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The movement of ammonium across biological membranes is mediated in both prokaryotes and eukaryotes by
ammonium transport proteins (AMT/MEP) that constitute a family of related sequences. We have previously
identified two ammonium permeases in Aspergillus nidulans, encoded by the mead and mepA genes. Here we show
that meaA is expressed in the presence of ammonium, consistent with the function of MeaA as the main ammonium
transporter required for optimal growth on ammonium as a nitrogen source. In contrast, mepA, which encodes a
high-affinity ammonium permease, is expressed only under nitrogen-limiting or starvation conditions. We have
identified two additional AMT/MEP-like genes in A. nidulans, namely, mepB, which encodes a second high-affinity
ammonium transporter expressed only in response to complete nitrogen starvation, and mepC, which is expressed
at low levels under all nitrogen conditions. The MepC gene product is more divergent than the other 4. nidulans
AMT/MEP proteins and is not thought to significantly contribute to ammonium uptake under normal conditions.
Remarkably, the expression of each AMT/MEP gene under all nitrogen conditions is regulated by the global
nitrogen regulatory GATA factor AreA. Therefore, AreA is also active under nitrogen-sufficient conditions, along

with its established role as a transcriptional activator in response to nitrogen limitation.

Ammonium transport proteins (AMT/MEP) have been iden-
tified in bacteria, fungi, plants, and animals and constitute a con-
served family of polytopic membrane proteins (54). AMT/MEP
proteins are predicted to contain 11 transmembrane (TM) helices
with an N,,-C;, topology (26, 48). Bioinformatic topology pre-
dictions indicate that bacterial AMT/MEP proteins generally con-
tain an additional N-terminal TM domain but that this region acts
as a signal peptide which is removed from the mature protein (9).
Aside from the small cytoplasmic loop between TM domains 3
and 4 that displays sequence similarity to a major facilitator
superfamily motif (34), the AMT/MEP sequences represent a
unique group of transport membrane proteins. Although over 300
members of the AMT/MEP/Rh family have currently been as-
signed based on amino acid sequence similarity (Pfam accession
number PF00909), an ammonium transport function has not been
confirmed for the vast majority of these sequences. Functional
permeases have been described for bacteria, fungi, plants (re-
viewed in reference 54), and humans, where the rhesus blood
group polypeptides, which display significant sequence identity to
AMT/MEP proteins, have been shown to function as ammonium
transporters in other systems (27, 53, 55, 59). The structure of
Escherichia coli AmtB has been determined up to 1.35-A resolu-
tion, and structural analysis revealed that the protein functions as
a trimer that recruits ammonium which is then channeled as
ammonia (18, 58). Genetic, molecular, and/or physiological evi-
dence suggests that AMT/MEP proteins can function as homo-
and/or heterocomplexes (6, 25, 29, 34).

The presence of multiple ammonium permeases with differ-
ent kinetic properties within an organism is common (54). The
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yeast Saccharomyces cerevisiae has three AMT/MEP genes,
MEPI, MEP2, and MEP3. Mepl constitutes the majority of
ammonium uptake for S. cerevisiae, with an affinity in the 5 to
10 M range, Mep2 has the highest affinity for ammonium (1
to 2 uM), and Mep3 is a low-affinity (1 to 2 mM), high-capacity
ammonium permease (28, 30). Certain fungal ammonium per-
meases, including S. cerevisiae Mep2, Candida albicans Mep2p,
and Ustilago maydis UMP2, also function as ammonium sen-
sors, generating a signal to regulate pseudohyphal or filamen-
tous growth in response to nitrogen starvation (5, 23, 44). A
MEPI MEP2 MEP3 triple deletion mutant was unable to
grow on media containing <5 mM ammonium as the sole nitro-
gen source, whereas single deletion strains displayed normal
growth (28). Each of the MEP genes displays an expression profile
typical of genes subjected to nitrogen catabolite repression. The
expression of these genes is low on good nitrogen sources, such as
asparagine, glutamine, and ammonium, that support optimal
yeast growth, and levels are elevated on low-ammonium or sub-
optimal nitrogen sources such as proline (28). The GATA factors
Gln3p and Nillp, which mediate nitrogen catabolite repression in
S. cerevisiae, control the expression of all three MEP genes (28).

Two Aspergillus nidulans AMT/MEP genes, meaA and mepA,
have been characterized (33). A meaAA mutant displays re-
duced growth on ammonium as the sole nitrogen source,
whereas a mepAA mutant exhibits normal growth under these
conditions. A mepAA meaAA mutant is unable to grow with
low ammonium concentrations at pH 4.5, and the residual
growth at pH 6.5 has been attributed to the passive diffusion of
ammonium (24, 33, 45). The MepA permease displays a higher
affinity for methylammonium than does MeaA (K,,, 44.3 uM
and 3.04 mM, respectively). MeaA serves as the main ammo-
nium transporter, whereas the higher-affinity MepA permease
is likely to have a scavenging role in ammonium uptake (33).

Here we present a further characterization of the A. nidulans
ammonium transport system and its regulation. We have
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TABLE 1. A. nidulans strains used for this study

Strain Genotype
IMH L ittt biAl
MHS5699 yAl areA::riboB pyroA4
IMHSO ...ttt seaeaeaen biAl tamAA riboB2
MH9102 biAl nmrA::Bleo” areAUTRA pyroA4 riboB2
IMHO233....cee ettt ettt biAl wA3 argB::trpCAB pyroA4 riboB2
MH9828 biAl wA3 argB::trpCAB meaA::argB pyroA4 mepA::riboB riboB2
IMHOB29......ciietec ettt biAl meaA::argB pyroA4 mepA::riboB riboB2
MH9830 biAl amdS::lacZ meaA::argB pyroA4 riboB2
IMHOBO ...ttt ettt biAl wA3 meaA::argB pyroA4 riboB2
MH9924 biAl amdS::lacZ pyroA4 riboB2
IMHOOIO ...ttt biAl wA3 argB::trpCAB meaA::argB pyroA4 riboB2
MH9965 biAl meaA::argB pyroA4 riboB2
MHITO3T Tttt VAL areA::riboB meaA::argB pyroA4

