Eukaryoric CELL, Feb. 2008, p. 237-246
1535-9778/08/$08.00+0 doi:10.1128/EC.00079-07

Vol. 7, No. 2

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Amt2 Permease Is Required To Induce Ammonium-Responsive

Invasive Growth and Mating in Cryptococcus neoformans’
Julian C. Rutherford,'f Xiaorong Lin,'s Kirsten Nielsen,'§ and Joseph Heitman'-**

Departments of Molecular Genetics and Microbiology' and Medicine,> Duke University Medical Center, Durham, North Carolina

Received 14 March 2007/Accepted 14 November 2007

The conserved AmtB/Mep/Rh family of proteins mediate the transport of ammonium across cellular mem-
branes in a wide range of organisms. Certain fungal members of this group are required to initiate filamentous
growth. We have investigated the functions of two members of the AmtB/Mep/Rh family from the pathogenic
basidiomycete Cryptococcus neoformans. Amtl and Amt2 are low- and high-affinity ammonium permeases,
respectively, and a mutant lacking both permeases is unable to grow under ammonium-limiting conditions.
AMT? is transcriptionally induced in response to nitrogen limitation, whereas AMTI is constitutively ex-
pressed. Single and double amt mutants exhibit wild-type virulence in two models of cryptococcosis. Consistent
with this, the formation of two C. neoformans virulence factors, cell wall melanin and the extracellular
polysaccharide capsule, is not impaired in cells lacking either or both of the Amtl and Amt2 permeases. Amt2
is, however, required for the initiation of invasive growth of haploid cells under low-nitrogen conditions and for
the mating of wild-type cells under the same conditions. We propose that Amt2 may be a new fungal ammonium
sensor and an element of the signaling cascades that govern the mating of C. neoformans in response to

environmental nutritional cues.

Ammonium is an excellent nitrogen source for microorgan-
isms, and studies on a variety of fungi suggest that each species
contains at least one high- and one low-affinity ammonium
transporter (2, 12, 26, 29, 31, 39). These belong to the AmtB/
Mep/Rh family of proteins, which are conserved between bac-
teria and humans (13, 27). Structural studies with bacterial
members of this family predict that these transporters form
channels that allow the passive diffusion of ammonium to oc-
cur (1, 13, 48). Ammonium selectivity arises from the presence
of a narrow hydrophobic channel that necessitates the depro-
tonation of the translocating ammonium ion to form ammonia
gas that is reprotonated on the cytoplasmic side of the cell (13).
The fungal ammonium permeases are transcriptionally regu-
lated to ensure that appropriate pathways are expressed in
response to particular nitrogen sources (reviewed in refer-
ence 5).

Some fungal members of the AmtB/Mep/Rh family are re-
quired to initiate a dimorphic transition from yeast to filamen-
tous growth (2, 23, 39). This enables cells within a colony to
grow away from an area of nutrient limitation in a coordinated
manner, and in some pathogenic fungi this can contribute to
virulence, if it is the filamentous form that is infectious (20).
The molecular mechanisms that are involved in the ammonium
permease-dependent aspect of this process are not under-
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stood. In particular, it is not known if these permeases act as
sensors of ammonium availability and couple ammonium
transport with the regulation of a signal transduction pathway.
Interestingly, certain fungal homologues of the S. cerevisiae
Mep2 permease can restore pseudohyphal growth in a strain
that lacks the endogenous Mep2 (12, 39). This suggests that
aspects of this process are conserved in different fungal species.

The ability and propensity of fungal pathogens to undergo
sexual reproduction and its influence on the virulence of these
organisms are fundamental. Studies on environmental popu-
lations of pathogenic fungi suggest that although sexual repro-
duction occurs, it is often limited and that predominantly
clonal populations exist. This suggests that a clonal existence
enables the successful colonization of a particular host or en-
vironment and that sexual reproduction may enable survival in
response to adverse selective pressure (reviewed in reference
9). The balance between clonal and sexual populations of the
fungal pathogen Cryptococcus neoformans is therefore of sig-
nificant interest. C. neoformans is a saprophytic yeast that is
predominantly a pathogen of immunocompromised individu-
als. It occurs as a haploid yeast of two mating types, o and a,
although the vast majority of environmental and clinical sam-
ples are of the « type (15). An environmental population that
exhibits evidence of recombination has been isolated within
sub-Saharan Africa, which is consistent with the occurrence of
geographically restricted sexual reproduction (19).

The discovery of a novel sexual cycle in C. neoformans has
raised interesting questions relating to the balance between the
sexual and clonal populations of this organism. Monokaryotic
fruiting by C. neoformans has been known for some time and
occurs predominately with haploid « cells when they are cul-
tured under certain conditions (45). This developmental path-
way results in morphological changes strikingly similar to those
that occur during mating. Recently, monokaryotic fruiting has
been found to be dependent upon conserved meiotic proteins
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and to involve the formation of a diploid intermediate that is
resolved by a process involving recombination and the produc-
tion of haploid spores (18).

Interest in the link between mating and virulence of C.
neoformans extends beyond the maintenance of a clonal pop-
ulation as a pathogenic strategy. The spores that result from
both traditional a-o mating and monokaryotic fruiting are the
potential infectious agent of this organism (40, 49). In addition,
several genes within the 100-kb region of the mating type locus
are linked to the virulence of this yeast (4, 44). In certain strain
backgrounds, a cells are more virulent than a cells (16). In the
most common pathogenic serotype, there is no difference in
virulence between the two mating types; however, in a murine
model of coinfection, « cells are more successful at penetrating
the blood-brain barrier (34, 35). Study of the environmental
signals that initiate both traditional a-a mating and monokary-
otic fruiting will allow a fuller understanding of the sexual
process in C. neoformans. Nitrogen starvation induces both
processes, which is consistent with spore formation contribut-
ing to survival during periods of nutrient deprivation.

The observation that C. neoformans mates or undergoes
monokaryotic fruiting in response to low nitrogen levels
prompted us to characterize the ammonium permease homo-
logues that are evident following the sequencing of the C.
neoformans genome (21). Although mating in C. neoformans is
distinct from ammonium-dependent filamentous growth seen
in other yeasts, both involve developmental processes, and in
C. neoformans it involves morphological changes that include
the formation of hyphae, basidia, and spores (6, 45). In this
study, we show that C. neoformans expresses distinct low- and
high-affinity ammonium transporters that we have designated
Amtl and Amt2, respectively. Haploid cells respond to limiting
nitrogen conditions by undergoing invasive growth, and this
process is dependent upon Amt2. In addition, Amt2 is also
required for the induction of mating in response to low am-
monium concentrations. This work, therefore, identifies a
novel role for one member of the Amt/Mep/Rh family of
proteins and extends the number of proteins that are involved
in mating and spore formation in C. neoformans to include
those involved in ammonium metabolism.

