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ABSTRACT

The INO1 gene of yeast is expressed in logarithmically
growing, wild-type cells when inositol is absent from
the medium. However, the INO1 gene is repressed
when inasitol is present during logarithmic growth and

it is also repressed as cells enter stationary phase
whether inositol is present or not. In this report, we
demonstrate that transient nitrogen limitation also
causes INO1 repression. The repression of INO1 in
response to nitrogen limitation shares many features

in common with repression in response to the presence

of inositol. Specifically, the response to nitrogen
limitation is dependent upon the presence of a
functional OPI1 gene product, it requires ongoing
phosphatidylcholine biosynthesis and it is mediated
by the repeated element, UAS \o, found in the promoter
of INO1 and other co-regulated genes of phospholipid
biosynthesis. Thus, we propose that repression of
INO1 in response to inositol and in response to
nitrogen limitation occurs via a common mechanism
that is sensitive to the status of ongoing phospholipid
metabolism.

INTRODUCTION

regulatory geneg9-12). ThelNO2 and INO4 gene products
(Ino2p and Ino4p) contain the basic helix—loop—helix (bHLH)
DNA binding motif and their binding site, UAW, contains
within it the canonical bHLH site: CANNTG. Strains containing
ino2 andino4 mutations are inositol auxotrophs and display other
abnormalities of phospholipid metabolism due to failure to derepress
the INO1 gene and other co-regulated genes of lipid metabolism
(13). Mutations at a third locuOPIl, lead to constitutive
overexpression ofNO1 and a consequentverpoduction of
inositol (Opt) phenotype(14). The OPI1 gene product also
exerts its effect through UAg (11) but it has not yet been
established whether the effect of @BI1 gene product (Opilp)
on the co-regulated genes is direct or indif¥E8}. Qpilp contains
within it a leucine zipper and polyglutamine stretcfiesy, both
of which are motifs that are commonly found in DNA binding
proteins, but Opilp does not appear to bind directly to DN
Phospholipid biosynthesis in general decreases and phospholipid
biosynthetic enzymes are repressed when yeast cells enter
stationary phasgl7). Yeast cells»hibit many responses as they
enter stationary phase, including arrest in an unbudded state,
changes in cell wall structure and accumulation of storage
carbohydrate$18). Metabolic changes resembling those observed
upon entry into stationary phase are observed when yeast cells
growing in the presence of glucose are starved for an essential
nutrient such as nitrogen, phosphorus or suffify). These

Structural genes encoding a number of phospholipid biosynthefif@nges have been proposed to be responses to a signa

enzymes in the yea8accharomyces cerevisiahow complex

transduction pathway called the fermentable growth medium

transcriptional regulation in response to the availability of théFGM)-induced pathwag20). Since théNO1 gene is repressed

phospholipid precursors, inositol and choline (reviewdd-8). The

as cells approach stationary phase in glucose-containing medium

most highly regulated of these gendli®1, the structural gene for (21-23), éven when inositol is absent, we explored tpenies of

inositol-1-phosphate (I-1-P) syntha¢é4,5). However, a large

INO1 to transient and total nitrogen limitation in the presence of

number of genes encoding other enzymes of phospholipid biglucose and other essential nutrients. We reporfiNkt promoter
synthesis show similar regulation (reviewed #8,6,7). The basic 1S exqu_|5|tely sensitive to nitrogen limitation anql thgt this response
pattern of regulation is as follows. During the logarithmic phase ¢8 Mediated by UARo and requires the participation of Opilp.

growth when inositol is absent from the growth medilv®1 and

Furthermore, repression of theO1 gene in response to nitrogen

other coordinately regulated genes are derepressed. If inositollifgitation, similar to its repression in response to the presence of
added to the growth medium, these genes are repressed and addf§g#itol requires ongoing phosphatidylcholine synthesis.
of choline when inositol is present leads to further repression.

However, addition of choline by itself has little or no effect.