biAl areA::riboB mepA::riboB

..biAl areA::riboB meaA::argB pyroA4 mepA::riboB

..biAl meaA::argB pyroA4 tamAA riboB2

.WA3 pyroA4 tamAA mepA::riboB riboB2

..biAl meaA::argB pyroA4 tamAA mepA::riboB riboB2

..biAl amdS::lacZ meaA::argB pyroA4 mepA::riboB riboB2 mepB::Bleo” (pBIM5639)
biAl meaA::argB pyroA4 mepA::riboB mepB::Bleo”

biAl amdS::lacZ pyroA4 mepA::riboB mepB::Bleo”

biAl amdS::lacZ meaA::argB pyroA4 riboB2 mepB::Bleo”

biAl pyroA4 mepB::Bleo”

biAl amdS::lacZ meaA::argB pyroA4 mepA::riboB mepB::Bleo”
WA3 amdS::lacZ pyroA4 mepB::Bleo”

biAl amdS::lacZ meaA::argB pyroA4 mepA::riboB

IMHTT0S50.c..ceeeiieieiieceiee ettt ettt nkuA:argB argB2 pabaB22 riboB2
IMHITI30.cciiiiiiiiiiiciiicieeece s nkuA:argB argB2 pabaB22 riboB2 mepC:BAR

identified two additional AMT/MEP-like sequences in the A.
nidulans genome and present a functional analysis of these
genes, designated mepB and mepC. We show that even though
the four A. nidulans AMT/MEP genes are differentially regu-
lated in response to the nitrogen status of the cell, their full
expression requires the function of the GATA transcription
factor AreA (3, 20, 31).

MATERIALS AND METHODS

A. nidulans strains, media, and transformation. The A. nidulans strains used
for this study are shown in Table 1. A. nidulans media (ANM) and growth
conditions were as described by Cove (10), except that the pH of the media was
adjusted to either pH 6.5 or pH 4.5. Genetic analysis was carried out using
previously described techniques (8). Strains of A. nidulans were transformed
according to the method of Andrianopoulos and Hynes (1).

Molecular techniques. Standard methods for the manipulation of E. coli cells
and DNA were done as described by Sambrook and Russell (39). The E. coli
strain used for this study was NM522. Restriction enzymes (Promega) were used
according to the manufacturer’s recommendations. DNA fragments were recov-
ered from agarose gels using a BresaClean DNA purification kit (Geneworks).
DNA fragments were subcloned into the pBluescript SK(+) (Stratagene) plas-
mid vector. A. nidulans genomic DNA was isolated by the method of Lee and
Taylor (22). DNA gels were transferred to Hybond N* membranes (Amersham)
using 0.4 M NaOH. [a-*?P]dATP (Bresatec)-labeled DNA probes for hybridiza-
tion were created using the random hexanucleotide priming method (39). Tag
DNA polymerase (Promega) was used for PCR. Automated DNA sequencing
was performed by the Australian Genome Research Facility (Brisbane, Queens-
land, Australia), using plasmid DNA prepared with a High Pure plasmid kit
(Roche).

Cloning of mepB and mepC. Based on the partial A. nidulans genome sequence
available at the Monsanto Microbial Sequence Database (http://microbial.cereon
.com/), mepB-specific primers were designed (Table 2). An 1,129-bp mepB prod-
uct was amplified using primers mepB-F and mepB-R and 100 ng genomic DNA
at an annealing temperature of 58°C with 1.5 mM MgCl,. Hybridization of the
mepB PCR product to an A. nidulans bacterial artificial chromosome (BAC)
library (kindly provided by Ralph Dean, Department of Plant Pathology and

Physiology, Clemson University) identified seven positive clones (302, 11P5,
15F8, 19C1, 27E10, 31H17, and 7P14). A 5.3-kb BamHI-Xbal fragment from
BAC 7P14 was subcloned into pBluescript SK(+) (Stratagene) to create
pBIM5377 and was sequenced. Based on the A. nidulans genome sequence
available at the time via the Aspergillus Sequencing Project, Whitehead Institute/
MIT Center for Genome Research (http://www-genome.wi.mit.edu), the mepC-
specific primers mepC-1 and mepC-2 were designed and used to amplify a 5-kb
product containing the coding region of the gene. The PCR product was ligated
into pPGEM-T Easy (Promega), creating pMAS5741.

Creation of mepBA and mepCA mutants by homologous gene replacement.
The mepB deletion construct, pBIM5639, was made by inserting a 1.45-kb
BamHI bleomycin resistance cassette (Bleo") from pAmPh520 (4) into the BglII
sites of pBIMS5377. pBIM5639 was linearized by digestion with KpnI and NotI
and then transformed into the mepAA meaAA mutant MH10328. Transformants
were selected for resistance to 1 mg/ml bleomycin, and 66 transformants were

TABLE 2. Oligonucleotides used for this study

Primer name

Primer sequence (5'-3")

AGTTGTTACCAGCACCGGAC
.GCTCCGGTGTTTACAATGG
.GACGGTACCGAGCAGAATGAG
GGAAACTCAAGGGTGGAAAAC
GCAATGTAGTCAGCTGCGAAG
ACTTTGGGTTCAAGGGTGTCC
GCGCATTGACGGTACCATCTC
mepPC-R..iiciias ACTCATTGCTGTTGCAGTGGC
.GCTCCAGAGGAAGATAAATGG
TTCTGCAGCGTCCCAATGTAG
.GTATTCACTCACCTACTCGCG
.CAGTCCGACCATCTCAGCTTC
.CTCATCATGTCTAGTCCCGAA
TACCCGTCACTATCCGGAAC
CTTTGAGCGGTGGTGATTCT
ATGGCCAAGATGTCAATCCA
ATGGCGCATTTCGTCACAAG

Btub2..
Btub3..




228 MONAHAN ET AL.

screened by Southern blot analysis. MH10319 was identified as a mepB deletion
mutant that contained additional ectopic copies of the knockout construct (data
not shown). To remove these extra copies containing the Bleo" cassette,
MH10319 was crossed with MH9828 (meaAA mepAA wA3), and the progeny
were screened for decreased resistance to 1 and 5 pug/ml bleomycin compared to
that of MH10319. Southern blot analysis of genomic DNA confirmed MH10321
as a mepB deletion mutant that contained no extra copies of the knockout
construct (data not shown). Genetic crosses were performed with MH10321 to
create the following strains (see Table 1 for exact genotypes): mepBA (MH10324
and MH10326), mepBA meaAA (MH10323), mepBA mepAA (MH10322), and
mepBA meaAA mepAA (MH10325).

