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pseudohyphal differentiation in Saccharomyces
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In response to nitrogen starvation, diploid cells of the
budding yeast Saccharomyces cerevisiagifferentiate
into a filamentous, pseudohyphal growth form. This
dimorphic transition is regulated by the Go protein
GPA2, by RAS2, and by elements of the pheromone-
responsive MAP kinase cascade, yet the mechanisms
by which nitrogen starvation is sensed remain unclear.
We have found that MEP2, a high affinity ammonium
permease, is required for pseudohyphal differentiation
in response to ammonium limitation. In contrast, MEP1
and MEP3, which are lower affinity ammonium perme-
ases, are not required for filamentous growth.Amep2
mutant strains had no defects in growth rates or
ammonium uptake, even at limiting ammonium con-
centrations. The pseudohyphal defect oAmep2Amep?2
strains was suppressed by dominant activesPA2 or
RAS2 mutations and by addition of exogenous cAMP,
but was not suppressed by activated alleles of the
MAP kinase pathway. Analysis of MEP1/MEP2 hybrid
proteins identified a small intracellular loop of MEP2
involved in the pseudohyphal regulatory function. In
addition, mutations in GLN3, URE2 and NPR1, which
abrogate MEP2 expression or stability, also conferred
pseudohyphal growth defects. We propose that MEP2
is an ammonium sensor, generating a signal to
regulate filamentous growth in response to ammonium
starvation.

Keywords ammonium permease/MEP2/pseudohyphal
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Introduction

mouse model (Laet al, 1997). Similarly, in the human
pathogerCryptococcus neoformana filamentous growth
form accompanied by spore formation (haploid fruiting)
has only been observed in cells of themating type,
which are more virulent than the mating type (Kwon-
Chunget al,, 1992; Wickeset al., 1996).

In the budding yeasbaccharomyces cerevisjiagevere
nitrogen starvation induces diploid cells to differentiate
into a filamentous, pseudohyphal growth form (Gimeno
et al, 1992). This developmental pathway has been
proposed to be a scavenging mechanism under nutrient
limiting conditions (Gimencet al.,, 1992). Similar to the
filamentous states of other fungi, pseudohyphal cells are
elongated and have an altered budding pattern and cell
cycle compared with yeast form cells (Gimeeo al,
1992; Kronet al, 1994). In addition, pseudohyphal cells
invade the growth substrate.

Pseudohyphal differentiation is regulated by GPA2, the
a subunit of a guanine nucleotide binding protein’ti#ear
et al, 1997; Lorenz and Heitman, 1997). Diplagypa2/
Agpa2 strains have a severe defect in filamentation,
whereas a dominant activésPA2 allele stimulates
pseudohyphal differentiation, even under conditions of
nitrogen excess. GPA2 has been proposed to be a com-
ponent of the nitrogen sensor that regulates this dimorphic
switch (Lorenz and Heitman, 1997). G proteins play
similar roles in other fungi, includingy.maydisin which
the Gx protein Gpa3 is required for mating, a necessary
precursor to filamentous growth (Regenfeldeal., 1996),
and in C.neoformansin which the G protein Gpal
regulates both mating and virulence (Tolkachetaal.,
1994; Alspaugtet al., 1997).

Several observations suggest that GPA2 and the small
G protein RAS2 coordinately regulate vegetative and
pseudohyphal growth. Mutational activation of either
GPA2 or RAS2 stimulates filamentous growth (Gimeno
et al, 1992; Lorenz and Heitman, 1997), both RAS2 and
GPA2 modulate cAMP levels (Todet al, 1985; Field
et al, 1988; Nakafukiet al., 1988), and\ras2 andAgpa2
mutations exhibit a synthetic growth defect (#er et al.,
1997; Lorenz and Heitman, 1997; Y.Xue and J.Hirsch,

Many fungi interconvert between multiple growth patterns, personal communication). cAMP promotes filamentous
including yeast and filamentous forms, depending on growth, even under nutrient rich conditions, and increased
environmental conditions. Filamentous growth may enable CAMP levels suppress both thAgpa2 pseudohyphal
these non-motile organisms to seek preferable environ-defect (Lorenz and Heitman, 1997) and thgpa2 Aras2
ments. For example, conjugation of compatible cell types vegetative growth defect (Kiler et al., 1997). cCAMP also

in the maize pathogetJstilago maydisresults in the

regulates mating and dimorphism in other fungi, including

formation of a filamentous heterokaryon, the cell type U.maydis C.albicans Neurospora crassaandSchizosac-
responsible for host infection (Banuett, 1991; Hartmann charomyces pombé¢Niimi et al, 1980; Maedaet al,
et al, 1996). Polymorphism between yeast, hyphal and 1990; Sabie and Gadd, 1992; Yardenal, 1992; Gold
pseudohyphal forms in the opportunistic human pathogen et al, 1994; Kronstad, 1997).

Candida albicanshas been proposed to be a key means

Activation of a signaling pathway that is independent

of tissue invasion and dissemination during infection, and of the G protein/cAMP pathway and includes elements of

non-filamentousC.albicans mutants are avirulent in a
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also required for pseudohyphal differentiation. Mutations Results
in the STE20, STE11 and STE7 protein kinases and the
STE12 transcription factor block filamentation in diploid pseudohyphal differentiation

Cr?”SM(IA_\IIg ﬁt al, 1993). Idn res_por;se to rr:ltrogen s_tar_vat|ofn Previous studies had identified two ammonium-specific
the Inase cascade stimulates the transcription o apermeases, MEP1 and MEP2 (Dubois and Grenson, 1979;
reporter gene under the control of regulatory SEqUEeNCeS\\arini et al, 1994). A third permease, MEP3, was
from the transposon Tyl (LaIOL.JEt al, 199.4’ .Mcsc_h identified through BLAST searches during the course of
et al, 1996). These sequences mcIudt_a a bmdmg site for ihis work and independently by Marirét al. (1997).
a STE12/TEC1 heterodimer (Madhani and Fink, 1997). These proteins share significant sequence identity: MEP1
In addition to the role of RASZ in regulating cAMP  anq MEP3 share 80% identity; MEP2 is less similar, 41%
synthesis, it has been suggested that the dominant activggentical with MEP1 and 39% identical with MEP3. MEP2
RASZa'lg allele may also activate the MAP kinase cascade is the highest affinity permease, wittka, for ammonium
(Mdschet al., 1996). . o of 1-2 uM whereas MEP1 K, ~5-10 uM) and MEP3
Although pseudohyphal differentiation is induced by (K, ~1.4-2.1 mM) are lower affinity ammonium trans-
nitrogen starvation, the mechanisms by which this environ- porters (Mariniet al, 1997). Deletion of all three MEP
mental signal is sensed are not known. GPA2 is involved, permeases renders a cell inviable on media containing
but potential GPA2-linked receptors have not yet been <5 mM ammonium as the sole nitrogen source (Marini
reported. Nutrient-based regulation has been extensivelyet al, 1997; see Figure 1A and B), indicating that
studied with respect to transcriptional and cell cycle these proteins are the only specific ammonium permeases
control (reviewed in Grenson, 1992; Magasanik, 1992), in yeast.
yet little is known about the direct sensing of nutrient  To test whether any of these permeases affect pseudo-
availability. This signaling is likely to be complex as hyphal differentiation, we constructed a series of homo-
yeast, like most microorganisms, can utilize a wide variety zygous diploid strains that each lack a single permease.
of compounds to satisfy nutritional requirements. Several Our initial hypothesis was that mutations in these perme-
recent studies have reported that transmembrane permeasegses might impair ammonium uptake, thus increasing
have a role as receptors in such signaling pathways. Innitrogen starvation and possibly enhancing pseudohyphal
yeast, the glucose transporter homologs RGT2 and SNF3differentiation. In contrast, we observed that strains lacking
are required for transcriptional induction of other glucose MEP2 have a severe defect in filamentous growth under
transporters based on glucose availability (Liang and limiting ammonium conditions (Figure 1A). Deletions of
Gaber, 1996; Ozcaet al., 1996), and dominant mutations MEP1or MEP3 however, had no effect on pseudohyphal
in both RGT2 and SNF3 have been identified which signal 9rowth (Figure 1A). As previously reported (Mariet al.,
in the complete absence of glucose (Ozearal, 1996).  1997), strains lacking MEP2 had no apparent growth
Despite the homology of RGT2 and SNF3 to glucose defect, even on low ammonium medidmep2Amep2.
permeases, neither transports glucose (Liang and GaberMutant strains do form filaments on media containing
1996). A related glucose transporter homolog, Rco-3, hmltmg concentrations of glutamine, proline, asparagine
regulates conidiation ilN.crassain response to changes ©F arginine as the sole nitrogen source (data not shown),
in sugar availability (Madget al, 1997). indicating that the pseudohyphal defect conferred by the