A repeated element (consensusCBTGTGAAAT-3') first
detected in the promoter of tH€O1 gene (8,9) known as the
inositol-sensitive upstream activated sequence (M&Shas

MATERIALS AND METHODS
Materials

Sources of materials were-f2P]cytidine 3-triphosphate (sp. act.

been detected in the promoters of all such co-regulated genes86D Ci/mmol), DuPont NEN; nitrocellulose, Schleicher &
S.cerevisiae(1-3). This ement is the binding site for a Schull, SP6/T7 Transcription Kit, Boehringer Mannheim. All

heterodimer composed of the products of ItH©2 andINO4

other materials were reagent grade or better.
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Strains and plasmids used RNA analyses

The genotypes of the strains $icerevisiagyeasts used in this RNA probes for northern blot hybridization were synthesized
study are described in Table 1. Construction and description a€cording to the manufacturer's recommendations for the SP6/T7
plasmid vectors for heterologous reporter gene expression driv@ranscription Kit (Boehringer Mannheim) from plasmids described
by fragments of théNO1 promoter can be found in Lopesal  in Hudaket al (28), linearized with a resttion enzyme and
(5,24) (pJH334 and p&102) and Slekar and Heni®5) transcribed with RNA polymerase as follows (plasmid/restriction
(pKH200).INO1-acZ construct pJH334 containlt kb ofINO1  enzyme/RNA polymerase): pAB3QECARRI/SP6 TCMI);
sequence including 132 amino acids from the I-1-P synthaggH310HindIIl/T7 (INO1); pTC101EcaRI/SP6 (acZ). RNA
N-terminus and 543 nt $o the start of transcription ligated to was isolated from yeast using glass bead disruption and hot
lacZ This construct was linearized and integrated intaith8  phenol extractior(29). Northern hybdization was performed
locus of strain W303-1A to create BRS1069 (5). Construatssentially as described by Hirsch and Héa)yand the rasts
pKS102 is an episom#NO1-CYCHacl'Z plasmid containing were visualized by autoradiography and/or quantified using an
nt —259 to —154 of thtNO1 5' region (5). Construct pkKH200 AMBIS 4000 Phosphorimager (AMBIS Inc.) or densitometry.
contains sequences identical to the first native 10 bpAS The quantity ofINO1 or lacZ RNA was normalized against
element (corresponding to the first URS on the pKS102 TCMI1RNA, as described previoug®2).

plasmid) placed upstream of the heterologous reporter gene

CYCGHacl'Z (25). Yeast transforntian was performed by the pegyiTs

lithium acetate metho26) with ninor modifications.

. o Response of théNO1 gene to nitrogen limitation
Table 1.Saccharomyces cerevisiagains used in this study

SincelNO1 gene expression is repressed in wild-type cells, even

Strain Genotype Source/reference i the absence of inositol, as they enter stationary gRaseve

W303-1A  MATaleu2his3trpl ura3ade2canl R. Rothstein reasoned that starvation for essential nutrients might be responsible

BRS 1021 MAR ade5leu2trpl ura3 opilA (16) for this effect. To explore the response of tN®1 gene to

DC5 MATa leu2 his3 J. Broach nitrogen limitation, wild-type strain W303-1A was grown in

WT-lacZ ~ MATaHIS3[pVJ103,INOTlacZ] his3  (21) vitamin defined synthetic yeast medium without inositol containing

OP-lacZz  MATaopilA:LEU2 leu2 HISTpVJI103, (21) 5 g/l ammonium sulfate (YNBvV). Early in the exponential phase
INOZ'lacZ] his3 of growth, yeast cultures were transferred by filtration, as

BRS 1069 MAR ade2 his3 leu2 canl trpl (5) described in Materials and Methods, to growth medium lacking
ura3:INO1-lacZ::URA3[pJH334] ammonium sulfate (YNBv—NJJ. Both YNBv and YNBv—NH

Cho2 #50 MATaade2his3ura3leu2cho2:LEU2  (22) media contain the mixture of amino acids and bases, described in