A mepC gene inactivation construct was made by inserting a 1.44-kb EcoRV-
HindIII fragment of pMT1612 into the EcoICR1-HindIII sites of pMA5741 to
create pMAG6403. pMT1612 contains the glufosinate resistance (bar) gene from
the plasmid pBP1T (47) flanked by the amdS 19166 promoter and the Aspergillus
niger glucoamylase terminator and was constructed by Mogens Hansen, Novo
Nordisk A/S, Bagsvaerd, Denmark. A linear version of the gene inactivation
construct was generated using the mepC-specific primers and transformed into
MH11056. Transformants were selected for resistance to 25 pl/ml glufosinate.
Two transformants were screened by Southern blot analysis, both of which had
the correct restriction pattern for a gene inactivation. MH11136 was selected for
further analysis.

Construction of xylp::mepC fusion. Primers mepCxyl-1 and mepCxyl-2 were
designed to introduce one-half of an Ncol site 5" and 3’ of the coding region of
mepC. The 1.72-kb product was ligated into the Smal site of pBluescript SK(+),
reconstructing complete Ncol sites at either end. Using an Ncol digest, a 1.72-kb
band containing the mepC coding region was gel purified and ligated into the
Ncol site of pMH6102, resulting in a translational fusion of the xy/P promoter
(57) and the mepC coding region, creating pMA6382. This plasmid was cotrans-
formed with pl4 carrying the pyroA gene (37) into the triple deletion strain
MH10325, and PyroA™* transformants were selected for growth on medium
lacking pyridoxine.

Northern blot analysis. Total A. nidulans RNA was obtained by using an RNA
Red Fast Prep kit (BIO 101). Eight-microgram RNA samples were mixed with 2
volumes of denaturing solution (50% formamide, 30% formaldehyde, 2X MOPS
[morpholinepropanesulfonic acid], 1% ethidium bromide), incubated at 68°C for
15 min, and then placed on ice for 5 min. Samples were run in a 20% formal-
dehyde-1.2% agarose gel at 80 V in 1X MOPS buffer and then transferred to a
Hybond N membrane (Amersham) using 0.04 M NaOH. The 2.2-kb meaA
c¢DNA insert from pBJM5280 (33) and the 2-kb mepA ¢cDNA from pBJM5281
(33) were amplified with standard M13 forward and reverse primers at an
annealing temperature of 55°C with 1.5 mM MgCl,. mepB-specific (1.1 kb) and
mepC-specific (0.6 kb) PCR products were used as probes for Northern analysis.

RT-PCR analysis. The primers used for reverse transcription-PCRs (RT-
PCRs) are shown in Table 2. The constitutively expressed B-tubulin gene benA
(32) was used as an internal loading control within multiplex RT-PCRs. Reac-
tions were performed by using a Superscript One-Step RT-PCR kit (Invitrogen)
with AMT/MEP gene-specific and B-tubulin gene-specific (Btub2 and Btub3;
predicted size of product, 209 bp) primers. The AMT/MEP gene-specific primers
and the predicted sizes of their products were as follows: for meaAd, meaA-RT
and meaA2 (646 bp); for mepA, mepA-RT and MEPgl (784 bp); for mepB,
mepB-RT and mepB1 (308 bp); and for mepC, mepC-RT and mepC-F. The
c¢DNA synthesis step was performed at 50°C, and the annealing temperature for
all reactions was 58°C. One hundred nanograms of A. nidulans total RNA was
used per reaction. Primers with the RT notation spanned an intron and therefore
would only prime from RNA and cDNA targets. Control reactions using Taq
DNA polymerase alone (no reverse transcriptase activity) and no-RNA control
reactions were also performed for each experiment (data not shown). To confirm
that amplification of both products was in the exponential phase for both primer
sets (AMT/MEP gene specific and B-tubulin gene specific), cycle titration (15, 18,
21, 24, 27, 30, and 35 cycles) was performed for each combination (data not
shown). From this analysis, 27 cycles was determined to be optimal for mepC with
B-tubulin and 24 cycles was optimal for meaA, mepA, and mepB with B-tubulin.

['"“C]methylammonium uptake assays. ['*CJmethylammonium uptake as-
says were performed as described previously (33), except that cultures were
grown in 250-ml Erlenmeyer flasks containing 100 ml ANM medium. The methyl-
ammonium concentration used for each assay is indicated in the text. To deter-
mine the apparent K,,, of MepB, the multiple-copy mepB cotransformant D (the
transformant with the highest mepB copy number) was used in ['*C]methyl-
ammonium uptake studies using nitrogen-starved mycelia.

Bioinformatic analysis. Genomic data for Aspergillus fumigatus were provided by
The Institute for Genomic Research (www.tigr.org/tbd/e2kl/aful/) and The Well-
come Trust Sanger Institute (www.sanger.ac.uk/Projects/A_fumigatus). Genomic
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data were provided by the Broad Institute for Aspergillus nidulans (http://www
.broad.mit.edu/annotation/fungi/aspergillus/), Neurospora crassa (http://www
.broad.mit.edu/annotation/fungi/neurospora_crassa_7/), Magnaporthe grisea
(http://www.broad.mit.edu/annotation/fungi/magnaporthe/), and Fusarium
graminearum  (http://www.broad.mit.edu/annotation/fungi/fusarium/index.html),
and Aspergillus oryzae genomic data were provided by the National Institute of
Advanced Industrial Science and Technology (www.bio.nite.go.jp/dogan/Top).
Coordination of analyses of these data was enabled by an international collab-
oration involving more than 50 institutions from 10 countries coordinated from
Manchester, United Kingdom (www.cadre.man.ac.uk and www.aspergillus.man
.ac.uk).

RESULTS

Aspergillus nidulans contains four AMT/MEP genes. Two A.
nidulans AMT/MEP genes, meaA and mepA, have been de-
scribed previously (33). An analysis of the draft A. nidulans
genome sequence identified partial sequences of two addi-
tional AMT/MEP sequences, designated mepB and mepC. A
mepB-specific PCR product was used to screen an A. nidulans
genomic BAC library, and a mepC-specific PCR product was
generated from genomic DNA (see Materials and Methods).
Sequence analysis indicated that mepB is comprised of five
exons and is predicted to encode a 472-amino-acid protein
and that the mepC open reading frame of 1,452 bp contains
three exons encoding a predicted product of 453 amino acids.
Subsequent annotation of the A. nidulans genome (http://www
.broad.mit.edu/annotation/fungi/aspergillus/) has confirmed the
sequences for all four genes, ie., mead (AN7463.2), mepA
(AN1181.2), mepB (AN0209.2), and mepC (AN0496.2).