Transport through plasma membrane permeases is arffmep2mutation is only observed in the presence of its

early step in the metabolism of any nutrient and thus substrate, ammonium.

; : : - Next we constructed strains lacking multiple MEP
nutrient permeases are in a unique position to both sense
and import their substrates. Yeast has specific, high-affinity permeases. Both thameplAmep2and Amep2Amep3

plasma membrane permeases for numerous nutrientshomozygous diploid strains exhibited the pseudohyphal

. . , ' .~ _“defect conferred by thAmep2mutation (Figure 1A). The
(reviewed in AndreZ 1995)_. Standard medla for induction Amep1Amep2strain also had a growth defect when grown
of pseudohyphal differentiation contains low concentra-

! : : under limiting ammonium conditions, consistent with
tions (50uM) of ammonium as the sole nitrogen source g

. . previous studies (Figure 1A; Dubois and Grenson, 1979;
gg'emf’;?otﬁé azli.ﬁ%ngc?r?i)u.gvieﬁgga;ZirEf&EPixamgsg t:r? d Marini et al., 1994). AmeplAmeplAmep2Amep2cells

. . : ! ; - apparently experience nitrogen starvation severe enough
MEP3 in the regulation of dimorphism iB.cerevisiae 5 resylt in a growth defect, yet still do not undergo
We find that the high affinity ammonium permease MEP2 fiiamentous growth. These findings suggest that MEP2

is required for pseudohyphal differentiation under standard might have a role in regulating pseudohyphal differenti-
conditions, whereas the homologous permeases MEP1 andition in addition to its role in ammonium uptake.

MEP3 are not. Strains lacking MEP2 have no apparent \when incubated on synthetic media containingid
defects in ammonium uptake, metabolism, or growth, even tg 5 mM ammonium as the sole nitrogen source, the triple
under the low ammonium concentrations that promote Amep1Amep2Amep3mutant strain completes a few cell
filamentation. The pseudohyphal defect/whep2Amep2  divisions before arresting (Figure 1A), possibly when
mutant strains is not suppressed by activation of the MAP vacuolar stores of amino acids are exhausted. On YNB
kinase cascade, but is suppressed by activated alleles ofnedium (38 mM ammonium), the triple mutant does grow,
GPA2 or RAS2 or by exogenous cAMP. We propose albeit with a significant growth defect (data not shown),
that MEP2 serves as an ammonium sensor to regulatesuggesting that an additional non-specific ammonium
pseudohyphal growth and functions in a signaling pathway transport system exists. As shown in Figure 1B, expression
upstream of GPA2, RAS2 and cAMP. of either MEP1, MEP2 or MEP3 from a plasmid is

The MEP2 ammonium transporter is required for
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Fig. 1. MEP2 is required for pseudohyphal differentiatioA) (Homozygous diploid strains of the indicated genotypes (see Materials and methods;
Table Il) were incubated on low-ammonium SLAD medium for 4 days at 30BLThe diploid AmeplAmeplAmep2Amep2Amep3Amep3strain
(MLY131alx) with plasmids expressing ndEP gene,MEP1 (pML100), MEP2 (pML151) or MEP3 (pML113) were incubated on SLAD medium

for 4 days at 30°C. Isogenic wild-type (MLY61) afdnep2Amep2strains (MLY108at) are included as controls.

sufficient to complement the growth defect of the homo- ammonium metabolism iAmep2 mutant strains might
zygous diploid Amepl Amep2 Amep3 mutant strain, contribute to the defect in pseudohyphal growth. Isogenic
demonstrating that all three proteins are functional ammo- MEP2/MEP2and Amep2Amep2strains grew at similar
nium transporters. In contrast, only expressionvi#P2 rates, even under low ammonium conditions, as determined
also restored pseudohyphal differentiation in the diploid from growth curves in liquid media (data not shown). We
AmeplAmep2Amep3strain, indicating that MEP2 has a next directly assayed the ability of diplofimepstrains
specific role in the regulation of filamentous growth that to extract ammonium from the extracellular medium, a
is not shared with the homologous permeases MEP1 measure of the ammonium uptake capacity of these strains

and MEP3. (see Materials and methods). As shown in Figure 2, only
the AmeplAmep2andAmeplAmep2Amep3homozygous

The Amep2 mutation does not affect ammonium diploid strains exhibited reduced ammonium uptake capa-

utilization city. These findings are consistent with the reduced growth

Although the Amep2 mutation did not appear to have rates of these strains on ammonium-limiting media (Figure
phenotypes indicative of defects in nitrogen metabolism, 1A and data not shown) and with a previous report (Marini
we wished to exclude the possibility that alterations in et al, 1997). We also assayed the activity of the nitrogen
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metabolic enzymes glutamine synthase (GLN1) and differentiation led to the hypothesis that MEP2 might have
glutamate dehydrogenase (GDH1 and GDHZ2) after growth a signaling function in the regulation of pseudohyphal
at a range of ammonium concentrations from 8@ to differentiation. One previously characterized element of
50 mM. Activities of these enzymes were similar in wild- the signaling machinery is the pheromone responsive MAP
type andAmep2Amep2strains (data not shown), indicating  kinase cascade. Expression of the dominant a&iMe11-4

that neither ammonium uptake nor metabolism are sig- allele suppresses mutations in upstream components (e.g.
nificantly altered in cells lacking the MEP2 ammonium Aste20)to restore either mating response or pseudohyphal

permease.