Materials and Methods. The response of the wild-type
(W303-1A) yeast culture to the change from a readily used
nitrogen source (ammonia) to poorly used nitrogen sources
Yeast strains were routinely maintained on YEPD medium (1%supplied by the mixture of amino acids and bag&3) was a
yeast extract, 2% Bactopeptone, 3% glucose). Strains containisigwer growth rate (Fig. 1A). However, this shift produced only
episomal plasmids were maintained and grown on vitamia minor change in the final density achieved by the culture after
defined yeast synthetic medium, YNBYV, as described below, witbrolonged growth and there was no apparent cell cycle arrest
the omission of uracil to maintain selective pressure. Synthetituring this shift as assessed by ratio of budded versus unbudded
medium with yeast nitrogen base and vitamins (YNBV) containecklls in the course of the shift (data not shown).
30 g/l glucose, 5 g/l ammonium sulfate, 1 g/l potassium phosphateExpression of thtNO1 gene was strongly repressed immediately
monobasic, 0.5 g/l magnesium sulfate, 0.1 g/l sodium chloridéllowing the shift to the alternative nitrogen source (Fig. 1B).
0.1 g/l calcium chloride, trace elements and vitamins a$his response was transient, however, SiNE& mMRNA levels
previously describe@7) and thedllowing mixture of amino had begun to rise within 4 h and had returned to their original
acids and bases: 20 mg/l adenine, 20 mg/l arginine, 20 mdgvelsT7 h after the shift. Presumably, this represents the period
histidine, 60 mg/l leucine, 230 mg/l lysine, 20 mg/I methioninepf time necessary for adjustment of the culture to the use of the
300 mg/l threonine, 20 mg/I tryptophan and 40 mg/l uracil. Thalternative nitrogen sources. During the period of time following
above medium does not contain inositol. Where indicated, mediae shift to YNBv—NH medium whileINO1 expression was
were supplemented with 1 mM choline*jCMedium without  repressed, there was relatively little effect on the transcript of the
ammonium sulfate (YNBv—NkJ contained all components as TCM1 (ribosomal protein gene) used as a control for RNA
above described for YNBv medium but ammonium sulfate wal®ading (Fig. 1B). Since the product of B€11 gene (Opilp) is
omitted. Medium with ammonium sulfate but without the mixturerequired for repression ¢iRO1 gene expression in response to
of amino acid and bases is referred to as YNBv—AA. Mediurmositol (11,16), we tested the level BiO1 transcript in strain
without ammonium sulfate and without the mixture of amindBRS1021, which contains apil deletion mutation (see Table 1
acids and bases listed above is designated YNBy—RA for complete strain descriptions). In this strain, unlike the
All cultures were grown aerobically at 3D with shaking. In a  wild-type, no repression of thiNO1 gene was observed in
typical experiment, the culture was grown to early exponential phasesponse to nitrogen limitation when the culture was transferred
of growth in YNBv medium, cells were collected by filtration, from YNBv to YNBv—NH; medium (Fig. 2).
washed and resuspended in medium lacking one of the nutrienttNO1 expression was also studied during nitrogen starvation
(ammonium sulfate, total nitrogen or phosphate). At indicated tim&hen no alternative nitrogen source was available. A wild-type
points samples were collected and total RNA was isolated. strain requiring no amino acids (WT-lacZ) and a congenic strain

Culture conditions
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Figure 2. Analysis ofINO1 expression in aopil mutant (BRS1021) after
TC.M'] — - - - . transfer to medium containing a poorly used nitrogen source. At indicated time
points after shift from medium containing ammonium sulfate (YNBvV) to
medium containing only a poorly used nitrogen source (YNBvgNtdtal
RNA was isolated and subjected to northern blot analysis. Ethidium bromide
staining of total RNA and hybridization with tFeCM1 probe serve as RNA
loading controls. Quantitation 8101 expression obtained by densitometry is
shown below the blot. The proportioniBO1 expression relative to tie€M1
loading control was set at 100 at time 0. The numbers corresponding to
subsequent times represent the percentag®dl@f expression remaining
Tmel] a4 W 1 2 4 7 relative to time 0.
[T (5 TN | IO T I

opil mutant underwent growth arrest very shortly after the shift

to medium without any nitrogen source (data not sholM@)1

gene expression was immediately and strongly repressed in the
Figure 1. (A) Growth of the wild-type strain (W303-1A) after transfer to wild-type strain (Fig. 3) but remained derepressed in the congenic
medium containing a poorly used nitrogen source. Cultures were grown 'rbpil derivative (Fig. 4). ThdCM1 gene was also repressed in