MATERIALS AND METHODS

Fungal strains. The strains used in this study are listed in Table 1. Derivative
mutant strains of H99 MAT« in which AMTI and AMT2 were separately dis-
rupted were generated by replacing the coding region of each gene with a
cassette conferring resistance to, respectively, G418 (KAN) and nourseothricin
(NAT). Each cassette consisted of the drug resistance gene, flanked by approx-
imately 1 kb of the promoter and terminating sequences of the relevant AMT
gene that was generated by overlap PCR. Transformation of each cassette was
carried out using a biolistic particle delivery system (Bio-Rad model PDS-1000/
He) (41). To obtain a double mutant MAT«a amtIA amt2A strain, a second
transformation was carried out by replacing the coding region of AMT! with the
KAN resistance cassette in the H99 MATo amt2::NAT strain. PCR and Southern
blotting confirmed integration at the correct locus and the absence of multiple
integration events. The resulting H99 MATo amtl::KAN amt2::NAT strain was
crossed with KN99 MATa, and basidiospores from the cross were analyzed to
obtain multiple independent MATo and MATa amtIA, ame2A, and amt1A amt2A
strains. Matings were carried out on MS (32, 46) medium for up to 3 weeks in the
dark.

Phylogenetic analysis of protein sequences. An unrooted tree was derived with
heuristic maximum-likelihood analyses in PHYML using the WAG amino acid
substitution model with a portion of invariable sites and gamma-distributed
substitution rates. Ambiguously aligned regions were excluded from the analysis.
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TABLE 1. Strains used in this study

Species and strain Genotype Reference
C. neoformans

Serotype A
H99a MAT« 37, 41
JR1 amtl::NEO MAT« This study
JR3 amt2::NAT MATa This study
JRS amtl::NEO amt2::NAT MATo  This study
KN99a MATa 34
JR7 amtl::NEO MATa This study
JRY amt2:NAT MATa This study
JR11 amtl::NEO amt2::NAT MATa This study
Bt63 MATa 19
JKH7 MATo pkal A::URAS ura5 10

Serotype D
JEC20 MATa 16
JEC21 MATo 16
B3502 MATa 16
B3501 MATo 16
KN433a MATa 36
KN433«a MATo 36
KN3501a MATa 36
KN3501a MATo 36

S. cerevisiae MLY40 MATa ura3-52 22

A similar topology was recovered by neighbor joining in ClustalX using the
Gonnet matrix and Bayesian analysis in MrBayes version 3. For the Bayesian
analysis, the rtREV matrix with a portion of invariable sites and gamma-distrib-
uted substitution rates was used. The matrix and settings used for the Bayesian
analysis were determined using Prottest. Branch support values were calculated
from 500 replicates of nonparametric maximum-likelihood bootstrap analysis
(first percent) from 1,000 replicates of distance bootstrap analysis (second per-
cent) and Bayesian posterior probability (lower percent). Branches supported by
two or more methods (=75% bootstrap and =95% posterior probability) were
considered supported and are shown as thickened branches on the tree.

In vitro phenotypic analysis. The growth of strains was compared on yeast
extract-peptone-dextrose (YPD), complete synthetic medium-dextrose contain-
ing added amino acids (CMD), and yeast nitrogen base medium supplemented
with different nitrogen sources (YNB) (42). Melanin production was assayed on
Niger seed agar and capsule formation induced by growth on Dulbecco’s mod-
ified Eagle’s (DME) agar. Sensitivity to methylamine was carried out using
YNB-proline (1 mM) plates supplemented with 10 mM methylamine. All dilu-
tion series on agar plates were carried out with overnight yeast cultures that had
been washed twice with water before plating. Invasive growth was assayed by
spotting a 10-pl drop of a prewashed overnight culture onto synthetic low-
ammonium dextrose (SLAD) agar (YNB without amino acids plus 50 uM am-
monium sulfate), and the plates were incubated for 1 week at 30°C. Cells on the
surface of the agar were carefully washed away with water to reveal the extent of
invasive growth. To quantify the level of invasive growth, the degrees of invasion
were compared by eye and scores from 0 (no visible invasive growth) to 4 (best
invasive growth) assigned. Assays of this phenotype were repeated eight times,
and the scores were averaged and used as trait values. Individual embedded cells
were examined using a Zeiss Axiophot 2 Plus fluorescence microscope and
photographed with an AxioCam MRM digital camera. Northern blot analysis
was carried out as previously described (3) using DNA probes hybridizing to
AMTI, AMT2, and ACT]I that had been amplified from genomic C. neoformans
serotype A (H99) DNA using specific primers.

