopsis ecotype C24 was grown either in soil in a phytotron with an
18-/6-h day/night cycle (120 umol m~? s~ ! light intensity) at 22°C/18°C
and 75%/60% humidity, or in a tissue culture room at 22°C with continuous
light (120 umol m~2 s™!). A modified Murashige and Skoog medium was
used for growing the plants in axenic culture (Sohlenkamp et al., 2000).

Expression Analysis of AMT2

RNA was isolated from leaves, roots, and flowers using Trizol reagent
(Life Technologies, Rockville, MD). For the RNA isolation from stems and
siliques, a detergent-based isolation method was used (Jacobsen-Lyon et al.,
1995). After separation of the RNA by gel electrophoresis under denaturing
conditions (Lehrach et al., 1977), the RNA was transferred to nylon mem-
branes (Porablot NY Amp, Macherey-Nagel, Diiren, Germany) and UV
cross-linked to the membrane. Blots were probed with either single-strand
RNA (a) or a double-stranded DNA (b) probes, as follows: (a) Nylon
membranes were prehybridized for at least 1 h at 50°C and hybridized
overnight at 50°C in a solution consisting of 50% (v/v) formamide, 0.25 m
sodium phosphate buffer (pH 7.2), 0.25 m NaCl, 1 mm EDTA, 7% (w/v) SDS,
and a-**P-UTP-labeled RNA probe, which was produced by in vitro tran-
scription from linearized plasmid containing the cDNA of interest (Epicen-
tre Technologies, Madison, WI). Membranes were washed at room temper-
ature for 5 min in 2X SSC, twice in PSE buffer (0.25 m sodium phosphate
buffer [pH 7.2], 2% [w/v] SDS, and 1 mm EDTA), twice in PES buffer (0.04
M sodium phosphate buffer [pH 7.2], 1% [w/v] SDS, and 1 mm EDTA) and
three times in 2X SSC at room temperature. The filters were treated with
1 ug mL~! RNase A in 2X SSC for 15 min at room temperature before be-
ing washed in 0.1X SSC and 0.1% (w/v) SDS for 30 min at 50°C and sub-
jected to autoradiography; or (b) Nylon membranes were prehybridized for
at least 1 h at 65°C and hybridized overnight at 65°C in 250 mm sodium
phosphate buffer (pH 7.2) containing 7% (w/v) SDS, 1% (w/v) bovine se-
rum albumin, and 1 mm EDTA. Radioactively labeled probe was prepared
using the Rediprime kit (Amersham, Buckinghamshire, UK). After hybrid-
ization, membranes were washed at 65°C once in 2X SSC and 1% (w/v)
SDS and twice in 0.2X SSC and 0.1% (w/v) SDS, then subjected to
autoradiography.

Ammonium Uptake Measurements

Yeast (Saccharomyces cerevisiae) strain YCWO011 (Amepl Amep2 Amep3
Agdhl MATa) was produced from strain MLY31 (Lorenz and Heitman,
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1998), by homologous recombination of the wild-type GDHI with
GDH1::URA3, using pGDH1del (Boles et al., 1993). A uracil auxotroph of
strain YCWO011 (strain YCWO012) was produced by homologous recombina-
tion of the functional URA3 gene (within the mutated GDH1) with a dys-
functional form of the gene produced by Apal digestion, Klenow fill in, and
religation of URA3, which generated a frame shift mutation. Strain YCW012
(Amepl Amep2 Amep3 Agdhl ura3 MATa) was selected on media containing
2.5 mg mL ™! 5-fluoroorotic acid and 50 g mL ™" uracil, and later tested on
uracil-minus medium to confirm the loss of URA3 gene function.

Yeast plasmid pYES3 (Smith et al, 1995) containing AtAMTI;1 or
AtAMT?2 was transformed into YCWO012 and selected for uracil prototrophy
and subsequently the ability to complement growth under ammonium-
limiting conditions (Sohlenkamp et al., 2000). Standard molecular methods
were used throughout and yeast strains were transformed using the lithium
acetate method as described by Gueldener et al. (1996).