Alignment of the four predicted A. nidulans AMT/MEP
protein sequences reveals substantial amino acid conservation
throughout the proteins (Fig. 1A). While MeaA and MepA
share 55% amino acid sequence identity (75% similarity),
MepB displays 46% identity (65% and 68% similarity, respec-
tively) with MeaA and MepA. In contrast, MepC shares only
31% identity (53% similarity) with MeaA, 35% identity (56%
similarity) with MepA, and 31% identity (53% similarity) with
MepB. Like MeaA and MepA, MepB and MepC contain both
ammonium transporter signature motifs (PF00909) (54), al-
though MepC has a total of seven mismatches across both
signature sequences (Fig. 1B). Eleven putative transmem-
brane helices with an N__-C,, topology were identified for
MepB, using the prediction program HMMTOP (52), which
is in agreement with predictions made for other AMT/MEP
transporters, including MeaA and MepA (33). Although it is
likely that the structure of MepC resembles that of other
AMT/MEP transporters, topology predictions for MepC us-
ing the HMMTOP and TMHMM (46) programs were not as
convincing. Together, these comparisons suggest that the MepC
protein is more divergent than MeaA, MepA, and MepB.

The A. nidulans mepB gene encodes a high-affinity ammo-
nium permease. The mepAA meaAA double mutant MH9828
is unable to grow on 1 mM ammonium at pH 4.5 and is
resistant to methylammonium, a toxic analogue of ammonium
(33). To assess whether mepB encoded a functional ammonium
permease, multiple copies of mepB (pBJM5377) were cotrans-
formed with the pyro4™-carrying plasmid pI4 into MH9828,
and transformants were screened for suppression of the double
mutant phenotype. Thirty-seven of the 83 PyroA™ transfor-
mants tested displayed increased growth on 1 mM ammonium
(pH 4.5), whereas no growth was observed for either pI4-only
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FIG. 1. Four proteins constitute the A. nidulans AMT/MEP family.
(A) Alignment of A. nidulans AMT/MEP predicted protein sequences.
Identical residues present in at least half of the sequences are indicated
by black boxes, whereas gray shading represents similar residues. The
alignment was performed using ClustalX (49) and shaded using
MacBoxshade 2.15. Large boxes indicate the positions of the AMT/
MEP signature sequences. (B) Alignment of the ammonium permease
signature sequences, SS 1 and SS 2 (54). Bold residues represent the
MepC residues that do not match the signature sequence.

transformants or the recipient strain (Fig. 2A). The pheno-
types observed were dependent on the mepB copy number (an
approximate range of 4 to 10 copies per cell), and transfor-
mants with higher mepB copy numbers displayed increased
growth on 1 mM ammonium and reduced methylammonium
resistance (Southern blot analysis; data not shown). It should
be noted that the extent of growth of the mepB cotransfor-
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mants on any ammonium concentration or the degree of methyl-
ammonium sensitivity never reached wild-type levels (Fig. 2A).
Overall, these results indicate that mepB encodes a functional
ammonium permease and suggest that the capacity of this
permease is limiting.

The transformant with the highest mepB copy number (co-
transformant D) was used in ['*C]methylammonium uptake
studies (Fig. 2B). The apparent K,, (methylammonium) for
MepB was determined to be 73.5 (£12.14) pM, with an ap-
parent V.. of 4.87 (= 0.176) nmoles/min/mg dry weight. Since
mepB was overexpressed in cotransformant D, the MepB V..,
value is not comparable to that for a wild-type strain, whereas
the difference in the actual relative amounts of active MepB
does not affect K,, determination. These results indicate that
mepB encodes a high-affinity (methyl)ammonium permease.

The K,,, calculated for MepB was very similar to that calcu-
lated previously for MepA (44.3 uM), which was determined
for a meaAA mepB™ strain (33). A mepBA mutant was created
by homologous gene replacement (see Materials and Meth-
ods), and the MepA kinetic parameters were reassessed in the
mepBA meaAA (mepA™) strain MH10323 (Fig. 2C). This anal-
ysis yielded an apparent K,,, (methylammonium) for MepA of
69.11 (+ 9.46) uM and a dex value of 1.28 (£ 0.052) nmoles/
min/mg (Fig. 2C). The K,,, value for MepA presented here is
within the 95% confidence intervals for the value estimated
previously and confirms that A. nidulans contains two high-
affinity ammonium permease genes, mepA and mepB.

Analysis of A. nidulans mepBA mutant. Deletion of the two
high-affinity permease genes, mepA and mepB, either singly or
combined, had no effect on growth for all ammonium concen-
trations tested, at either pH 6.5 or 4.5 (Fig. 3A). Indeed, the
["*C]methylammonium uptake rates of the mutants with 500
pM methylammonium showed that the presence of MeaA
alone was sufficient for wild-type levels of methylammonium
uptake under these conditions (Fig. 3B). The methylammonium
transport activity of the meaAA mepBA double mutant was
similar to that of the meaAA single mutant, indicating that
transport in the absence of MeaA was mediated by MepA.
However, a comparison of the transport rates of the meaAA
mepAA double mutant and the meaAA mepAA mepBA triple
mutant indicated that MepB is able to contribute about 27% of
the wild-type transport activity under these conditions. The
[**C]methylammonium uptake assays performed with 20 uM
methylammonium showed that the transport rate for the
mepBA mutant was slightly lower than that for the meaA or
mepA single deletion mutant (Fig. 3C). The combined deletion
of the high-affinity ammonium transport genes mepA and
mepB only reduced the transport activity of the cell to 48% that
of the wild type, compared to 37% and 21% for the mepAA
meaAA and mepBA meaAA mutants, respectively (Fig. 3). This
indicates that the MeaA permease has a greater capacity than
either MepA or MepB, so cells relying on only MepA or MepB
activity have low methylammonium transport rates.