In vivo analysis of virulence. For murine assays, wild-type and mutant strains
of C. neoformans were used to infect female A/Jer mice (NCI/Charles River
Laboratories) by nasal inhalation as described previously (34). Ten animals per
strain were inoculated with 50 pl phosphate-buffered saline containing 1 X 10°
yeast cells of the wild-type H99 strain or the amt mutant strains. Animals were
examined daily, and the protocol used was approved by the Duke University
Animal Use Committee. P values were calculated using the Mann-Whitney U
test. The wax moth virulence assay was carried out as previously described (33)
using Galleria mellonella larvae (Vanderhorst Inc., St. Marys, OH). Each larva
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Amt1l MVNITYGALVSSDGAVHFEPLGTDIISTLAGQATAFDPGDIAWMLTCS LIVF L L YL A R N SMLFLSLVSLGIISF F I V ET--GGSFW DGRNV FRH L 118
Amt2 MVNVTY -TDSSSD——=----—=-— MIYTADDGTQYLYNLGDMSFIIAAM LVWI V V LF L R N SMIFLSMAGVAVGSF F W A DT--GSKYI DLRYF LKG L 107
Mep?2 -MSYNFTGTPTGEG —- --TGGNSLTTDLNTQFDLANMGWIGVAS GVWI V I LL S K H SLLWASMMASAVCIF F W A HNTRGNGFI TLEFF FRN L 111
Mepl — |===———=—-————- --MESRTTGPLTTETYDGPTVAFMILGA LVFF V L FL A R S ALIWVVLMATLVGIL Y W A KSAPNNKFI NLDSF FRN Y 98
Mep3 | mmmmmmmmm———m oo MARGDGHLWTETYDSSTVAFMILGA LVFF V L FL A R S ALIWVVIMATLVGIL Y W A KTATNNKFI NLDSF FRN Y 97
* e
Amtl ERPIPETNGKL EIVFATF L ACLVPAVLL AAA SRIL A I M CWT LVYD LAH IWSTN ANKW V Y  VPVEIA GTAGLAYSYFI K RGYGTDR--VLFK SNVG 236
Amt2 AEPSAGSD-RI ALLFCVY C CLITGVLAI GFA SRIG V V L CWL LVYC LAC TWNPN SFVM G F  TPVHIS GTASLATIALYL K RGYGTER--LAYK HNTA 224
Mep2 GAPSSVSS--L DILFAVY G AAVTGALML GAC ARLF M V L LWM IVYC IAC VWNAE LVKL S Y  LCVHLT GHGGLVYALIL K NDPVTRKGMPKYK HSVT 229
Mepl GKKFDEDA--Y ELAYATF M SCVNLSIIA ATA GRLL H V L ILA IGYC VTY IWSPG AYOW V W  GNIEIL AVSGFVYSWFL K N----EKLLINFR HNVS 212
Mep3 GKISDDST--Y ELIYAIF M MCVALSIIA ATA GKLF H V L VFA LVYC ITY IWAPG AYOW V W  GNIEIL AVAGFVYSYFL R K----ENLLINFR HNVS 211
*

Amt1 N VL VF V LG GG CYCASLKAALAIFN N AGSV VV LIM -F LER SM Y T A A Al AA YVGAPAAALI LVSAAVS L TRL VTMRV DPM IFAV A 355
Amt2 F VI VF F FG GG ALSANLRAVQACIV N SASV LV MCL -Y LER SA F S A S GI AA FVGSPAALAI AITAIAC F TKL FLIGV ETL VFAS G 343
Mep2 S VL VF F MF GG AGNATIRAWYSIMS N AAAC LT MVI YF CGR TT L S I A GI AA FVPIWSAVVI VVTGAGC L VDL SLLRI DGL CYSI G 349
Mepl L TL SI F LL SA SLSPNLRSVYAFMN C SAIT MT CLL -Y SEK ST L S I S AA SS CITLYGSLIQ IVAGVVC F TKL YYAKV DAM ILAE G 331
Mep3 M TL SI F 1L AA SLSPNMRSVYAFMN C SATT MT CLL -Y SEK ST L S I C AA SS CITLYGSLIQ IIAGVVC F TKI YYLKV DSL LLAE G 330
Amtl LA IV VLMTGL AQSS AAND --FSDID LD HYV LGK V WACVGMAWTFVV YAIMFFINL GCHF ATEEA IV M EVEL YVADYAFHQRDLEGEYEAHTLSRCPSAT 473
Amt2 IG MV CFLTGL AQGS AGFD --ITDIP VS YWI AGY M DLTAGFAYTFVM TIICWLLHF GLRL ASEEA II I DAYL FAYDYVGTDPELR------- LHRIDSRP 454
Mep2 VG CI SVLTGI AADY NATA SYISPID  IN HYK VGY L GICAALAWTVTV SILLLTMNA FLKL LSADE EL T AAQI FTYEESTAYIPEP------ IRSKTSAQM 463
Mepl VA VI LIFNAL GADW IGMD --TTEHE VT NYK MYK I YIAASIGYTAAV AIICFVLGY GMRL ISEEA EA M EDQI FAYDYVEVRRDYY-----—- LWGVDEDS 442
Mep3 IA VV LIFNAL AADW IGMD --TTKHK LT NWK MYI I YIGASAGYCAVV AIICFVLGK GVHL VTEEA AL L EDQI FAYDYVEVRRDYY-----—- QWGVDTDA 441
Amt1l KLHLQDFRHNKDGESSNSSHPKELPPTMPRGGAAIGDLDGDTAVESQHSRSHSRGRSQNRVRIEREGDNEAMEMS DVRRTKASDQRQEGLNIEGSYVDQRE 574

Amt2 QLTSGDVIAEVAPSNGHESSTTEKVDPHATGN AAAG === GORVDV === === —mmm e e 496

Mep2 PPPHENTIDDKIVGNTDAEKNSTPSDASSTRNTDH IV — == = = = = = = = o o = 499

Mepl QRSDVN ~HRVNNAHLAAERSSSGTNSSSDGNGEMIQ ——- SEKILPIHQEDPANR-— 492

Mep3 LHTTCNGANSASETNPTEDSQNSSLSSATVSGONEK ———-—————-——————————— SNNPKLHHAKEA 489

FIG. 1. Alignment of Amt1 and Amt2 with the three ammonium permeases from S. cerevisiae (Mepl1 to -3) using ClustalW. Conserved residues

are in white, and lines above the alignment indicate the positions of the

11 transmembrane helices based on the structure of bacterial AmtB and

alignment of representative members of the AmtB/Mep/Rh family of proteins (13). Asterisks show the positions of three key residues that are, or
are predicted to be, ligands for ammonium/ammonia as it is transported through the permease.

was inoculated with 1 X 10° yeast cells and incubated at 37°C. Larvae were
examined daily and inviable larvae defined as those that did not respond to
touch.