MEP2 regulation of pseudohyphal growth is
independent of the MAP kinase cascade

The findings that theAmep2 mutation does not alter

growth, while overexpression of the STE12 transcription
factor greatly enhances filamentation (Lét al, 1993).
These alleles allowed us to test the point of action of
MEP2 with respect to the MAP kinase cascade through
genetic epistasis. The pseudohyphal defect oftimep2/

ammonium uptake or metabolism yet blocks pseudohyphal Amep2strain was not suppressed by the dominant active

(% of initial concentration)

Ammonia remaining in media

STE11-4allele or by overproduction of the STE12 tran-
scription factor (Figure 3), suggesting that MEP2 does

100 Tlsm o @rmrmt=" L e, TP ¢ not function upstream of these proteins. Likewise, the
N Amep2mutation was not suppressed by overexpression of
80 :: PHD1, a DNA binding protein that enhances pseudohyphal
B, differentiation in both wild-type strains (see Figure 3;
0 h:: 8 Gimeno and Fink, 1994) andste mutant strains. The
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pseudohyphal deficiency conferred by tiraep2mutation
was modestly suppressed by high copy expression of
TEC1 (Figure 3), which encodes a transcription factor
that dimerizes with STE12 to modulate expression of a
nitrogen-regulated reporter gene [FG(TyAgcZ Laloux

et al, 1994; Madhani and Fink, 1997]. This disparity
between theSTE12and TEC1epistasis results may result
from lower expression dTE12as high level overproduc-
tion of STE12 is lethal (Liuet al, 1993). To moderate
STE12expression we used a low concentration of glucose
to reduce the activity of the galactose-inducible promoter
(Liu etal, 1993; see Materials and methods). Alternatively,
TEC1 may have a STE12-independent function also
important in regulation of filamentation, or TEC1 may be
regulated by a signaling pathway other than the MAP

"oT Amepl Amep2 kinase cascade that activates STE12.

To examine the relationship between MEP2 and the
Fig. 2. Ammonium import in ammonium permease mutants. MAP kinase pathway further, we employed the FG(TyA)::
Ammonium uptake capacity was assayed as described in Materials andlacZ reporter known to be induced 2- to 10-fold by
?,:/?g}cl’gz;?q;‘ogﬂozygwi figgg;"zin& ‘é"(':\f/‘”zlig ég"/é;(%melil nitrogen starvation (Msch et al, 1996; Lorenz and

, Amep , Amep , Amep . - . . ; )
Amep2(MLY115a/) and AmeplAmep2Amep3(MLY 131ak). The Heitman, 1997; Madhani and Fink, 1997). Nitrogen starv-
ammonium remaining in the media is expressed as a percentage of the &tION induced reporter gene expression to a similar extentin
starting concentration (~50M). wild-type, Amepl Amep2or AmeplAmep2homozygous

==+ Amepl Amep2 Amep3

control STE11-4

pGal-STE12

TEC1 PHD1

wild-type

Amep2{Aniep?

Fig. 3. MEP2 does not interact with the MAP kinase cascade. Epistasis tests with elements of the MAP kinase cascade were performed in
homozygous wild-type (MLY61) andmep2Amep2(MLY108a/) diploid strains. Each strain expresses a control vector, the dom8iht1-4
allele (pSL1509), or high copy plasmids wilteC1 (p2.5-2) orPHD1 (pCG38) grown on SLAD medium for 4 days at 30°C. Expression of the
pGal-STE12allele (pNC252) on inducing SLADG media was assayed after 6 days at 30°C.
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A

Table I. Amepmutations do not alter FG(TyA)acZ induction by control RAS2wt RAS2Vall9
nitrogen starvation : G
Strain Genotype Relativ@-galactosidase activit

yp B-g y o

50 UM NH,4* 5 mM NH,"
MLY97 wild-type 1.8 1.0
MLY230a/x AmeplAmepl 21 1.0
MLY225a/x Amep2Amep2 2.4 0.8
MLY231lala AmeplAmepl 2.4 0.7 Amep2/Amep?
Amep2Amep2
Values are the average of two independent transformants, each tested
in duplicate and are reported as relative to the wild-type strain on
nitrogen rich (5 mM ammonium sulfate) medium. Assays were
performed as described in Materials and methods. B
cAMP 0 1 mM 10 mM
control GPA2wE GPA2Vall3z
Apde2
wild-type
Amep2/Amep? Amep2 Apde2

Fig. 5. The Amep2pseudohyphal defect is suppressedrys2a/1?

and by cAMP. A) Wild-type (MLY61) andAmep2Amep2

(MLY108a/) strains with a control plasmid, or expressiRAS2"
(PMW1) or RASY219 (pMW?2) were grown on SLAD medium for

4 days at 30°C.K) Apde2Apde2(MLY162a/) and Amep2Amep2
Apde2Apde2(MLY229al) strains were grown on low ammonium
SLAD media in the absence of cAMP or in the presence of 1 mM or
10 mM cAMP for 4 days at 30°C.

Fig. 4. Activated GPA2 suppresses thenep2Amep2pseudohyphal
defect. Wild-type (MLY61) and\mep2Amep2(MLY108a/) strains
expressing a control vector (pSEYC68), wild-tyB&A2 (pML180), or
the dominant, constitutively activePA2-2allele (pML160) under the
control of a galactose-inducible promoter were incubated on SLARG
medium for 4 days at 30°C.

diploid strains (Table 1), thus MEP1 and MEP2 are not

required for induction of the FG(TyA)acZ reporter. strains. Indeed, one suppressor/gfpa?2 the dominant
While this finding is in contrast to mutations in the MAP  RASEW19Val gllele, also suppressed tienep2mutation
kinase cascade, which reduce induction of this reporter (Figure 5A). In strains lacking the high-affinity cAMP
(Méschet al., 1996; Madhani and Fink, 1997), expression phosphodiesterase PDE2, cAMP enhances filamentation
of the FG(TyA):lacZ gene is also unaffected by either and suppresses tigpa2mutation (Lorenz and Heitman,
loss of function or activated alleles &PA2(Lorenz and 1997). Similarly, cCAMP restored pseudohyphal differenti-
Heitman, 1997). ation in aAmep2Amep2Apde2Apde2strain (Figure 5B).
These findings support a model in which GPA2, RAS2
and cAMP function downstream of MEP2 in a signaling
pathway regulating filamentous growth.