Across all ammonium concentrations tested at pH 6.5, the
meaAA mepAA mepBA mutant displayed reduced growth com-
pared to the meaAA mepAA strain (Fig. 3). This was particu-
larly notable at 1 mM ammonium, where no growth was ob-
served for the meaAA mepAA mepBA mutant, indicating that
the growth seen for the meaAA mepAA mutant on this medium
was due to MepB activity. Interestingly, no growth of the
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FIG. 2. The A. nidulans mepB gene encodes a high-affinity (methyl)ammonium permease. (A) Suppression of mepA meaA double deletion
mutant’s ammonium growth defect by multiple copies of mepB. The growth of six different mepB transformants (meaAA mepAA [pMepB
{pBIM5377}]) compared to that of MH10038, the meaAA mepAA recipient strain (MH9828), and the wild type (MH1) is shown. MH10038 is a
wA3 (white conidia) strain that displays wild-type ammonium growth and was included to allow growth comparisons between the wA3 strains.
Growth was tested on 1, 10, and 20 mM ammonium (NH, ") at either pH 4.5 or 6.5, as indicated. Resistance to 100 mM methylammonium chloride
(MACI) on medium containing 10 mM alanine is also shown. Cotransformant D, which was used for panel B, is the first colony in the second row.
(B and C) Plots of velocity versus substrate concentration for MepB and MepA activity. [**C]methylammonium uptake rates for nitrogen-starved
mycelia were determined at methylammonium concentrations of 1, 2, 10, 20, 50, 100, 200, 500, 750, and 1,000 M. (B) [14C]methylarnmonium
uptake rates for multiple-copy mepB transformant D, assessing MepB activity. (C) MepA methylammonium transport activity in the mepBA meaAA

(mepA™) mutant (MH10323).

meaAA mepAA mepBA or meaAA mepAA mutant was observed
at pH 4.5 on ammonium concentrations of 10 mM or less,
indicating that MepB activity appeared to be absent on media
at pH 4.5. As shown by the ammonium growth phenotypes of
the multiple-copy mepB transformants (Fig. 2A), the MepB
protein is able to function at pH 4.5, suggesting that differences
in MepB activity at pH 4.5 and 6.5 may be regulated at the
transcriptional level. Ambient pH regulation of genes in A.
nidulans is controlled by the zinc finger transcription factor
PacC, which activates the expression of alkaline-expressed
genes and represses the transcription of acid-expressed genes
(50). Two potential PacC binding sites (GCCARG) are present
in the mepB promoter.

MepC does not normally contribute to ammonium uptake.
To analyze the function of MepC, a mepCA mutant was cre-
ated by homologous gene replacement (see Materials and
Methods). The phenotype of the mepCA mutant was indistin-
guishable from that of the wild type, and the deletion of mepC
in all possible combinations with meaA, mepA, and mepB de-
letions did not alter the growth phenotypes of the various
single, double, and triple mutants at any tested ammonium
concentration or pH (data not shown). Furthermore, no sig-
nificant ['*C]methylammonium uptake activity was detected
for the meaAA mepAA mepBA strain MH10325 (Fig. 3). For
example, with 20 uM methylammonium, the meaAA mepAA
mepBA mutant had an uptake rate of 0.0161 (£0.0023) nmoles

methylammonium/min/mg dry weight, which is only 2% that of
the wild type and less than the standard error values for all of
the other strains. Therefore, no methylammonium transport
attributable to MepC activity was present under the conditions
tested.

To assess whether the structurally different MepC protein
could function as an ammonium transporter, the effect of
overexpression was determined. Multiple copies of mepC
(pPMAS5741) were introduced into the mepAA meaAA meaBA
MH10321 recipient by cotransformation with the pyro4 ™ plas-
mid pl4. No PyroA™ transformants showed stronger growth
than the recipient strain when tested on 1 mM or 10 mM
ammonium (pH 6.5 or pH 4.5). The presence of additional
copies of mepC (approximate range of 2 to 20 copies) was
confirmed by Southern blot analysis (data not shown). There-
fore, multiple copies of mepC were unable to suppress the
ammonium growth phenotype of the triple mutant. Since the
expression of mepC from its native promoter is low (see be-
low), it was possible that even with multiple copies, the expres-
sion levels were not sufficiently high to allow suppression. To
further elevate the levels of MepC expression, the mepC cod-
ing region was fused to the highly inducible xy/P promoter (see
Materials and Methods). The xylP::mepC construct pMA6382
was cotransformed into MH10325 with pI4, and PyroA™ trans-
formants were screened on 1 mM and 10 mM ammonium at
pH 4.5. In the presence of glucose, where the xylP promoter is
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FIG. 3. Analysis of A. nidulans meaA, mepA, and mepB deletion mutants. (A) Growth of AMT/MEP deletion mutants on a range of ammonium
concentrations. At each ammonium concentration, tests were performed at pH 4.5 and pH 6.5, as indicated. (B and C) [**C]methylammonium
uptake analyses of meaA, mepA, and mepB single, double, and triple deletion mutants. Assays were performed as described in Materials and
Methods with nitrogen-starved mycelia at final methylammonium concentrations of 500 uM (B) and 20 uM (C). Error bars represent standard
errors calculated for the results from at least two independent experiments. The strains used for this analysis were the wild type (MH1) and mepAA
(MH9831), meaAA (MH9830), meaAA mepAA (MH9829), mepBA (MH10324), mepBA meaAA (MH10323), mepBA mepAA (MH10322), and

mepBA meaAA mepAA (MH10325) mutants.

repressed, all transformants retained the phenotype of the
recipient strain. On xylose medium, where xy/P expression is
induced, approximately 20% of the transformants showed par-
tial restoration of growth on ammonium at pH 4.5. The copy
numbers of the xy/P::mepC construct in these complementing
cotransformants (approximate range of 3 to 20 copies) were
determined by Southern blot analysis (data not shown). The
extent of growth of the complementing xy/P::mepC cotransfor-
mants on any ammonium concentration or the degree of methyl-
ammonium sensitivity never reached wild-type levels and was

comparable to that of transformants overexpressing mepB
(Fig. 2A). These results indicate that MepC can function as an
ammonium permease, but only when highly overexpressed
from multiple copies of a xy/P-driven gene.