[**C]methylamine uptake. The rate of ['“CJmethylamine uptake was deter-
mined as previously described (39, 43). Briefly, cells were grown in synthetic
medium with proline (1 mM) as the nitrogen source to mid-log phase. The cells
were pelleted, washed, resuspended in phosphate buffer (20 mM, pH 7) to an
optical density at 595 nm of 8, and incubated on ice. Labeled methylamine (0.1
mCi; MP Biomedicals Inc., Irvine, CA) was added to each of a series of tubes
that contained increasing concentrations of unlabeled methylamine in phosphate
buffer. The total number of moles of methylamine in each tube was therefore
equivalent to 0.1 mCi. Cells were taken from the ice and added to the first tube,
which was then resuspended in a water bath at 30°C, and samples were taken at
1,2, 3, and 4 min and added to an ice-cold nonlabeled methylamine solution (100
mM) to stop the reaction. The cells were vacuum filtered onto GC Whatman
filters and washed with ice-cold nonlabeled methylamine solution (100 mM).
This process was repeated for each methylamine concentration and the level of
[**C]methylamine quantified using liquid scintillation counting. The measured
14C was used to calculate the number of moles of methylamine imported for each
sample (with 0.Im Ci representing increasing concentrations of methylamine)
and a rate of uptake (moles/min) calculated. For all experiments the rate of
import increased with increasing external concentrations of methylamine until
the experimental system became saturated. Methylamine uptake was linear and
external labeled methylamine not exhausted over the 4-min sampling period. A
Lineweaver-Burk plot was used to determine the maximal velocity (V) and the
Michaelis constant (K,,,) of the methylamine uptake reaction.

RESULTS

C. negformans expresses homologues of low- and high-affin-
ity ammonium transporters. The complete genome of the C.
neoformans serotype A strain H99 was searched for homo-
logues of the Mep2 ammonium permease from Saccharomyces
cerevisiae, which is a high-affinity transporter that is required
for the initiation of pseudohyphal growth (23, 26). Two open
reading frames (CNAGO00235.1 and CNAGO04758.1) that en-
code proteins with significant similarity to Mep2 were identi-
fied. Based on these similarities, we have designated these

genes AMTI (for ammonium fransporter) (CNAG00235.1)
and AMT2 (CNAGO04758.1). Mep2 exhibits 51% identity (over
429 residues) and 45% identity (over 420 residues) with Amt1
and Amt2, respectively.

Sequence alignments of all three ammonium permeases
from S. cerevisiae (Mepl to -3) with the two Amt permeases
from C. neoformans reveal residues that are conserved
throughout the entire proteins, including those within pre-
dicted membrane helices (Fig. 1). Residues that are required,
or predicted to be essential, for ammonium transport are also
conserved between Amtl, Amt2, and the S. cerevisiae Mep
proteins. Residue D186 of Mep2 (equivalent to D195 of Amtl
and D183 of Amt2) is positioned at the outer pore of the
ammonium channel based on the structure of the bacterial
AmtB permease (13). An asparagine substitution at position
186 in Mep2 results in the loss of Mep2-dependent ammonium
transport without the loss of Mep2 membrane localization
(25). The AmtB structure also revealed two histidine residues
(H168 and H318) that are positioned within the ammonium
channel and that are required for ammonium transport (11).
The AmtB His-318 residue is conserved in all of the S. cerevi-
siae Mep and C. neoformans Amt proteins. Fungal homologues
of AmtB contain either a histidine (Amt2 and Mep2) or a
glutamic acid (Amtl, Mepl, and Mep3) residue at the equiv-
alent position of the AmtB H168 (Fig. 1). Replacement of the
equivalent histidine residue with a glutamic acid residue within
AmtB reduces but does not abolish AmtB activity (11).

A phylogenetic tree showing the evolutionary relationship
between various established and putative members of the
AmtB/Mep/Rh family in fungi revealed that Amtl and Amt2
cluster with other basidiomycete fungal ammonium permeases
(Fig. 2). The conservation of residues essential for ammonium
transport and the evolutionary relationship of Amt1l and Amt2
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Schizosaccharomyces pombe CPB1C11.01
Aspergillus Neurospora
nidulans crassa
U01065.1

Neurospora crassa U06613.1

Saccharomyces cerevisiae MEP2
Candida albicans MEP2

Ustilago maydis Ump2

Cryptococcus neoformans Amt2 100/100

100

Schizosaccharomyces pombe AC2E1P3.02
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FIG. 2. Tree representing the phylogenetic relationship between selected fungal ammonium transporters. The evolutionary relationship of

representative members of the AmtB/Mep/Rh family was determined for those that are known or predicted to be ammonium permeases (see
Materials and Methods). The gene or open reading frame and the name of the organism are indicated.

to other ammonium permeases are consistent with Amt1 and
Amt2 being ammonium permeases. Interestingly, the C. neo-
formans Amt proteins exhibit a close evolutionary relationship
with the Ump proteins from Ustilago maydis. However, these
data do not allow a prediction to be made as to whether Amt1
and Amt2 are high- or low-affinity permeases or whether they
have an additional signaling function equivalent to that of
Mep2 or Ump2 from S. cerevisiae and U. maydis, respectively.

Amtl and Amt2 are required for growth under ammonium-
limiting conditions. To assess the functions of Amtl and
Amt2, single and double mutant strains were generated in
which the coding regions of the AMTI and AMT2 genes were
deleted from the serotype A, MATa wild-type strain H99.
Isogenic MATa strains were isolated following a meiotic cross
of the MATo amtIA amt2A strain and the KN99 MATa wild-
type strain. The resulting wild-type and single and double mu-
tant strains were inoculated on low-ammonium agar at 30°C
for 5 days to examine their ability to grow under ammonium-
limiting conditions. This growth assay did not reveal any obvi-
ous difference between the wild-type and single amtIA and
amt2A mutant strains (Fig. 3A). The amtIA amt2A double
mutant strains, however, exhibited a severe growth defect on
low-ammonium agar, which is consistent with Amt1 and Amt2
having overlapping functions under these conditions. Identical
phenotypes were observed in MATa mutant strains that had
been derived from a cross between the wild-type MATa cells
and the MATo amtIA amt2A double mutant strain (Fig. 3A).