The Amep2 pseudohyphal defect is suppressed by
activation of GPA2 or RAS2, or by exogenous
cAMP
The findings presented above indicate that MEP2 regulatesAn intracellular loop is important for MEP function
filamentous growth independent of the MAP kinase cas- in pseudohyphal growth
cade. We recently identified a signaling pathway including To address the unique structural features of MEP2 required
GPA2, RAS2 and cAMP that also regulates pseudohyphal for pseudohyphal differentiation, we took advantage of
differentiation independent of this MAP kinase pathway the significant similarities between MEP1 and MEP2
(Lorenz and Heitman, 1997). We tested the relationship in sequence (66% similarity), topology (10 predicted
between MEP2 and GPA2 using a dominant active allele, transmembrane domains), and function (as ammonium
GPA2-2(Gly132Val), which stimulates pseudohyphal dif- permeases), though MEP2 regulates filamentous growth
ferentiation, even in nutrient rich conditions, and sup- while MEP1 does not. Deletion of the C-terminus of
presses the filamentation defect Afte mutant strains MEP2, 50 amino acids in length and predicted to be
(Lorenz and Heitman, 1997). Expression GPA2-2 cytoplasmic, had no effect on either the pseudohyphal
restored filamentation im\mep2Amep2 mutant strains  growth or ammonium transport functions of MEP2 (Figure
(Figure 4), suggesting that MEP2 functions upstream of 6; pML153). We constructed a series of MEP1-MEP2
GPA2 in signaling pseudohyphal growth. hybrids, with junctions in the predicted extracellular loops
If MEP2 acts in the same pathway as GPA2, conditions and expressed from tHdEP2 promoter (Figure 6). Each

that restore filamentation in &gpa2Agpa2 strain should
also suppress the pseudohyphal defecfwfep2Amep2
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Pseudohyphal Growth on low A
Plasmid Structure Construct Growth ammonium Anprl Aure2 Agin3 “wild-type genotype
pmuoo U all MEP1 - + 005 005 005 005 05 50 50 SD* [NHg*]mM
=38.5kDa
pMLI51 all MEP2 + + MEP2:HA
e ...
pMLI153 MEP2AC-term + +
PpMLI155 N-term hybrid - +
CPR1
- - -
pMLI156 1st loop hybrid + +
pML157 /\/\/v ) YA 2nd loop hybrid + + B
PMLI158 /\/\j\j W 3rd loop hybrid + +
pMLI61 / L WV\ 1st loop swap + + wild- -.
type Anprl
pML162 V' ‘ 1st loop swap + +
Fig. 6. MEP1/MEP2 hybrid analysis. The hybrids diagrammed above
(MEP1 in grey, MEP2 in black) expressed from the high copy
YEplac195 plasmid, each under control of t&P2 promoter, were
assayed for growth and filamentation in thmeplAmepl ;
Amep2Amep2Amep3Amep3strain (MLY131ad). ‘+' indicates Aure? Aglnd

complementation of either the pseudohyphal growth or ammonium
uptake defects. Hybrids were constructed as described in the Materials
and methods.

strain on low ammonium media (M), consistent with i 7. MEP2 protein expression requires GLN3, URE2, and NPRL.
restoration of ammonium transport. A hybrid in which (A) western blot analysis of the epitope tagged MEP2-HA protein.
only the sequence at the N-terminus is derived from MEP2 Otherwise wild-typeMEP2::HA/MEP2::HAstrain (MLY220), or

: in- i AgIin3/Agin3 (MLY194a/), Aure2/Aure2 (MLY198a/), and
(thrOUQh the first transmembrane domain; pML155) did Anprl/Anprl (MLY221) mutant strains were grown in minimal media

not compler_nent the pseudohyphal dgfetAm‘epZAmepZ containing the indicated concentration of ammonium sulfatetfb at
mutant strains (Figure 6). This hybrid, composed almost 30°C. Proteins were detected usinga#A monoclonal antibody or
entirely of MEP1 coding sequences, uses théEP2 a-cyclophilin A (@-CPR1) as a control for protein loading.
promoter; thus differences in expression are unlikely to (EA)LC'%%Z&')GOX;SZ%E ;taifilvzgg}g’)pz rg’(‘j"kzerlﬁgr']ni/lﬂg'“3
account for the _functlonal dlfference§ betwe?n MEP1 and éMLY54a/a) \;vere incubated on low am;*noniumpmedia[\)(SLAD) for
MEP2. Expression of a hybrid protein including the three 4 gays at 30°C.
N-terminal transmembrane domains of MEP2 fused to
C-terminal sequences of MEP1 (pML156) restored
pseudohyphal differentiation iMdmep2Amep2 strains (Marini et al, 1997). Because many nutrient permeases
(Figure 6). These observations suggest that the region ofare regulated both post-translationally and transcriptionally
MEP2 between the first and third transmembrane domains(reviewed in Grenson, 1992), we analyzed MEP2 protein
(e.g. the first intracellular loop) participates in the levels. To detect the MEP2 protein directly we used an
pseudohyphal regulatory function. integrative technique to tag the genom&P2locus such
Next we constructed a fusion protein in which only that three repeats of the hemagluttinin epitope (HA) are
the first intracellular loop plus the adjacent membrane fused to the C-terminus (Schneidet al., 1995). This
spanning segments (87 amino acids) was derived from approach utilizes the natiWEP2promoter and terminator
MEP2 (pML162). This hybrid protein complemented to sequences. The epitope-tagged protein complemented both
restore both the pseudohyphal and ammonium transportthe pseudohyphal and ammonium transport functions of
functions of MEP2. Surprisingly, the reciprocal swap the native MEP2 (data not shown).
(pML161), in which the majority of the protein is MEP2 The MEP2::HA protein was detected in cell lysates
and only the first intracellular loop is derived from MEP1, through Western blot analysis as shown in Figure 7A.
also complemented both MEP2 functions. Thus the first MEP2 is present at very low levels in cells grown in rich
intracellular loop is sufficient, but not strictly necessary, medium (SD-Ura). In media in which ammonium is the
for the signaling function of MEP2; hence other regions sole nitrogen source, MEP2 was expressed at high levels,

of MEP2 are likely to also participate in signaling. and expression did not increase at lower ammonium
concentrations (Figure 7A), in contrast WWHEP2mRNA
Regulation of MEP2 protein expression: nitrogen which does accumulate at lower ammonium concentrations
regulatory genes are required for filamentous (Marini et al, 1997). Since MEP2 expression is not
growth significantly different between high and low ammonium

Next we addressed whether regulation of MEP2 expressionconditions, regulation of MEP2 protein levels does not
could underlie a signaling function of this ammonium explain its unique role in pseudohyphal differentiation.
permease. Northern analysis demonstrated MBEP2 is Marini et al. (1997) found that the nitrogen regulatory
preferentially expressed under nitrogen limiting conditions genesGLN3 and NIL1 are required for the transcription
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of MEP2 We found that MEP2 protein was markedly
reduced in strains that lack GLN3 (Figure 7A). GLN3, a
zinc-finger DNA binding protein, is required for the

transcriptional induction of a number of nitrogen catabolic
genes, probably includin/EP1 and MEP2 (Minehart

phenotype to examine the role of other permeases in the
regulation of dimorphism.