YNBv medium to logarithmic phase= 0). Att = 0, the culture was collected . . .
by filtration and washed with the medium to which it was to be transferred. ond?0th strains immediately after the transfer of culture to the

portion of the culture()) was transferred to YNBv—NHacking ammonium ~ medium without any nitrogen source. The repressionGi1
sulfate. The other portion was transferred to fresh YNBv medijrGrowth expression under conditions of total nitrogen withdrawal (Figs 3
was monitored by optical densityB)( Northern blot analysis ofNO1 and 4) isin sharp contrast to the Continuing expressi6¢M1

expression after transfer to medium containing a poorly used nitrogen sourc: - - - A . e
At indicated time points after the transfer to YNBv—\iedium, total RNA edu”ng transient nitrogen starvation in bothapel and wild-type

was isolated from collected samples and analyzed as described in Materials a®irains (Figs 1 _and 2). It is noteworthy, hOW('.:‘VGr'- lN@'l
Methods. Hybridization with tiECM1ribosomal protein gene probe serves as expression continued even after growth arrest irofhk strain
an RNA loading control. Time point 2C represents the control, at 2 h afterstarved for nitrogen (Fig. 4). This is consistent with the report by

transfer of one aliquot of the culture to fresh YNBv. QuantitatiofNail ; ; ; —
expression obtained by densitometry is shown below the blot. The proportionJlraneth al (21) thalNOlexpressmn continuesapilmutants

of INO1 expression relative to tfeCM1loading control was set at 100 at time well into stationary phase.
0. The numbers corresponding to subsequent times represent the percentage of
INO1 expression remaining refative to time 0. Ongoing phosphatidylcholine synthesis is essential fiNO1

repression due to nitrogen limitation

containing the@pildeletion mutation (OP-lacZ?1) were grown cho2mutants, which are defective in the first methylation step en
to the early exponential phase of growth and transferred fronoute to phosphatidylcholine (PC) (the pathway for phospholipid
synthetic medium (without inositol) containing ammoniumbiosynthesis is shown in Fig. 5), and other mutants with defects
sulfate (5 g/l) but no amino acids (YNBv—AA) to medium withoutin the methylation pathway leading to PC, display altered
ammonium sulfate and containing no other alternative source mggulation ofINO1 in response to the soluble precursors of

nitrogen (YNBv—-NH—AA). Both the wild-type strain and the phospholipid biosynthesis, inositol and choli22,31,32). These
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Figure 3. Northern blot analysis dNO1 expression after transfer of culture to E ¥ cho2
medium with no alternative nitrogen source. At indicated time points after ! PMME
transfer of the prototrophic wild-type strain, WT-lacZ, from defined synthetic ! v
yeast medium without amino acids (YNBv-AA) to medium without any ! PDME
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Figure 5. Phospholipid biosynthetic pathwaysSrcerevisiaeThe pathways
shown include the relevant steps discussed in the text. Detailed descriptions are
N — w given elsewhere (2,3,7). Precursors and lipids: C, choline; C-CDP, cytidine
Y diphosphate choline; CDP-DG, cytidine diphosphate diacylglycerol; C-P,
choline phosphate; DAG, diacylglycerol; DGPP, diacylglycerol pyrophos-
phate; FA, fatty acid; Glu-3-P, glucose 3-phosphate; Gly-3-P, glycerol
A — ' 3-phosphate; |, inositol; I-1-P, inositol 1-phosphate; PA, phosphatidic acid; PC,
el phosphatidylcholine; PDME, phosphatidyldimethylethanolamine; PE, phos-
phatidylethanolamine; PI, phosphatidylinositol; PMME, phosphatidylmono-
methylethanolamine; PS, phosphatidylserine. The designations for the recessive
mutant allelesifalic) rather than the wild-type structural genes are g,
CDP-DG synthaseho?2(also known apem, phospholipid N-methyltrans-
ferase;ckil, choline kinasejnol, inositol 1-phosphate synthase pldl (also

known asspol4 phospholipase D. Dashed line, degradation of PC via
phospholipase D-mediated route.