During the course of this work we noted that wild-type
strains and the amt mutant strains developed different colony
morphologies when grown for long periods. To analyze this in
a systematic way, washed cells were spotted onto complete
synthetic medium and grown for 2 weeks. Although this me-
dium contains a high level of ammonium sulfate, the lack of
Amt] resulted in slower growth of the colony, which was ex-
acerbated in the amtIA amt2A double mutant (Fig. 3B). Inter-
estingly, the cells lacking Amt1 also developed colonies with a
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amtiA .‘ .@ ‘“
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Wild type  amtiA amit2A amt1,2A
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MATa
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AMT2
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FIG. 3. The AMTI and AMT2 genes are required for growth
under low-ammonium conditions and are differently regulated in
response to nitrogen availability. (A) Wild-type MATa (H99) and
MATa (KN99) and isogenic amtIA, amt2A, and amtIA amt2A
strains were grown overnight in YPD medium, washed, serially
diluted and plated on YPD and low-ammonium (50 pM) medium,
and grown for 2 days at 30°C. (B) Overnight cultures of H99 wild-
type cells and isogenic amtIA, amt2A, and amt1A amt2A cells were
washed and spotted onto complete synthetic medium (CMD) and
grown for 2 weeks at room temperature. The white lines represent
the diameter of the wild-type colony for comparison purposes.
(C) Northern analysis of the levels of AMT1 and AMT?2 transcripts
in wild-type (H99) cells grown CMD or synthetic medium with
limiting quantities of glutamine (Glu), proline (Pro), or ammonium
(Am) (50 pM). Levels of ACTI transcripts served as the loading
control.
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smooth surface, whereas the wild-type colonies appeared wrin-
kled. Under these conditions, the am#2A mutant strain grew to
the same extent and developed the same colony morphology as
wild-type cells (Fig. 3B).

As Amtl and Amt2 are together required for growth under
ammonium-limiting conditions, we were interested in deter-
mining the extent to which the AMT1/2 genes are regulated by
ammonium availability. Wild-type cells were grown in synthetic
medium containing limiting concentrations of ammonium sul-
fate, glutamine, or proline. Northern analysis revealed that
AMTTI is constitutively expressed at the same low level under
all of the growth conditions tested. In contrast, AMT2 is not
expressed under ammonium-sufficient conditions but is in-
duced to high levels when ammonium levels are limiting or
when low levels of alternative nitrogen sources are present
(Fig. 3C). The induced level of AMT?2 expression is consider-
ably higher than the constitutive level of expression of AMT]I.
Control experiments using MATa amtIA amt2A cells con-
firmed the specificity of the RNA probes used (data not
shown).

Amtl and Amt2 are low- and high-affinity ammonium trans-
porters, respectively. To confirm that Amtl and Amt2 are
ammonium transporters and to quantify the level of transport,
we separately assessed the activities of Amtl and Amt2 by
assaying the uptake of ['*C]methylamine in amtIA mutants
expressing only Amt2 and in amt2A mutants expressing only
Amtl. This ammonium analogue has previously been used to
quantify the activities of members of the AmtB/Mep/Rh family
of permeases (39). Cells were grown in synthetic media to
mid-log phase with proline as the nitrogen source. The rate of
[**C]methylamine uptake over a range of external methyl-
amine concentrations was determined. Analysis of the rate of
uptake by Amtl or Amt2 revealed a kinetic profile similar to
that described for other fungal ammonium permeases (Fig.
4A) (31, 39). Cells expressing either Amtl or Amt2 became
saturated for ['*C]methylamine uptake over the range of ex-
ternal methylamine concentrations used. Amtl exhibited the
greater rate of transport, at 63 pmol moles/min/107 cells com-
pared to 5.1 wmol/min/107 cells for Amt2. The determination
of the K, for transport for [**C]methylamine revealed appar-
ent K,,s of 1.25 mM and 104 pM for Amtl and Amt2, respec-
tively. Control experiments identified no [**C]methylamine up-
take in the amtIA amt2A mutant strain, consistent with Amt1
and Amt2 being the only ammonium transporters in C. neo-
formans (data not shown). Together, these data are consistent
with Amtl being a low-affinity, high-capacity ammonium per-
mease and with Amt2 being a high-affinity, low-capacity am-
monium permease.

Methylamine is toxic to yeast cells in the absence of appro-
priate resistance mechanisms, and therefore methylamine
resistance has been used as a qualitative assay for ammonium
permease function (39). To test the sensitivities of the C. neo-
formans wild-type and mutant strains to methylamine, mid-log-
phase cultures of cells were serially diluted and plated onto
medium containing proline as the nitrogen source and increas-
ing concentrations of methylamine. The wild-type and am2A
strains exhibited a partial reduction in growth on plates con-
taining 10 mM methylamine. Cells lacking Amt1l were mod-
estly more resistant to this level of methylamine, with the
double amtIA amt2A strain being more resistant than the sin-
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FIG. 4. Amtl and Amt2 mediate the transport of methylamine.
(A) Rate of ["*C]methylamine uptake versus substrate concentration
for the amt2A (left) and amtiA (right) deletion mutants. (B) Wild-type
and isogenic amtlA, amt2A, and amtIA amt2A strains were grown
overnight in synthetic dextrose (SD)-proline medium, washed, serially
diluted and plated on SD-proline plates with and without methylamine
(10 mM), and grown for 4 days at 30°C. (C) Wild-type S. cerevisiae
(MLY40) and C. neoformans (JEC20a, JEC21a, H99«, and KN99a)
strains grown under the same conditions as for panel B.

gle amtIA strain (Fig. 4B). Higher concentrations of methyl-
amine did not accentuate the difference between the resis-
tances of wild-type and mutant strains to methylamine, as all
cells became sensitive at these concentrations (data not
shown). Therefore, the loss of Amtl1 results in cells exhibiting
a partial resistance to methylamine. To test the relative sensi-
tivities of different strains to methylamine, we grew the sero-
type A strains (H99a and KN99a), the serotype D strains
(JEC20a and JEC21a), and the S. cerevisiae strain MLY40 on
medium containing 10 mM methylamine. The C. neoformans
serotype A strains (H99 and KN99) grew significantly more
robustly than the other strains (Fig. 4C). On close inspection
the C. neoformans serotype D strains appeared to be slightly
more resistant to methylamine than the S. cerevisiae strain. All
cells were sensitive to 20 mM methylamine (data not shown).