Differential expression of A. nidulans ammonium permease
genes. The expression of the A. nidulans ammonium permease
genes under different nitrogen conditions was investigated by
Northern blotting and RT-PCR analysis (Fig. 4A and B). The
expression of meaA was readily detected for cells grown in
ammonium and also glutamine, indicating that the expression
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FIG. 4. Expression analysis of A. nidulans ammonium permease
genes in wild-type background. (A) Northern analysis of ammonium
permease gene expression from the wild-type (MHI1) strain. RNAs
were isolated from mycelia grown in 1% glucose-ANM medium, pH
6.5, with 20 mM ammonium (NH, ") at 37°C for 16 h and then trans-
ferred to fresh medium that was nitrogen- and/or carbon-free, as in-
dicated, for 4 hours. Alternatively, RNAs were isolated from mycelia
grown for 16 h at 37°C in 1% glucose medium, pH 6.5, with 10 mM
glutamine (gln), glutamate (glu), proline (pro), alanine (ala), or nitrate
(NO;™), as indicated. Northern blots were hybridized with probes
specific for meaA, mepA, mepB, and mepC (see Materials and Meth-
ods) or A. nidulans histone H3 as a loading control (13), as indicated.
Sizes to the right (in kb) represent the approximate sizes of the re-
spective transcripts. (B) Multiplex RT-PCR analysis of meaA, mepA,
mepB, and mepC gene expression. The sizes of the AMT/MEP prod-
ucts (upper bands) and the benA loading control (lower bands) are
indicated, and the name of the respective AMT/MEP gene is shown at
the top of each gel picture. The growth conditions were the same as
those for panel A. RT-PCR conditions and primer details are de-
scribed in Materials and Methods.

of meaA occurs under nitrogen-sufficient conditions. In con-
trast, the expression of mepA was repressed under these nitro-
gen-sufficient conditions but was readily observed for cells
grown in nonrepressing nitrogen sources (glutamate, proline,
alanine, or nitrate) or nitrogen-starved cultures (Fig. 4). The
expression of meaA or mepA was not detected under carbon
starvation conditions. The expression profile for mepB was
unique, with a single transcript detected only under conditions
of complete nitrogen starvation and not under conditions of
nitrogen limitation (Fig. 4). This nitrogen starvation response
of mepB expression was not detected in nitrogen-starved cul-
tures that were simultaneously starved of carbon or in carbon-
starved and ammonium-sufficient cultures. The expression of
mepC was not detected by Northern analysis under any condi-
tions tested. However, RT-PCR analysis showed low levels of
mepC expression on ammonium, glutamine, and alanine that
increased slightly in response to nitrogen starvation (Fig. 4).
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FIG. 5. Functional analysis of A. nidulans ammonium permeases in
areA mutant backgrounds. (A) Growth on a range of ammonium
concentrations of areAA (MH5699), areAA mepAA (MH10313), areAA
meaAA (MH10311), and areAA meaAA mepAA (MH10314) mutant
and wild-type (MH1) strains. For each ammonium concentration, the
pH of the medium was either 4.5 or 6.5 (normal growth pH), as
indicated. Growth on nitrogen-free (—), 10 mM alanine (ala), GABA,
nitrate (NO5 "), and proline (pro) media is also shown. (B) ['**C]methyl-
ammonium transport rates for the wild-type strain and mepAA,
meaAA, meaAA mepAA, areAA, areAA mepAA, areAA meaAA, areAA
meaAA mepAA, and meaAA mepAA mepBA mutant strains. Assays
were performed with nitrogen-starved mycelia at a final methylammo-
nium concentration of 200 wM. Error bars represent standard errors
calculated for the results from at least two independent experiments.

These results show that each of the A. nidulans ammonium
permease genes displays a distinct expression pattern.

Full expression of A. nidulans AMT/MEP genes requires the
global nitrogen activator AreA. To investigate the role of AreA
in the regulation of the A. nidulans AMT/MEP genes, areAA
meaAA and areAA meaAA mepAA double and triple mutants
were created by genetic crosses and assessed for growth on a
range of ammonium concentrations (Fig. 5A). The areAA mu-
tant MH5699 displayed poorer-than-wild-type growth for all
ammonium concentrations tested. The growth of the areAA
mepAA mutant MH10313 was indistinguishable from that of
the areAA single mutant. At 1 mM ammonium, the areAA
meaAA mutant MH10311 displayed no growth, indicating that
the residual growth observed for the areAA mutant was due to
MeaA function (Fig. 5A). The lack of growth of the areAA
meaAA mutant at 1 mM ammonium (pH 6.5) also suggested
that AreA is absolutely required for the expression of MepA
and MepB activity. ['*C]Jmethylammonium uptake assays on
nitrogen-starved mycelia were in agreement with the ammo-
nium growth phenotypes (Fig. 5B). The areAA mutant and the
areAA mepAA strain displayed an appreciably reduced methyl-
ammonium transport activity (35% of the wild-type activity).
The areAA meaAA mepAA mutant MH10312 had a methyl-
ammonium uptake rate similar to that of the meaAA mepAA
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mepBA mutant MH10321 (approximately 3% that of the wild
type). These results showed the AreA is required for MepA,
MepB, and MeaA transport activity, although there is a level of
AreA-independent MeaA function.

Consistent with the established function of AreA as an ac-
tivator of catabolic gene expression, the single areAA mutant
showed very poor growth on nonpreferred nitrogen sources
(Fig. 5A). The slight level of growth observed is presumed to
be due to basal levels of catabolic gene transcription. Surpris-
ingly, the growth observed for the areAA and areAA mepAA
strains on nitrogen sources such as alanine and nitrate was
absent for the areAA meaAA mutant. This is likely to reflect a
requirement for retention and/or uptake of trace amounts of
ammonium released by the catabolism of alternative nitrogen
sources (34).

Northern blot analysis and RT-PCR were performed to as-
sess the steady-state transcript levels of the AMT/MEP genes
for the areAA mutant and the loss-of-function are4A217 mutant,
which contains a mutation within the DNA-binding domain
(20). The expression of meaA was detected by RT-PCR but not
by Northern blot analysis for the areAA or areA217 strain from
either ammonium-grown or nitrogen-starved mycelia (Fig. 6).
The significant but not total reduction of meaA expression in
the areAA mutant is consistent with the growth phenotypes and
[**C]methylammonium uptake data and indicates that the full
expression of meaA under nitrogen-sufficient conditions re-
quires AreA function.