We isolated suppressors of tiprl growth defect,
reasoning that some mutations might also suppress the
Anprl filamentation defect. UV-induced mutants with
and Magasanik, 1991; Stanbroughal, 1995). URE2, a  improved growth on either ammonium-limiting SLAD or
prion analog with homology to glutathiorftransferases  tryptophan—citrulline (TC) media were isolated. Of 36
and which antagonizes GLN3 function in some cases mutants identified (in seven allele groups), one mutant
(Coschigano and Magasanik, 1991; Wickner, 1994; Xu exhibited constitutively derepressed GAP1 activity, as
et al, 1995), was also required for MEP2 accumulation measured by sensitivity to toxic levels af-histidine
(Figure 7A). Finally, the MEP2 protein was also undetect- and L-lysine under repressing (high ammonium) growth
able inAnpr1/Anprl mutant strains (Figure 7A). NPR1 is conditions, the behavior expected of apil/rspSmutant
a protein kinase that maintains the activity of a variety of (Grenson, 1983b). This phenotype was complemented by
plasma membrane permeases, including MEP1 and MEP2 expression of the wild-typRPI1from a low copy plasmid;
under conditions of nitrogen starvation (Grenson and moreover, the mutation is allelic witiPI11 based on tight
Acheroy, 1982; Grenson and Dubois, 1982; Grenson, linkage of the mutant phenotype to Airl1-URA3tagged
1983b; Vandenbott al., 1990). allele integrated at the mutanpil locus (see Materials

One prediction from these findings is that the GLN3, and methods). Thénprlgrowth and pseudohyphal defects
URE2 and NPR1 regulatory proteins might also regulate were strongly suppressed by theil mutation on glut-
pseudohyphal differentiation. This is indeed the case, asamine and weakly on proline, but were not suppressed on
AgIn3/AgIn3, Aure2/Aure2 and Anprl/Anprl mutant media containing ammonium as the sole nitrogen source
strains were all defective in pseudohyphal differentiation (Figure 8). Genetic studies have indicated that NPI1 targets
(Figure 7B). The filamentation defect dfgin3/Agin3, the glutamine (GNP1) and proline (PUT4) permeases for
Aure2/Aure? and Anpr1/Anprl strains was also observed degradation, but does not affect the MEP ammonium
when glutamine or proline were present as the sole nitrogenpermeases (Dubois and Grenson, 1979; Grenson and
source (data not shown), in contrast Amep2Amep2 Dubois, 1982; Grenson, 1983a,b). The only known targets
strains in which the pseudohyphal deficiency is limited to for both NPR1 and NPI1 action are plasma membrane
ammonium-grown cells. When under the control of a permeases; thus, this finding suggests that other permeases
heterologous promoter (the inducible Gal1,10 promoter), may play a role analogous to MEP2.

MEP2 complements the low ammonium growth defect of
the meptriple mutant, indicating thalEP2 is expressed,
but did not restore filamentation tgIin3/AgIn3 or Aure2/
Aure2 mutant strains. Thus these regulatory proteins are The downstream events in nutrient based signaling have
likely to have targets in addition to MEP2 that are critical been well studied—regulatory events at the transcriptional,
for the regulation of dimorphism. translational, and post-translational levels ensure the pres-
ence of the appropriate enzymatic systems to utilize
Other permeases may also regulate pseudohyphal the available nutrients (reviewed in Grenson, 1992;
differentiation Magasanik, 1992). In contrast, the initial events that
Next we addressed whether our findings with MEP2 could sense the quantity and quality of these nutrients are
be extended to other nitrogen permeases. Since MEP2poorly understood. We have studied these processes
does not alter pseudohyphal differentiation when nitrogen during pseudohyphal differentiation, a nitrogen-regulated
sources other than ammonium are present, we hypothesizedievelopmental transition in budding yeast.
that other permeases may play a similar role to MEP2  We find that the ammonium permease MEP2 is required
when in the presence of their substrates. Unfortunately, for filamentous growth in yeast. These observations sug-
most other nitrogen sources are imported by a single gest MEP2 may function both to transport and to sense
specific uptake system, in addition to non-specific systemsammonium levels. First, MEP2 is one of three related
such as the general amino acid permease. Analysis ofammonium permeases, any one of which are sufficient for
other permeases, then, is more difficult than for the MEPs growth on ammonium-limiting media, yet MEP2 is the
as the presence of multiple ammonium permeases madeonly permease required for pseudohyphal differentiation.
this system ideal for this type of analysis. A genetic screen The role of MEP2 in pseudohyphal growth exhibits signal
was designed to address this issue. The NPR1 proteinspecificity; the filamentation defect is observed only when
kinase, required for pseudohyphal growth and stable MEP2ammonium is present as the sole nitrogen source in
expression, post-translationally regulates many permeaseslimiting concentrations. Finally, ammonium import and
including those for glutamine (GNP1), proline (PUT4), nitrogen metabolic pathways (as measured by the activity
general amino acids (GAP1) and several others (Grensonof GLN1, GDH1 and GDH2 in ammonium limiting media)
and Dubois, 1982; Grenson, 1983b; Vandenbolal, are normal inAmep2Amep2mutant cells.
1987). These permeases are significantly less active in Based on these observations, we propose that MEP2
Anprl mutant strains than in wild-type strains; GAP1 serves as both an ammonium transporter and as a com-
activity, for example, is undetectable in the absence of ponent of a nitrogen sensor that signals when conditions
NPR1 (Grenson, 1983b). Genetic evidence suggests thatre appropriate for pseudohyphal growth.
NPR1 antagonizes the activity of the essential NPI1/RSP5  Our findings are consistent with a model (Figure 9) in

Discussion

protein—ubiquitin ligase (Grenson, 1983b; Hedt al.,
1995; Huibregsteet al., 1995). We capitalized on this
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which MEP2 functions upstream of theaGprotein GPA2
in the regulation of pseudohyphal growth. Mutational
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Nitrogen Source
Ammonia Glutamine Proline

e, 1."’-‘ T

wild-type

Anprl .

Anpr npil .

npil

Fig. 8. Other nitrogen permeases may regulate pseudohyphal differentiation. Homozygous diploid wild-type (Mi&1)Anprl (MLY54a/a),
Anprl/Anprl npil/npil(MLY92a/a), andnpil/npil (MLY96) strains were incubated on media containing 100 ammonium, glutamine or proline
as the sole nitrogen sources, for 4 days at 30°C.

activation of GPA2 (the dominanBPA2-2 allele) sup- Na
presses thAmep2Amep2pseudohyphal defect. Moreover, . . - other
permeases

both RAS2>2'19 and exogenous cAMP suppress the fila- AAAA AAAAA Apadp

o e R -+

mentation defect conferred by both thgpa2andAmep2 A T
mutations. Importantly, this signaling pathway is independ- v v\> é/, ?

ent of the pheromone responsive MAP kinase cascade, l / )
which also regulates pseudohyphal differentiation (see catabolic RAS2
F|gure 9) NH,* adenylate / \7 \L

While the model presented in Figure 9 is consistent cvaese STE20

with our data, there are other possible explanations as et

well. We have no evidence directly linking MEP2 and cAMP

GPA2; thus MEP2 may function in a signaling pathway l STE7
separate from either the GPA2/cAMP or MAP kinase oy

pathways. A critical reagent to test this hypothesis would Kingse A Kss1
be a dominantMEP2 allele; we have been unable to

isolate such an allele to date. Alternative models are that ? STE12/TEC1

MEP2 might t.)e required to Secrete ammonium or a related Fig. 9. A model for MEP2 regulation of pseudohyphal differentiation.