Loss of Amt1 and Amt2 does not influence the pathogenicity
of C. neoformans. The importance of Amtl and Amt2 in the
provision of an important nitrogen source led us to test the extent
to which these permeases might be required for the virulence of
C. neoformans. Initially, the wild-type and mutant strains were
tested for differences in production of two known virulence fac-
tors. Cells were assayed for their ability to produce melanin on
Niger seed medium and for capsule production in DME medium.
In all cases, the production of both virulence factors was induced
to the same extent in wild-type and mutant cells (Fig. SA and B).
To assess the importance of these ammonium permeases during
in vivo infection, two virulence assays using established model
systems were used to test the survival of wild-type and mutant
cells lacking the Amt permeases. In the murine inhalation model
of cryptococcosis, the wild-type and mutant strains had equivalent
virulence (P = 0.07 for comparisons of wild type versus mutant)
(Fig. 5C). In addition, when the wild-type and amt mutant strains
were also tested in the wax moth larva model of C. neoformans



242 RUTHERFORD ET AL.

@
q’b

g
.aé\

K
A @b é&\b S

N
2
Ll

EUKARYOT. CELL

llﬂ

amtiA  amt2A amt1,2A pkalA

Niger seed
C 100 D 100
\ rﬁg . _m- Wild type
- : —e- amtiA
© B w® amit2a
g \'. { % ——g—— amt1,24
350 ﬁ 550
2 -m- Wild type .‘H 2
--#-amtia L
—k— ami24 1\
—&—amt1,24 .\\l. ﬁ '
10 20 30 2 4 6 8
Days Days

FIG. 5. Amtl and Amt2 are not required for the virulence of C. neoformans. Wild-type (WT) and isogenic amtIA, amt2A, and amt2A strains

were plated on Niger seed plates to induce melanin production (A) or on
visualized by staining cells using India ink. A mutant lacking Pkal was used

DME plates to induce the polysaccharide capsule (B). Capsules were
as a negative control (10). (C) Virulence of the wild-type and isogenic

amtIA, amt2A, and amt1A amt2A strains was assayed by intranasally infecting mice with 1 X 10° cells and monitoring progression to severe
morbidity. P values were 0.0753, 0.2799, 0.0892, 0.9118, 0.5787, and 0.9705 for wild-type/amtIA, wild-type/amt2A, wild-type/amtIA ami2A,
amtlNamit2A, amtl Aamtl A amt2A, and amt2AJamt1 A amt2A strains, respectively. (D) To determine virulence in the wax moth Galleria mellonella,
larvae were injected with yeast cells (1 X 10°) and survival was monitored daily. P values were 0.0630, 0.79759, 0.9118, 0.1431, 0.0232, and 0.6305
for wild-type/amt1 A, wild-type/amt2A, wild-type/amt1 A amt2A, amtl Ajamt2A, amtl AJamt1 A amt2A, and amt2AJamt] A amt2A strains, respectively.

infection, no differences in virulence were exhibited (P = 0.06 for
comparisons of wild type versus mutant) (Fig. 5SD).

The high-affinity Amt2 permease is required for induction of
invasive growth in response to low ammonium levels. The
established role of fungal high-affinity ammonium permeases
in filamentous growth led us to test whether C. neoformans
Amtl and Amt2 serve a similar function. The Mep2 ammo-
nium permease is required for pseudohyphal growth in both
diploid S. cerevisiae and Candida albicans (2, 23). Haploid S.
cerevisiae cells undergo a similar but more limited dimorphic
switch that leads to the invasive growth of cells into low-am-
monium and rich medium agar (38, 43). Colonies of C. neo-
formans haploid cells grown on low-ammonium plates did not
exhibit the filamentous growth at the edges of the colony that
is a hallmark of pseudohyphal growth. The colonies did, how-
ever, undergo invasive growth into the agar as revealed by
washing away surface cells followed by microscopy (Fig. 6).
The strains lacking Amt2 did not undergo invasive growth
under these conditions, whereas the amtlA strains exhibited
wild-type levels of invasive growth. Microscopic inspection of
the area of wild-type invasive growth revealed that the invasive
phenotype consists of stochastic invasions of the agar that give
rise to small groups of embedded cells (Fig. 6D). Interestingly,
the elongated cell phenotype that is associated with S. cerevi-
siae diploid pseudohyphal growth is not observed with haploid
C. neoformans cells undergoing invasive growth.

The difference in methylamine sensitivity exhibited by sero-
type A and D strains is consistent with there being a difference
in ammonium metabolism between these strains. We were
therefore interested in testing the extent to which different C.
neoformans strains undergo invasive growth. Initially, wild-type
MATo and MATa cells (serotypes A and D) were analyzed for
their ability to undergo invasive growth under ammonium-

limiting conditions. The serotype A cells exhibited a more
robust invasive phenotype than the serotype D cells, with the
H99 MATa strain being modestly more efficient at invasive
growth than the congenic MATa strain KN99a (Fig. 6B). Only
a few sites of invasion by the serotype D strains could be
identified, although interestingly, the microscopic examination
of the sites of serotype D MATa invasion revealed that a few
cells had undergone a morphological switch from the yeast to

A B !
Wild type MATa
g A - |
amtiA 2 |MATa
o3
amt2A 9D | MATa
MAT
Serotype A (H99) “
D KN433a. KN433a H99%a Bt63a KN3501ac KN3501a
Washed
colony

Colony ;
edge

FIG. 6. The extent of invasive growth is variable among different C.
neoformans strains and is dependent on Amt2. Wild-type H99 and
isogenic amt1A and amt2A strains (A), H99a/KN99a (serotype A) and
JEC20a/JEC21a (serotype D) strains (B), and other strains as indi-
cated (D) were grown overnight, washed and inoculated on low am-
monium medium (50 wM), and grown for 1 week at 30°C. Invasive
growth was visualized by washing away surface yeast cells with water
(A, B, and D). The morphology of invading cells was visualized with a
Zeiss Axiophot 2 Plus fluorescence microscope and filaments were
detected in JEC21 MATw cells (C, arrow).
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extent of invasive growth measured and plotted.

the filamentous form (Fig. 6C). An equivalent dimorphic
switch was not observed within the areas of serotype A MAT«
invasive growth.

The differential invasive patterns of the two extensively used
and laboratory-defined serotype A H99 and serotype D JEC21
strains led us to test the invasive phenotypes of a larger range
of strains when grown under ammonium-limiting conditions.
Under identical conditions, additional strains exhibited wide
variation in the extent of invasive growth, with strains such as
H99a and KN433a being considerably less invasive than
strains such as KN3501a and KN3501a (Fig. 6D). In contrast
to the finding that the serotype A MATa strain is more invasive
than the congenic MATa strain, the serotype D MATa strains
KN433 and KN3501 were more invasive than the congenic
strains of the opposite mating type (KN433a and KN3501a).
To test if invasive growth is linked to the MAT locus, the levels
of invasion by the progeny of crosses of two nonisogenic pairs
(B3501a X B3502a and H99a X Bt63a) were assessed. The
progeny of a cross between B3501a and B3502a are recombi-
nant based on genotyping using microsatellite and restriction
fragment length polymorphism genetic markers (28). The
MATa progeny of the B3501a X B3502a cross showed better
invasive growth than the MATa progeny (Fig. 7A), which is
consistent with the pattern of invasion of the KN433 and
KN3501 strains. In contrast, the MATo progeny of the H99« X
Bt63a cross were more invasive than the MATa strains
(Fig. 7B).