AreA-dependent expression of mepA was shown by North-
ern blotting and RT-PCR analysis, as no mep4 mRNA was
detected for the areAA or areA217 strain for all growth condi-
tions tested (Fig. 6). Furthermore, the nitrogen starvation-
specific expression of mepB was shown to be absolutely depen-
dent on AreA. The increase of mepC expression in response to
nitrogen starvation was reduced in the areAA mutant, but ex-
pression levels on ammonium and glutamine were unaffected
(Fig. 6). Since Northern analysis showed identical results for
the areA217 point mutant and the areAA mutant, AreA regu-
lation of the AMT/MEP genes is at the level of DNA binding.

Effects of TamA on AMT/MEP activity and gene expression.
TamA has been shown to be a coactivator required for the
optimal expression of certain AreA-regulated genes (42, 43).
The tamAA mutation had very little effect on ['*C]methyl-
ammonium transport, other than a slight reduction attribut-
able to a reduction in MeaA-mediated transport (Fig. 7A).
Consistent with this, RT-PCR results for meaA, mepA, mepB,
and mepC expression in the famAA strain under ammonium
growth or nitrogen-starved conditions indicated no effect of
the tamAA mutation other than a slight reduction in meaA
expression compared to the wild type (Fig. 7B). However, clear
reductions in meaA and mepA expression were noted for the
tamAA strain grown in glutamine or alanine, and [**C]methyl-
ammonium uptake analysis performed on alanine-grown my-
celia confirmed that the famAA mutant had reduced methyl-
ammonium transport activity under these conditions (Fig. 7B
and C). Such a reduction is consistent with the methylammo-
nium-resistant phenotype observed for tamA mutants which
were originally identified as methylammonium resistant on me-
dia containing alanine as the nitrogen source (12, 19). North-
ern analysis of meaA, mepA, and mepB expression on a range
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FIG. 6. Expression of A. nidulans AMT/MEP genes in areA mutant
background. (A) Northern analysis of meaA, mepA, and mepB gene
expression in the wild-type (MH1) and areAA (MH5699) and are4217
(MH341) mutant strains. RNAs were isolated from mycelia grown for
16 h at 37°C in 1% glucose medium, pH 6.5, with 20 mM ammonium
(NH, ") and then transferred to nitrogen-free (NF) medium at pH 6.5
for 4 hours. Northern blots were hybridized with probes specific for
meaA, mepA, mepB (see Materials and Methods), and A. nidulans
histone H3 as a loading control (13), as indicated. (B) Multiplex RT-
PCR analysis of meaA, mepA, mepB, and mepC expression in wild-type
and areAA mutant strains. The name of the respective gene is shown at
the top of each picture, and in all cases, the lower band is the internal
loading control benA. RT-PCR conditions and primer details are de-
scribed in Materials and Methods.

209 bp
(benA)

of nitrogen sources (ammonium, glutamine, glutamate, ala-
nine, proline, and nitrate) indicated a clear reduction of meaA
and mepA expression in a tamAA strain compared to the wild-
type level for all nonammonium nitrogen sources tested (data
not shown). These results show that the full expression of
meaA and mepA on nonammonium nitrogen sources re-
quires the combined activities of AreA and the transcrip-
tional coactivator TamA.
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DISCUSSION

The A. nidulans genome contains a family of four AMT/
MEP genes, namely, meaA, mepA, mepB, and mepC. These
genes are differentially expressed in response to nitrogen avail-
ability, and the full expression of each AMT/MEP gene re-
quires the global nitrogen regulator AreA. AreA functions as
a transcriptional activator in response to nitrogen limitation,
and its known targets are GATA sites in the promoters of
genes involved in nitrogen acquisition (3, 17, 40, 56). The
transcription of genes subjected to nitrogen metabolite repres-
sion is reduced under nitrogen-sufficient conditions by changes
in the level and activity of AreA. Regulated areA mRNA deg-
radation (35, 36) and the interaction of AreA with the negative
regulator NmrA (2, 21) reduce or prevent AreA-dependent
activation of these genes. Nitrogen limitation leads to stabili-
zation of areA mRNA and a loss of NmrA-associated inhibi-
tion of activity. Together, these factors account for the influ-
ence of the quality of nitrogen source availability on AreA
activity and levels of catabolic gene expression. Recent studies
have shown that the complete absence of a nitrogen source
results in enhanced AreA activity and increased expression of
AreA-regulated genes through additional mechanisms that are
independent of mRNA stability and NmrA and are correlated
with modification of AreA and its hyperaccumulation inside
the nucleus (51).

AreA-mediated regulation of mepA represents the pattern
observed for the amdS, gmdA, and fmdS genes, which are
regulated by nitrogen metabolite repression but do not require
induction (11, 14-16). mepA is repressed under conditions of
nitrogen sufficiency, activated in response to nitrogen limita-
tion, and increased further in response to nitrogen starvation.
AreA is absolutely required for these responses of mepA ex-
pression. Like gmdA and fmdS, mepA is not expressed under
carbon starvation conditions, where AreA is thought to be
inactive (14). MepA is a high-affinity ammonium transporter
and is likely to serve an ammonium-scavenging function when
nitrogen availability is limiting to growth.

The mepB gene has been shown to encode a second high-
affinity ammonium permease. mepB expression has a novel

FIG. 7. Analysis of A. nidulans AMT/MEP genes in tamAA
mutant background. (A) ['*C]methylammonium transport rates
for wild-type (MH1) and mepAA (MH9831), meaAA (MH9830),
meaAA mepAA (MH9829), tamAA (MH8694), tamAA mepAA
(MH10316), tamAA meaAA (MH10315), tamAA meaAA mepAA
(MH10317), and meaAA mepAA mepBA (MH10325) mutant strains.
Assays were performed with nitrogen-starved mycelia at a final methyl-
ammonium concentration of 200 M. (B) RT-PCR analysis of meaA,
mepA, mepB, and mepC expression in wild-type and famAA mutant
strains. RNAs were isolated from mycelia grown for 16 h at 37°Cin 1%
glucose medium, pH 6.5, with 20 mM ammonium (NH,") and then
transferred to nitrogen-free (NF) medium, pH 6.5, for 4 hours or from
mycelia grown for 16 h at 37°C in 1% glucose medium, pH 6.5, with 10
mM glutamine (gln) or alanine (ala), as indicated. The name of the
respective gene is shown at the top of each picture, and in all cases,
the lower band is benA. (C) [**C]methylammonium transport rates for
the wild-type and tamAA and meaAA mepAA mepBA mutant strains
for mycelia grown for 16 h with 10 mM alanine. A final methylammo-
nium concentration of 200 wM was used. Error bars represent standard
errors from at least two independent experiments.
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Gene/Notation  Organism