Compound with an_eXtrace"u'a.r S|gna"ng function, or to Ammonium starvation is sensed via MEP2 to produce a signal that

sequester ammonium in an intracellular compartment. activates GPA2 and a signaling pathway that regulates filamentous

There is some very recent evidence that ammonia secretiorgrowth independently of the MAP kinase cascade.

may facilitate intercolony communication in yeast

(Palkovaet al, 1997). RGT2 and SNF3 in yeast. These proteins activate a
The suggestion that a permease such as MEP2 maysignaling cascade to regulate transcription of additional

function as areceptor is not unprecedented. Recent findingshexose permeases and a similar role has recently been

indicate a similar role for the glucose transporter homologs ascribed to the Rco-3 glucose transporter during
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conidiation inN.crassa(Liang and Gaber, 1996; Ozcan regulating growth and differentiation pathways in diverse
etal, 1996; Madet al., 1997). Dominant mutations in both  fungi, related transport proteins may have a conserved
RGT2and SNF3have been described that constitutively function in regulating these developmental events. As one
activate this signaling cascade, even in the complete example, mating irS.pombeand C.neoformangequires
absence of glucose (Liang and Gaber, 1996; Ozcannitrogen starvation, which is signaled in both organisms
et al, 1996). via a conserved & protein with marked identity to yeast

How might MEP2 function as an ammonium sensor? GPA2: GPA2 in S.pombeand GPA1l inC.neoformans
One possibility is that MEP2 exists in different conform- (Isshiki et al, 1992; Tolkachevaet al., 1994; Alspaugh
ational states depending on its transport status (active,et al, 1997). The mechanisms by which these G proteins
idling or off) and that associated effector proteins recognize are activated by nitrogen starvation are not yet known
these different conformations. Extracellular ammonium but, based on our findings, may involve a conserved role
concentration, then, would be communicated to effectors for related nitrogen permeases. Experiments to test this
via the structure of MEP2. MEP2 may directly interact hypothesis inC.neoformansre currently in progress.
with GPA2; such an interaction would be novel in G
protein signaling systems, typically regulated by seven- .
transmembrane domain proteins such as the pheromonévIaterlals and methods
receptors, STE2 and STE3. Efforts using the two hybrid Yeast strains, media and microbiological techniques
system have not provided evidence for a MEP2—-GPA2 Yeast sltr?ins are listed (ijnesTCar?tl)zt;l-( SS;Z?S]?[? %Zééslt) m&ﬂﬁinzndnigggztri]c
complex. Instead, other protein intermediates may couple m:gzgu gll_?;\]l; V\(laei:r?eﬁiet al, 1992 contains’ 0 17%. Yeast Nitrogen
MEP2 Conformatlonal changes to the a_ctlvat|on of GPA2. Base V\Eithout ,amino acids 6r amrr)lonium sulfate, | 5@ ammoniurg
As an alternative, MEP2 could be required to regulate the syifate, 2% dextrose and 2% Bacto agar. SLARG, to indG&A2
production of a signaling molecule, possibly a nitrogen alleles, contains 0.5% galactose and 2% raffinose (Lorenz and Heitman,
metabolite, under nitrogen starvation conditions that would 1997). SLADG, to induce the pG&TEL2 construct, contains 2%
activate GPA2 through a more conventional signaling gagiﬁ/t“e and 0.13% glucose (Lé al, 1993). YNB media contains

. . . .67% yeast nitrogen base (minus amino acids plus ammonium sulfate)

mechanism. The phenotypic differences between MEP2 and 2% glucose. Media which use alternative nitrogen sources contained
and its homologs MEP1 and MEP3 could result from a proline, glutamine or ammonium sulfate at 1081 and 2% Noble agar
direct interaction of MEP2 with ammonium assimilating (Difco). TC media (Grenson, 1983b) contains 25@/ml tryptophan,
enzymes or other enzymatic machinery that generates sUCR=LSTY SUne, B0 Ouose il SU SO
a signaling molecule, or with other downstream effectors. 1993). Disruption alleles foMEP1, MEP2 andNPR1were constructed
The first intracellular loop of MEP2, which our evidence py replacement of coding sequences by U2 selectable marker.
suggests plays a role in MEP2 signaling, may mediate The Amep1::G418 Amep2::G418 Amep3::G418 AgIn3::G418 and
such an interaction with downstream effectors. Avl\llfezﬁiﬁ“allsTgé?iﬁgse‘;\tfﬁ;? Ereeﬁatﬁ&zgu?\?&fﬁ g‘eeedi?;zlde C:iIngftion

The pseudohyphal defects of thenep2Amep2mutant (AleaLICZ::iisG’(MLYA)Z, MLY43) host(strains.’ ’ )
strain are only observed when ammonium, the substrate
of MEP2, is the sole nitrogen source. In contrast, yeast Plasmids
cells initiate this dimorphic switch in response to general Plasmids are listed in Table Ill. The plasmid-boriEP1 (pML100),
nifogen starvation, regardless of the nittogenous con- WEFE (LIS MEPS BILLLS) st Qi gre v
pounds present. Thus p‘?rmeases for Other compounds mag. Plasmids for the anglysis of MAP ki%ase function have been described
have a regulatory role similar to MEP2 in the presence of (Liy et al, 1993; Gimeno and Fink, 1994; Mohet al, 1996), as have
their substrates. In accord with this hypothesis, we find GPA2plasmids (Lorenz and Heitman, 1997).
that the NPR1 protein kinase is required for pseudohyphal Hvbrid analvsi

; At 1 i ; ; ybrid analysis
;iléf)e rsl’r(])tlli?]ttlao(rlliSSremSE)%I?gfL?tg.t:]“i?]g?Fizr:l’rg(g)]Il:JAmml(JTEIi%lé)rrf Hybrids_between_ MEP1 gnd MEP2 were _constructed by PC_R overlap.
A : The fusion proteins are diagrammed in Figure 6. Each hybrid uses the
in the NPI1/RSP5ene suppressed thisiprl phenotype, native MEP2 promoter sequences. Junction points are in the predicted
but only with proline or glutamine as the sole source of extracellular loops. The hybrids were cloned into the multicbiyA3
nitrogen. Genetic evidence indicates that NPI1, an essentialPlasmid YEplac195 (Gietz and Sugino, 1988). The amino acid residues
protein-ubiquitin ligase (Heiret al, 1995; Huibregste itza’\t/lggmpertls; t(f;(;él;?ctlon points are shown in Table 1V, numbered as
etal, 1995), destabilizes the proline (PUT4) and glutamine ' '
permeases (GNP1) but not the MEP ammonium permease®hotomicroscopy
(Dubois and Grenson, 1979; Grenson and Dubois, 1982;All single colony photographs were taken directly from Petri plates

Grenson. 1983a b) Our finding that NPR1 and NPI1 using a Nikon Labophot-2 microscope with a>(Qrimary objective
’ L Zeiss) and a 2.8 trinocular camera adaptor (Nikon). Unless otherwise
regulate pseUdOhyphal growth suggests that permeaseétated, colonies were incubated at 30°C for 4 days.