o
Large rRM&

sulfate (YNBv), with (C) or without (C) 1 mM choline
Figure 4. Northern blot a_nalysi_s dNO1 expression of aopil strain after supplement as indicated. Early in the exponential phase of
transfer of culture to medium without any nitrogen source. A prototropiiic — grawth, cultures were transferred to the respective media without
strain (OP-lacZ) was transferred from vitamin defined synthetic yeast medium . - . . .
without amino acids (YNBv—AA) to medium without any nitrogen source ammonium sulfate but containing the mIthre of amino ac!ds and
(YNBv=NH4—AA). At indicated time points after transfer total RNA was bases (YNBv—NH). In the presence of cholin®lO1 expression
isolated and subjected to northern blot analysis. Ethidium bromide staining ofn thecho2mutant follows the same general pattern of transient
total RNA serves as a loading control. repression oiNO1 expression in the absence of ammonium
sulfate in the medium (YNBv—NK (Fig. 6) that is observed in
the wild-type strain (Fig. 1B). The repression is not quite as
mutants have an inositol excretion phenotype (i) that is complete as is observed in the wild-type strain. However, in the
eliminated when choline is supplied in the growth mediuntho?2 strain, in the absence of choline (Fig. 6), tR®1 gene
(22,32). Thecho2mutants exhibit derepress@tD1 levels even  exhibits much less repression than is characteristic of the
in the presence of inositol unless they are supplied wittvild-type response to nitrogen limitation or is observed in the
exogenous cholin@2). Repression of tHBIO1 gene in response cho2strain itself when choline is present.
to inositol incho2mutants is restored by supplementation with
the precursors monomethylethanolamine (MME) and dimethyktfect of elements within the promoter of theNO1 gene
ethanolamine (DME) (32) which can be incorporated via the CDP
choline pathway33) into phopholipid. Since theho2mutation  Previously, a construct containing 543 nt of ft®1 promoter
blocks the conversion of phosphatidylethanolamine to phosphatidylpstream of the translational start site was shown to be sufficient
monomethylethanolamine, all three precursors enter phospholigim drive regulated expression in wild-type yeast cells of a fusion
biosynthesis downstream of thko2genetic lesion and restore construct containing thdescherichia colilacZ gene. This
PC biosynthesis (Fig. 5). construct is regulated like the natl¥O1 gene in response to the
In the present study, tisho2strain was grown in defined yeast availability of the precursors inositol and choline (5). We asked
synthetic medium lacking inositol but containing ammoniumwhether this construct also showed repression comparable to the
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Figure 6. Northern blot analysis #RO1 expression in aho2strain, following Figure 7. Expression of a construct (pJH334) containingl&icZ gene fused

transfer to medium with a poorly used nitrogen source, in the presence and© the first 543 nt of thiNO1 promoter sequence, following transfer to medium
absence of choline. Treho2strain was grown in YNBv to mid-logarithmic ~ ¢ontaining a poorly used nitrogen source. Yeast strain BRS1069, containing
phase with and without choline {@nd C, respectively). The cultures were ~ construct pJH334 integrated at ti&A3locus, was transferred by filtration
then transferred by filtration from complete synthetic medium (YNBv) to from complete defined synthetic medium (YNBv) to medium without

medium without ammonium sulfate (YNBv—MH Choline supplementation ammonium sulfate (YNBv-NE). At the indicated times following the transfer
(C* or lack thereof (€) was maintained at transfer. At indicated time points 0 New medium, total RNA was isolated and subjected to northern blot analysis.

after the transfer, total RNA was isolated and subjected to northern blot analysisINO1-acZ represents heterologous expression from an integrated plasmid
Hybridization with theTCM1 ribosomal protein gene probe serves as an RNA driven by the first 543 nt of tHelO1 promoterINO1 represents expression of
loading control. Quantitation dRO1 expression obtained by densitometry is ~ the nativelNO1 gene. Hybridization with th@CM1 probe and ethidium
shown below the blot. The proportionlO1 expression relative to tHeCM1 bromide staining of total RNA serve as loading controls.

loading control was set at 100 at time 0. The numbers corresponding to

subsequent times represent the percentag®dl©@f expression remaining

relative to time 0. from the INO1 promoter (11,24,25), as well as a copy of an

upstream repression sequence (URS1) (24), which has been
reported in the promoters of many yeast genes (34). Construct
nativelNO1 transcript in response to transient nitrogen limitatiorpKH200 contains sequence identical to the 10 bp NAS
upon shift to YNBv—NH medium. Yeast strain BRS1069 elementfound in position —244 to —235 ofiti®1 promoter (the
contains atNO1-acZ construct containing the first 543 nt of the first of two UASNo elements present in plasmid pKS1(2)).
INO1 promoter 5to thelNO1 translation start site fusedleeZ  The pattern of transcription of thecZ fusion construct driven by
and integrated at théRA3locus (5). This strain was transferred the fragments of thiNO1 promoter containing the two UA®
to YNBv—NH; medium following a protocol identical to that elements together with URS1 (pKS102) was similar to the
used in the experiments reported in Figure 1 for the wild-typeesponse of the natiiO1 gene under the same conditions
strain (W303). Expression of thecZ gene driven by the (Fig. 8). Similarly,lacZ transcription driven only by the first of
INO1-acZ construct, as measured by northern blot, preciselthese UA{o elements (pKH200) also mirrors the pattern of
mirrored expression of the natitO1 transcript (Fig. 7). INO1 expression of the natiWlO1 transcript (Fig. 9). However,