MeaA A. nidulans

Afu2g05880 A. fumigatus

20124.m00135 A, oryzae I

NCU03257.2 N crassa (MeaA-like)

MGO0537.4 M. grisea

FG00529.1 F. graminearum

MepB A. nidulans

Afusgl 1020 A. fumigatus 1

20158.m00231  A. orvzae (MepB-like)

NCUO05843.2  N. crassa

FGO03063.1 F. graminearum

MepC A. nidulans

20063.m00060  A. oryzae 11
(MepC-like)

NCU06613.2 M. crassa

MepA A. nidulans

20168.m00432 A, oryvzae

Afulgl0930 A. fumigatus {Mepl,xlikc)

MGO4576.4 M. grisea

FGO0620.1 F. graminearum

NCU01065.2 M. crassa

MGO5526.4 M. grisea v

FGO2094.1 F. graminearum

FIG. 8. Relatedness of AMT/MEP protein sequences from A. nidulans, A. fumigatus, A. oryzae, N. crassa, F. graminearum, and M. grisea. The
dendrogram was constructed by the neighbor-joining method, using ClustalX (49) with default settings. Organisms and gene names or sequence

notations are indicated. Each cluster is numbered with a roman numeral.

expression profile whereby this gene is not expressed in the
presence of any nitrogen source tested, whether it is repressing
or limiting. This is thought to be the first example of an AreA-
regulated gene in A. nidulans that is expressed specifically in
response to complete nitrogen starvation. This highlights the
observation that nitrogen starvation conditions result in en-
hanced AreA activity above that observed for nitrogen limita-
tion. The mepB gene appears to be exquisitely sensitive to
AreA, such that its expression is observed only under condi-
tions where AreA is highly active. This pattern of regulation is
consistent with MepB having a scavenging role under extreme
nitrogen deprivation conditions.

A fourth potential member of the A. nidulans AMT/MEP
family has been identified. However, we suggest that mepC,
which is more poorly expressed than the other AMT/MEP
genes, does not normally contribute to ammonium acquisition
in A. nidulans. Deletion of mepC resulted in no detectable
phenotypic effect, and furthermore, no significant methyl-
ammonium uptake activity was detected in a meaAA mepAA
mepBA triple mutant retaining only MepC function. In a recent
study, Candida albicans was shown to contain two MEP genes,

mepl and mep2, that are similar in structure and function to
the S. cerevisiae MEPI/MEP3 and MEP2 genes (5). A third,
more divergent MEP-like gene identified in C. albicans was
considered nonfunctional based on the phenotype of the
Amepl/2 double mutant (5). The predicted MepC product is
also the most divergent of the A. nidulans family of AMT/MEP
permeases, including differences in the ammonium signature
sequences. Despite these differences, MepC expressed at high
levels can partially compensate for the loss of the other three
AMT/MEP permeases. Database searches revealed that or-
thologs of the A. nidulans AMT/MEP genes meaA, mepA, and
mepB are present in the genomes of A. fumigatus, A. oryzae,
Neurospora crassa, Magnaportha grisea, and Fusarium grami-
nearum (Fig. 8). In contrast, orthologs of mepC can be identi-
fied in the N. crassa genome but not in the related M. grisea
genome, and among the Aspergillus spp., mepC is present in 4.
oryzae but not in A. fumigatus. The additional amino acid
sequences apparent in the MepC amino acid sequence com-
pared to the MeaA, MepA, and MepB sequences (Fig. 1) are
present in all MepC orthologs. Therefore, mepC may be the
result of an early duplication that has been independently lost
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in several fungal lineages. This further argues that mepC does
not have a critical physiological or regulatory function in A.
nidulans, although a subtle function in nitrogen signaling can-
not be excluded.

The expression of meaA, encoding the major ammonium
transporter, is both AreA dependent and AreA independent.
The factors that promote AreA-independent expression are
unknown, but it is clear that AreA plays an active role in the
expression of meaA under all nitrogen conditions. It is para-
doxical that AreA activity is required under ammonium-suffi-
cient conditions, in which it has been assumed to be inactive. It
is apparent that AreA does retain the capacity to activate gene
expression from certain promoters under repressed conditions.
The gdhA gene, encoding NADP-linked glutamate dehydro-
genase, the major enzyme of ammonium assimilation in A.
nidulans, is also regulated by AreA under nitrogen-sufficient
conditions (7, 38, 41). However, the mechanisms that underlie
the expression of meaA and gdhA on ammonium appear to be
different. The full expression of gdhA under ammonium-suffi-
cient conditions is dependent on TamA acting as a coactivator
of AreA and an additional transcriptional activator, LeuB (38).
In contrast, TamA has a relatively minor role in the activation
of meaA expression on ammonium. Instead, TamA appears to
act with AreA to activate meaA (and mepA) expression on
nonammonium nitrogen sources, similar to the role that it
plays in contributing to the expression of other nitrogen-regu-
lated genes (12, 42, 43). Furthermore, LeuB is not required for
meaA expression, consistent with the lack of predicted LeuB
binding sites in the meaA promoter (B. J. Monahan, unpub-
lished results). There is no indication that NmrA, which acts to
inhibit AreA function at the promoters of genes subject to
nitrogen metabolite repression, has a role in modulating meaA
expression (Monahan, unpublished data). The factors that fa-
cilitate AreA function at the meaA promoter under nitrogen-
sufficient conditions are unknown but are of considerable in-
terest. By analogy with the complex interactions of AreA,
TamA, and LeuB at the gdhA promoter, it is possible that
interactions between AreA and other transcription factors at
the meaA promoter are involved.

The contrasting expression profiles of the four AMT/MEP
genes in A. nidulans have revealed that nitrogen sufficiency,
limitation, and starvation can be differentiated as distinct phys-
iological states by the organism. Furthermore, this study has
highlighted the finding that promoter-specific contexts must be
an important factor in determining the activation capacity of
AreA under different nitrogen conditions. The AMT/MEP
genes in A. nidulans provide an excellent system with which to
further investigate these complexities of AreA function.
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