For uptake experiments, yeast strains were grown overnight in liquid
cultures at 28°C to 30°C in a uracil- and ammonia-free media containing per
liter: 0.17% (w/v) yeast minimal salts without amino acids and without
ammonia (DIFCO Laboratories, Detroit), 20 g of Gal, 1g of Na-Glu, 1 g of
MES buffer, 1.4 g of synthetic amino acid powder lacking uracil (Sigma, St.
Louis), and pH adjusted to 6.1 with NaOH. Yeast cells were harvested by
centrifugation at 3,000¢ for 5 min and resuspended in freshly prepared
media to a final Agy, of 6 to 8. To start reactions, 200 uL of cells was added
to 1.5-mL Eppendorf tubes (Eppendorf Scientific, Westbury, NY) containing
a fixed amount of **N-ammonium and a variable amount of *NH,CI to give
a final ammonium concentration between 10 and 300 um. After mixing, 200
uL of cells was loaded above a silicon oil layer (100 uL of 3:1 [w/v]
AR20:AR200, Fluka, Milwaukee, WI) in a thin-walled 400-uL polyethylene
tube (Bio-Rad, Hercules, CA), and reactions were terminated at the appro-
priate times by centrifugation at 14,000 rpm for 5 s (Beckman MicrofugeE,
Beckman Instruments, Fullerton, CA). The cell pellet was then cut from the
end of the tube and immediately measured in a gamma counter (Wallac
1480 Wizard 3, PerkinElmer Wallac, Gaithersburg, MD). Uptake was con-
sidered stopped at the commencement of centrifugation and the fastest
reaction times were typically 8 s. All uptake measurements were indepen-
dent replicates and were typically repeated three to five times with different
batches of cells. In Figure 6, the error bars represent 95% confidence inter-
vals and linear regressions were performed using SigmaPlot software (SPSS,
Inc., Chicago).

Production and Purification of *NH,*

The short-lived radioisotope N was produced by proton irradiation of
water according to the '°O (p,a) **N reaction (Meeks, 1993). The cyclotron of
Forschungszentrum Jiilich GmbH (Japanese Steel BC 1710, Jiilich, Germany)
provides a 15-pA proton beam. The irradiation procedure generates primar-
ily ®NO,;~ and only traces of *NH,* (Wieneke, 1992). For the chemical
conversion of NO;~ to ammonia and online clean up of the ammonia
generated, a special apparatus was designed to handle small amounts (2-5
mL) of the radioactive solutions. The process was initiated by reduction of
15NO, ™ using Devarda’s alloy under alkaline conditions (in a modification
of Kronzucker et al., 1996). The **NHj; produced was flushed by a stream of
N, gas into a trap containing a solution of 0.01 N H,SO,, adjacent to a
radiation detector. The "*N-ammonia-labeled trapping solution was finally
adjusted to pH 5. The purity of each sample was checked by gamma
spectroscopy and measurements of the gamma emission decay times. Thus,
15N decay (half-life of 9.97 min) can be readily distinguished from the
possible contaminant **F (half-life of 109.7 min).