other than MEP2 may regulate this dimorphic transition
in the presence of their substrates. Like NPR1, the GPA2 Ammonium import assays
Ga protein is required for filamentous growth in response Ammonium uptake was assayed as in Maeial. (1994). TheAmep
to starvation for any nitrogen source (Lorenz and Heitman, mutant strains were grown to late I_og phase in minimal proline media
. : Mpro; 0.1% proline, 0.17% yeast nitrogen base, 2% glucose). Cultures
1997), and he_nce Slgnallng from each (_)f t[h_ese permeaseQere diluted to an ORypof 1.0 in Mpro and 10 mM ammonium sulfate
could be mediated by GPA2. The multiplicity of ammo- was added to a final concentration of 5081. At the indicated times, a
nium permeases in yeast made this system ideal for portion of the culture was removed and the cells removed by centrifug-
dissecting the role of the individual permeases; in the caseation. The _ammonium concentration in the pulture supernatant was
of many other nitrogen sources there is onIy a single high ?Ts:t?gredlgufll;lg a glutamate dehydrogenase-linked assay as described
affinity transporter, making similar studies more difficult. Growth rates ofAmep mutant strains were determined by @pat

Finally, as nitrogen starvation plays a broad role in various time points in either liquid SLAD or SD-Ura media. Assays for
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Table Il. Saccharomyces cerevisia&rains

All strains are congenic t&21278b (Grensort al., 1966)

Strain Genotype Reference
MLY40 ura3-52 MAT Lorenz and Heitman (1997)
MLY41 ura3-52 MA®R Lorenz and Heitman (1997)
MLY42 ura3-52Aleu2::hisG MAT Lorenz and Heitman (1997)
MLY43 ura3-52Aleu2::hisG MA®R Lorenz and Heitman (1997)
MLY54a Anprl:LEU2 Aleu2::hisG ura3-52 MAZ this study
MLY54a Anprl::LEU2 Aleu2::hisG ura3-52 MA®@ this study
MLY54a/a Anprl::LEU2/Anprl::LEU2 ura3-52/ura3-52\leu2::hisGAleu2::hisG MA®/a this study
MLY61 ura3-52/ura3-52 MAZ/a Lorenz and Heitman (1997)
MLY92a/a npil/npilAnprl::LEU2/Anprl::LEU2 ura3-52/ura3-520leu2::hisGAleu2::hisG MAB/a this study
MLY97 ura3-52/ura3-52Aleu2::hisGAleu2::hisG MAB/a Lorenz and Heitman (1997)
MLY104a/o Amepl::LEU2Amepl::LEU2 ura3-52/ura3-52leu2::hisGAleu2::hisG MAB/a this study
MLY108al  Amep2:LEU2Amep2::LEU2 ura3-52/ura3-52leu2::hisGAleu2::hisG MAB/a this study
MLY115al0  Amepl::LEU2Amepl::LEU2Amep2::LEU2Amep2::LEU2 ura3-52/ura3-52leu2::hisGAleu2::hisG  this study
MATa/a
MLY128ali  Amep3::G4188mep3::G418 ura3-52/ura3-52 MAK this study
MLY129a/n  Amepl:LEU2Amepl::LEU2Amep3::G4188mep3::G418 ura3-52/ura3-52 MAK this study
MLY130a/oh Amep2:LEU2Amep2::LEU2Amep3::G418Amep3::G418 ura3-52/ura3-52 MAK this study
MLY131lalo Amepl:LEU2Amepl::LEU2Amep2::LEU2Amep2::LEU2Amep3::G418Amep3::G418 this study
ura3-52/ura3-52 MAZ/a
MLY132aln  Agpa2::G418Agpa2::G418 ura3-52/ura3-52 MAlu Lorenz and Heitman (1997)
MLY135al0  Agpa2::G418Agpa2::G418Amepl::LEU2Amepl::LEU2Aleu2::hisGAleu2::hisG ura3-52/ura3-52  this study
MATa/a
MLY139alr  AgIn3::G418AgIn3::G418 ura3-52/ura3-52 MATa this study
MLY140a/o  Aure2::G418Aure2::G418 ura3-52/ura3-52 MAla this study
MLY141la/n  npil/npil ura3-52/ura3-52 MAYa this study
MLY162alo  Apde2::G418Apde2::G418 ura3-52/ura3-52 MA Lorenz and Heitman (1997)
MLY194alo MEP2:HA/MEP2::HAAgIn3::G418AgIn3::G418 ura3-52/ura3-52 MAla this study
MLY198a/n MEP2::HA/MEP2::HAAure2::G418Aure2::G418 ura3-52/ura3-52 MAla this study
MLY?220 MEP2::HA/MEP2::HA ura3-52/ura3-52 MAda this study
MLY221 MEP2::HA/MEP2::HAAnprl::LEU2/Anprl::LEU2 ura3-52/ura3-52Qleu2::hisGAleu2::hisG MA®a this study
MLY225al0 Amep2::G418Amep2::G418 ura3-52/ura3-52leu2::hisGAleu2::hisG MAB/a this study
MLY229alo  Apde2::G418Apde2::G418Amep2::LEU2Amep2::LEU2Aleu2::hisGAleu2::hisG ura3-52/ura3-52 this study
MATa/a
MLY230ala  Amepl::G418Amepl::G418 ura3-52/ura3-58leu2::hisGAleu2::hisG MA®a this study
MLY231lalo Amepl::G418Amepl::G418Amep2::G418Amep2::G418 ura3-52/ura3-52leu2::hisGAleu2::hisG this study
MATa/a
glutamine synthetase (GLN1) or glutamate dehydrogenase (GDH1 and -
GDH?2) activity were performed on extracts from wild-type &mep2/ Table lIl. Plasmid list
Amep2 strains inoculated into liquid minimal media (0.17% yeast -
nitrogen base, 2% glucose) with increasing concentrations of ammonium Plasmid Construct Reference

(from 50 uM to 50 mM) and SD-Ura and grown for 4 h at 30°C.
Assays were performed as described (Doherty, 1970; Mitchell and

YEplac195 URA32u

Gietz and Sugino (1988)

Magasanik, 1983). pRS316 URA3CEN Sikorski and Hieter (1989)
pSEYC68  pGall, 1CEN URA3 S.Elledge
FG(TyA):lacZ reporter gene assays pML95 NPI1/RSPS in pRS316 this study
These assays were performed in strains MLY97 (wild-type), MLY2@25a/ pmtigg XIEPll'TLYE%pzl‘T"lec 18 tr:‘.'s stu(cjjy
(Amep2Amep3, MLY230akr (AmeplAmepd and MLY231aé (Amepl/ p mep - In'p th!s study
AmeplAmep2Amep3l expressing the FG(TyA)acZ reporter gene from pML111 AmepZ_..LEUZm puCig t IS study
plasmid pIL30LEU2. Assays were performed as described (Lorenz and PML113 MEP3in YEplac195 this study
Heitman, 1997). pML151 MEP2in YE‘pIa0195 th_ls study
! pML154 NPI1-URASIn Yip211 this study
. . . pML160 pGalGPA2-2(Gly132Val) Lorenz and Heitman (1997)
Epitope tagging and Western blotting y _ _ pML180  pGalGPA2 Lorenz and Heitman (1997)
MEF_’Z was epitope tagged with _the hemagluttinin (HA)_ epitope using p2.5-2 TEC1 URAZU M.Lorenz, unpublished
the integrative _methqd of Schr_1e|det al. (1995). Three direct repeats pSL1509 STE11-4 URA3 CEN Stevensoret al. (1992)
of the nine amino a(_:ld HA epitope were fused in-frame to the MEP2 pNC252 pGalSTE12 URA3 CEN Liu et al (1993)
C-terminus. This fusion geneMEP2::HA) is under the control of the pMW1 RAS™ URA3 CEN M.Ward, unpublished
endogenousEP2 promoter. _ _ pMW2 RAS2419 URA3 CEN M.Ward, unpublished
Cultures of homozygous diploiMEP2::HA strains MLY220 (wild- pCG38 PHD1 URA32y Gimeno and Fink (1994)

type),

MLY221 @nprl/Anprl),
MLY198a/0 (Aure2/Aure?) were grown overnight in YNB, washed once