C. neoformans mating in response to ammonium-limiting
conditions is Amt2 dependent. The initiation of mating in
response to nutrient deprivation by C. neoformans and the
influence of Amt2 on invasive growth led us to hypothesize
that mating in C. neoformans may be dependent on this am-
monium permease. To test this hypothesis, wild-type and mu-
tant cells were cocultured on MS medium and SLAD medium.
MS medium is a plant tissue culture medium (32) that supports
significant mating of C. neoformans strains, is not nitrogen
limiting, and thus supports growth of the amtIA amt2A double
mutant strain. Under these growth conditions, mating is in-
duced by the presence of inositol and not by a lack of ammo-
nium (46). The wild-type and mutant strains produced mating
filaments to the same extent when grown on MS medium (Fig.
8A and B). All of these matings resulted in the production of
basidia and long chains of basidiospores. Therefore, under
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FIG. 8. Amt2 is required for mating under low-nitrogen conditions.
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these growth conditions, Amtl and Amt2 do not influence C.
neoformans mating.

We then tested the mating of wild-type serotype A cells and
the isogenic amtIA, amt2A, and amt1A amt2A mutants under
low-ammonium conditions. Wild-type mating mixtures grown
on SLAD medium produced significant numbers of mating
filaments. A similar phenotype was observed with a bilateral
cross of amt1A strains (a amtlA X a amtlA). However, mating
between cells lacking amit2 (o« amt2A X a amt2A) was severely
impaired, indicating that Amt2 promotes mating under nitro-
gen-limiting conditions (Fig. 8B). Equivalent bilateral matings
of all strains on medium containing higher concentrations of
ammonium sulfate (500 pM) did not result in the production
of mating filaments (data not shown). Together, these data
indicate that low-ammonium conditions stimulate mating in an
Amt2-dependent manner.

To confirm that ammonium-responsive invasive growth and
mating are linked to the AMT2 locus, we generated reconsti-
tuted amt2A strains in which the AMT?2 gene was reintegrated
into the C. neoformans genome. The resulting strains did not,
however, exhibit wild-type phenotypes (data not shown). Anal-
ysis of Mep2 function in C. albicans has shown that a reduction
in MEP2 gene expression can detrimentally influence the in-
duction of filamentous growth (2). It is possible that the role of
Amt2 in C. neoformans development is also dependent on its
expression levels, which may have been adversely influenced by
integration of AMT2 into a nonnative locus. We therefore
undertook a second approach and performed linkage analysis
to analyze the phenotypes of 24 progeny from a cross between
a wild-type strain and an amf2A mutant strain. In all cases,
those progeny that contained the amt2 deletion exhibited re-
duced invasive growth and no mating when grown on ammo-
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nium-limiting medium. Conversely, all wild-type progeny dis-
played invasive growth and mating. These results support the
conclusion that reduced invasive growth and reduced mating in
response to low ammonium levels are caused by AMT2 dele-
tion.

DISCUSSION

The ability to sense nutrients and acquire them from the
environment is fundamental to an organism’s ability to survive.
Fungi can utilize a wide range of nitrogen sources and many of
the molecular mechanisms of nitrogen acquisition identified in
model fungi are likely to be conserved throughout this king-
dom. The study of the equivalent systems in an organism such
as C. neoformans is of interest as they relate to the ability of
this organism to cause disease. C. neoformans is able to survive
both as a saprophytic yeast and as an opportunistic human
pathogen, which involves survival within two diverse environ-
ments that provide different nutritional resources. Nitrogen
availability also indirectly influences the virulence of C. neo-
formans, as this organism undergoes mating and monokaryotic
fruiting in response to limiting nitrogen, which leads to the
production of potentially infectious spores.

The genome of C. neoformans contains two genes that en-
code proteins with high similarity to members of AmtB/
Mep/Rh family of ammonium permeases (21). Amt1 and Amt2
contain conserved residues that have been predicted or shown
to be crucial for ammonium transport in other AmtB/Mep/Rh
permeases. The role of Amtl and Amt2 in ammonium metab-
olism was confirmed by the isolation of C. neoformans mutants
in which the relevant genes had been deleted. Cells lacking
either Amtl or Amt2 were viable on low-ammonium medium;
however, a double mutant lacking both permeases was unable
to grow under these conditions. This phenotype was observed
in multiple isolates of the double mutant of both MATa and
MATa strains. The role of Amtl and Amt2 in ammonium
transport was confirmed by analyzing the rate of methylamine
uptake. Amtl is a low-affinity, high-capacity ammonium per-
mease, and Amt2 is a high-affinity, low-capacity ammonium
permease. All fungal species studied to date contain at least
two members of the AmtB/Mep/Rh family of proteins, al-
though some species contain additional paralogs. Cells that
lack both Amtl and Amt2 do not import methylamine, which
is consistent with Amtl and Amt2 being the only C. neofor-
mans ammonium transporters.

The available evidence suggests that the ammonium per-
mease-encoding genes are differentially regulated within a par-
ticular fungal species. The three MEP genes of S. cerevisiae are
under nitrogen catabolite control and are induced under ni-
trogen-limiting conditions by the GIn3 and Gatl transcription
factors (26). The extent of induction, however, varies consid-
erably, with MEP2 being approximately 20- and 50-fold more
highly expressed than MEPI and MEP3, respectively, when
proline is used as a nitrogen source (26). In Aspergillus nidu-
lans, nitrogen-responsive transcription is mediated by the
AreA factor and the meaA and mepA genes encode low- and
high-affinity permeases, respectively (30, 31). The meaA gene is
constitutively expressed and does not respond to changes in
external ammonium concentrations. In contrast, the mepA
gene is induced to a high level under low-nitrogen conditions
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but is not expressed during nitrogen sufficiency. The C. neo-
formans AMTI and AMT?2 genes show a pattern of regulation
similar to that of the A. nidulans genes that encode MeaA and
MepA, with AMTI being constitutively expressed and AMT2
induced by nitrogen limitation.