Construction of Arabidopsis AMT2
Promoter-Reporter Lines

One kilobase pair of sequence upstream (5') of the start codon of AtAMT2
was PCR amplified using primers that introduced PstI (0AMT2P1, 5'-ACG
TCT GCA GAA CAT GAA TCT TAT TGA ATC TCT AA-3') and Smal
(0AMT2P2, 5'-ACG TCC CGG GTT TGT TAT TCT ATC TTT CCC GGA
g-3') restriction sites into the product. The product was digested with PstI
and Smal and cloned into pUC19 (Yanisch-Perron et al., 1985). After se-
quence verification, the promoter was subcloned as a PstI/Smal fragment
upstream (5') of the GUS reporter gene in the binary vector pCAMBIA
1381Z. Arabidopsis C24 plants (T,) were transformed using a floral dip
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method (Clough and Bent, 1998) and seeds were selected on Murashige and
Skoog medium with 1% (w/v) Suc containing 20 ug mL~! hygromycin A.
About 20 T, transgenic seedlings were grown to maturity in soil and T,
seeds were harvested. T, plants were then grown in vitro for 4 weeks in
magenta boxes on Murashige and Skoog medium. Plants were harvested
and the different organs were assayed for GUS activity. Plant organs were
transferred to wells of microtiter plates filled with GUS buffer (50 mm
sodium phosphate buffer (pH 7.2), 10 mm EDTA, 0.1% (w/v) Triton X-100,
0.1% (w/v) Tween 20, 210 mg L™ * K,Fe(CN),.3H,0, 166 mg L™ * K;Fe(CN),,
and 0.5 mg mL~" 5-bromo-4-chloro-3-indolyl-B-glucuronic acid), vacuum
infiltrated, and then incubated in the dark at 37°C for several hours to
overnight. Tissue was then destained in 70% (v/v) ethanol.

Microprojectile Bombardment and GFP Imaging

Using the primers 0AMT2;1gfp1 (5'-AGC TCG AGA TGG CCG GAG
CTT ACG ATC C-3') and 0AMT2;1gfp2 (5'-AGA CTA GTA CTA GAA CAA
TGG TGA CAC CTC-3'), the first 1,200 bp of the coding sequence of
AtAMT?2 (AF182039) was amplified using Pfu DNA polymerase (Stratagene,
La Jolla, CA), then digested with the restriction enzymes cutting at the
incorporated sites (Xhol and Sall). The DNA fragment was cloned into the
respective restriction sites of the vector pA7-GFP to form a translational
fusion between the N terminal of AtAMT2 and GFP. Vectors were then
sequenced to confirm the identity of the constructs. pA7-GFP is a pUC19
derivative with the GFP containing cassette from the binary vector pJH-GFP
(J. Harper, personal communication).

Microprojectile bombardment of Arabidopsis C24 leaves was performed
with a Bio-Rad PDS-1000, as previously described (Hibbert et al., 1998).
Imaging of GFP and chlorophyll fluorescence was performed using a con-
focal scanner TCS SPII together with a DM IRBE microscope (Leica, Hei-
delberg) 24 to 48 h after bombardment. GFP and chlorophyll were excited
with light of wavelength 488 nm.

Construction and Analysis of RNAi Lines

The pBluescript SK™ vector containing full-length AMT2 cDNA (Sohlen-
kamp et al., 2000) was digested with Xbal/BamHI and the AMT2 fragment
was subcloned in sense orientation into the binary vector pGPTVkan-35S
(Becker et al., 1992) downstream of the CaMV35S promoter to produce
pbinAMT?2s. Nine hundred base pairs of the 5 end of the AMT2 cDNA was
amplified with primerl introducing a Kpnl site (5'-TGG CCG GAG CTC
ACG ATC CAA GCT TGC-3') and primer2 (5'-ACG TGG TAC CAT GCC
TTG AAT TGC TCC-3'). The PCR product was digested with Kpnl and EcoRI
and cloned into pUC19 (pUC19-AMT?2as), before being subcloned into the
Kpnl and EcoRI sites of pbinAMT2s. The resulting binary vector,
pbinAMT?2sas, contained the 900-bp fragment downstream (3') of, and in
antisense orientation to, the full-length AtAMT2 cDNA. Arabidopsis
ecotype C24 was transformed with this construct using a floral dip method
(Clough and Bent, 1998). Transgenic (T;) plants were selected on Murashige
and Skoog medium containing 50 ug mL ™! kanamycin before being trans-
ferred to soil. Leaves of 4-week-old plants were harvested for RNA analysis.
Plants were also monitored daily to detect any aberrant growth or devel-
opment phenotypes.
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