MLY194ak (AgIn3/AgIng) and by 30, EU2 FG(TyA)dacZ LEU2

Laloux et al. (1994)

with water and diluted into minimal media containing ammonium sulfate
(50 uM to 50 mM; Figure 7A) fo 4 h at30°C. Extracts were prepared

by glass bead agitation in lysis buffer (50 mM Tris—Cl, pH 8, 1 mM
DTT, 1 mM EDTA, 100 U/ml aprotinin, 0.5 mM PMSF, lg/ml TPCK,
1 pg/ml pepstatin, lug/ml benzamidine). Protein concentrations were

and separated by SDS-PAGE.

glycerol, 10%p-mercaptoethanol, 5% SDS, 0.01% Bromophenol Blue)

The MEP2::HA protein was detected by Western blot usingt&thA

determined through a modified Bradford assay (Bio-Rad). Equal amounts monoclonal antibody (Berkeley), a horseradish peroxidase conjugated
of protein were boiled in sample buffer (250 mM Tris—ClI, pH 6.8, 25% a-mouse secondary antibody and the ECL system (Amersham). Cyclo-
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Field,J., Nikawa,J.-i., Broek,D., MacDonald,B., Rodgers,L., Wilson,l.A.,

Table IV. Amino acid residues comprising junction points Lerner,R.A. and Wigler,M. (1988) Purification of RASresponsive
- - - - ) adenylyl cyclase complex frorBaccharomyces cerevisidy use of
Plasmid  Construct Junction point amino acids an epitope addition methot/lol. Cell. Biol, 8, 2159-2165.
. Gietz,R.D. and Sugino,A. (1988) New yedseherichia colishuttle
Last MEP2 First MEP1 vectors constructed with in vitro mutagenized yeast genes lacking six-
base pair restriction site§&ene 74, 527-534.
PML100  full-length MEP1 NA NA Gimeno,C.J. and Fink,G.R. (1994) Induction of pseudohyphal growth
PML151  full-length MEP2Z ~ NA NA by overexpression dPHD1, a Saccharomyces cerevisigene related
PML152  C-terminus truncation 449 NA to transcriptional regulators of fungal developmeviol. Cell. Biol,
pML155 N-terminal 58 46 14, 2100-2112.
PML156 st loop 146 134 Gimeno,C.J., Ljungdahl,P.O., Styles,C.A. and Fink,G.R. (1992) Unipolar
PML157  2nd loop 211 199 cell divisions in the yeasS.cerevisiadead to filamentous growth:
pML158  3rd loop 285 268 regulation by starvation and RASell, 68, 1077—1090.
. Gold,S., Duncan,G., Barrett,K. and Kronstad,J. (1994) cAMP regulates
Plasmid ~ 1st loop swap MEP2 MEP1 morphogenesis in the fungal pathogestilago maydis Genes Dey.
amino acids amino acids 8, 2805-2816.
PML161  mostly MEP1 59-146 1-46, 134-492 Grenson,M. (1983a) Inactivation—reactivation process and repression of

permease formation regulate several ammonia-sensitive permeases in

the yeastSaccharomyces cerevisigeur. J. Biochem.133 135-139.
Grenson,M. (1983b) Study of the positive control of the general amino

acid permease and other ammonia-sensitive uptake systems by the
philin A (CPR1) was used as a loading control and was detected with a  product ofNPR1gene in the yeasbaccharomyces cerevisiaeur. J.

pML162  mostly MEP2 1-58, 146-499 46-133

polyclonal a-CPR1 antibody (Cardenast al, 1995) and aro-rabbit Biochem, 133 141-144.

secondary antibody. Grenson, M. (1992) Amino acid transporters in yeast: structure, function
and regulation. In de Pont,J. (edolecular Aspects of Transport

Anpr1 suppressor analysis Proteins.Elsevier, New York, pp. 219-245.

Anprl strains grow poorly on SLAD (likely due to inhibition of MEP  Grenson,M. and Acheroy,B. (1982) Mutations affecting the activity and

activity) and on TC media (tryptophan—citrulline, due to inhibition of the regulation of the general amino-acid permeas8arfcharomyces

GAP1; Grenson and Acheroy, 1982). To identify suppressors of the  cerevisiae Mol. Gen. Genet.188 261-265.

growth defect, 1B cells of strains MLY54a or MLY5@ were plated to Grenson,M. and Dubois,E. (1982) Pleiotropic deficiency in nitrogen-
either SLAD + uracil or TC + uracil media and UV irradiated at uptake systems and derepression of nitrogen-catabolic enzymes in
7500 /NP to 60% survival. Thirty six mutants in six recessive and one npr-1 mutants ofSaccharomyces cerevisiaur. J. Biochem.121,
dominant allele groups were identified. The only mutant in this collection  g43-647.

which did not suppress thanprl mutant phenotype on all nitrogen  Grenson,M., Mousset,M., Wiame,J.M. and Bechet,J. (1966) Multiplicity

sources tested also showed the behavior expectedryidfispSmutant; of the amino acid permeases$accharomyces cerevisideEvidence
that is, derepression of GAP1 activity as assayed by the GAP1-mediated for 4 specific arginine-transporting systeBiochim. Biophys. Acta
uptake of toxic levels ofL-lysine and p-histidine on derepressing 127, 325-338.

(ammonium) media (Grenson, 1983b). A low copy vector (pML95)  Harmann,H.A., Kahmann,R. and Bolker,M. (1996) The pheromone

containing theNPI1 gene generated by PCR complemented this pheno-  regponse factor coordinates filamentous growth and pathogenicity in
type. We also clonedlPI1 in the yeast integrating vector YIp211, and Ustilago maydisEMBO J, 15, 1632-1641.

used a linearized form to transform tin@il mutant strain MLY141a. Hein,C., Springael,J.-Y. Vol,lanéi C., Haguenauer-Tsapis,R. and Andre,B

Transformants displayeNPI1" phenotype in 15/16 Urastrains. The (1995) NPI1, an essential yeast gene involved in induced degradation
npil mutant phenotype did not reappear in 29 complete tetrads of a ¢ Gapl and Fur4 permeases, encodes the Rsp5 ubiquitin-protein

cross between the taggétPI1-URA3strain and a wild-type strain. ligase.Mol. Microbiol., 18, 77-87.
Huibregste,J.M., Scheffner,M., Beaudenon,S. and Howley,P.M. (1995)
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