The uptake of methylamine by C. neoformans suggested that
there would be an Amt-dependent phenotype associated with
growth in the presence of this ammonium analogue. Methyl-
amine is toxic to S. cerevisiae, and mutant strains lacking the
Mep ammonium permeases exhibit resistance to it (7). In con-
trast, strains lacking Amtl exhibited only weak resistance to
methylamine, with the double amtIA amt2A mutant being
more resistant than the single am¢1A mutant. The amt2A strain
grew like the wild type in the presence of methylamine. Anal-
ysis of the relative sensitivities of an S. cerevisiae strain and of
C. neoformans serotype A and D strains revealed that S. cer-
evisiae is more sensitive to methylamine than C. neoformans.
This suggests that the mechanisms of uptake and/or detoxifi-
cation of methylamine are different in these two fungi and may
account for the clear methylamine phenotype that has been
described for the S. cerevisiae mep-deficient mutants. It is in-
teresting to note that the genomes of C. neoformans serotype A
and D strains contain homologues of amine oxidase, an en-
zyme that catalyzes the oxidative deamination of amines, which
may confer resistance to methylamine. These enzymes are
found throughout biology, including in fungal species (8), al-
though a homologue is lacking in S. cerevisiae.

The loss of the Amt permeases does not influence the viru-
lence of C. neoformans. First, we analyzed the influence of the
ammonium permeases on the ability of C. neoformans to in-
duce the formation of melanin and the polysaccharide capsule.
We reasoned that ammonium availability, as a signal of nutri-
ent deprivation, might influence the production of mechanisms
that afford protection within this organism’s natural environ-
ment. The lack of both ammonium permeases had no influence
on the production of these virulence factors under standard
laboratory conditions. We then analyzed directly a role for the
Amt permeases in the virulence of C. neoformans using the
murine and wax moth insect models of cryptococcosis. Mutants
lacking one or both Amt permeases were as virulent as wild-
type cells in both experimental models. This suggests that am-
monium is not a source of nitrogen during infection and/or that
in the absence of ammonium uptake other mechanisms of
nitrogen acquisition, such as the uptake of amino acids, are
sufficient to maintain wild-type growth within the host. This is
consistent with the finding that the utilization of ammonium as
the only source of nitrogen is not essential for the survival of S.
cerevisiae as a pathogen in vivo (14).

Morphological change can be initiated in response to am-
monium limitation in certain fungi, and this dimorphic switch
is dependent on certain members of the AmtB/Mep/Rh family.
In those fungi in which this has been studied, a role for the
protein kinase A and mitogen-activated protein kinase signal-
ing pathways in development has been demonstrated (17).
However, the precise role of the ammonium permeases in this
process is not yet known. Haploid S. cerevisiae undergoes in-
vasive growth when grown for extended periods on rich me-
dium or in the presence of fusel alcohols (24). Recently, this
phenotype has also been observed in response to ammonium
limitation and is dependent on one of the S. cerevisiae Mep
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proteins (43). This led us to analyze the influence of ammo-
nium limitation on the growth of C. neoformans, which is pre-
dominately a haploid organism. Under these conditions, wild-
type cells undergo invasive growth, which appears to consist of
stochastic events that give rise to individual clusters of embed-
ded cells. For serotype A cells of the H99 background, this
process is dependent on the presence of Amt2. The extent of
nitrogen responsive invasion varies considerably between dif-
ferent strains of C. neoformans. Quantification of the degree of
invasive growth in the progeny of crosses revealed an intriguing
relationship between the MAT locus and invasive growth in the
serotype D background. The MAT locus of C. neoformans
contains homologues of the mitogen-activated protein kinase
signaling pathway of S. cerevisiae that have a dual role in
mating and pseudohyphal growth in that organism (47). This
suggests a complex relationship between the MAT locus and
the levels of ammonium uptake in different C. neoformans
strains, and consequently signaling, that is evidenced by the
different sensitivities of C. neoformans strains to methylamine.
The analysis of the congenic serotype D strains KN433 and
KN3501 revealed that MATa cells were more invasive than
MATao cells. The analysis of the congenic serotype A strain pair
H99« and KN99a and of the progeny from a genetic cross of
two genetically distinct serotype A parental strains (H99« and
Bt63a) instead provided more limited evidence that enhanced
invasive growth can be associated with the MATa locus. This
suggests an interesting relationship between the MAT locus
allele and other genomic interactions that may differ between
the two divergent serotypes and which should form the basis
for future studies to investigate these differences.

The established role of ammonium in the initiation of mat-
ing in C. neoformans led us to analyze the influence of the Amt
permeases on this process. Cells lacking Amt1 underwent mat-
ing to the same extent as wild-type cells under ammonium-
limiting conditions. A bilateral cross between mutant amt2A
strains, however, revealed that this strain has a severe mating
defect under these conditions. All of the mutant strains, in-
cluding the double amtIA amt2A mutant, were able to undergo
mating and produce filaments and spores when grown on MS
medium. Therefore, the amt2A strain is not sterile but lacks the
ability to initiate mating in response to low-ammonium condi-
tions. Importantly, analysis of the phenotypes of progeny from
a cross between a wild-type and ami2A strain established linkage
between AMT2 and ammonium-responsive invasive growth and
mating.

The role of Amt2 in development suggests that it has
evolved a function that is analogous to those of the Mep2
proteins of S. cerevisiae and C. albicans and Ump2 of U. may-
dis. Similar to Mep2 and Ump2, Amt2 is a high-affinity per-
mease and is the most highly expressed ammonium permease
within its species. The ability of the C. albicans Mep?2 to initiate
signaling is dependent on its high expression levels (2). It is
presently unknown how the Mep2-like proteins regulate devel-
opment at the molecular level. It is possible that this group of
proteins act as sensors of ammonium availability that link sig-
naling to the transport function of the protein. This hypothesis
will remain speculative until the signaling partners of these
putative signaling permeases are identified. Notwithstanding
the precise mechanism of Amt2 function, this study extends the
number of fungal developmental processes that depend on
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ammonium transport. This encourages the prediction that
other homologues exist elsewhere in the fungal kingdom and
that they link a variety of biological processes to ammonium
availability. The challenge is to identify the mechanisms by
which these permeases link ammonium availability to fungal
development and the extent to which these processes are con-
served between different fungi. This will reveal the molecular
mechanisms that link species-specific responses to the insuffi-
ciency of an essential nutrient.
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