To further characterize tlés-acting elements within tH&lO1  the absolute levels ¢dicZ expression were approximately three
promoter responsible for the regulation of théO1 gene in times higher from the pKH200 construct under both repressed
response to nitrogen limitation, we analyzed expression of fusi@nd derepressed conditions as comparddcid mRNA levels
constructs containing smaller fragments ofi®1 promoter. In  derived from pKS102. The effect of nitrogen limitation on
these studiedacZ expression was driven by fragments of theexpression of thestNO1 constructs is similar to the effects
INO1 promoter fused tacZ contained on an episomal plasmid. obtained when these same constructs were studied in conjunction
Expression ofacZ measured by northern blot was compared tavith repression in response to inos{@#).
expression of the nativiNO1 transcript in order to assess
capability of specific regions within thtNO1 promoter 0 pSCUSSION
respond to the signal produced by nitrogen limitation upon shift
from YNBv to YNBv—NH; medium. Both vectors (pKS102 and Nutrient starvation is a fundamental condition that signals
pKH200, as described in Materials and Methods) contain microorganisms to slow cellular metabolism, cease cell division
portion of thelINO1 promoter fused to th€YCHacl’'Z chimera  and enter stationary phase. In glucose grown cells, starvation for
(5,25). Vector pIs102 contains promoter sequences —259 taitrogen triggers the fermentable growth medium (FGM) signal
—154 which include two active copies of the YhS element transduction pathway which results in the appearance of stationary
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Figure 8. Expression driven by promoter fusions containiig-acting Figure 9. Expression of thiacZ gene driven by a UARo element, following

elements from théNO1 promoter, following transfer to medium with poorly  transfer to medium with poorly used nitrogen sources. Yeast strain W303-1A
used nitrogen sources. Yeast strain W303-1A was transformed with plasmidwas transformed with plasmid pKH200 and transferred from complete synthetic
pKS102, grown to logarithmic phase in complete synthetic medium (YNBv) medium (YNBvV) to medium lacking ammonium sulfate (YNBv-)\HAt the

and transferred by filtration to medium without ammonium sulfate (YNBwWNH indicated time points following the transfer to new medium, total RNA was
At the indicated time points following transfer, total RNA was isolated and isolated and subjected to northern blot analysis. The RNA was quantified as
subjected to northern blot analysis. Northern blots were quantified as describediescribed in Materials and MethotdgZ (e ) RNA and nativéNO1RNA (A)

in Materials and Methods. ExpressionadZ (e ) and nativdNO1 (A) were were normalized tdCM1as a loading control.

normalized tofCM1as a loading control.

the adjustment of cellular metabolism to the use of alternative

phase characteristics. Nutrient-starved cells arrest imtpbd3e of  nitrogen sources (30)\O1 transcription was repressed transiently
the cell cycle, enter gand exhibit characteristics of stationary phasevhile the level of th& CM1transcript was only slightly affected
arrest including: glycogen and trehalose accumulation, repression(Bfg. 1). Thus, the response of th1 gene to transient nitrogen
ribosomal protein genes and induction of heat shock gendgnitation was more sensitive than the response ofTtbis1l
Re-feeding with the limiting nutrient results in rapid disappearanagene. Furthermore, when thepil gene is deleted|NO1
of the stationary characteristics (19). The coordination of ced#ixpression continues even when nitrogen is completely absent
growth and metabolism with membrane biogenesis requires tifadm the medium (Fig. 4), but tlepil mutation has no effect on
production of membrane constituents, including phospholipid§,CM1expression (compare Figs 3 and 4) under these conditions.
must be regulated at some level by the availability of basi€hese observations suggest D1 repression in response to
nutrients such as nitrogen and phosphate. IN@L gene, the nutrient limitation is separate from the regulatory mechanism
most highly regulated of the set of co-regulated genes abntrolling theTCM1gene under these same conditions.
phospholipid biosynthes{¢-3) is derepressed during théiae By studyinglacZ fusion constructs whose expression was
exponential growth in yeast cultures grown in medium lackinglriven by portions of theNO1 promoter, we have shown that the
inositol. Homanret al (17) demonstrated that the enzymes of thelements of thdNO1 promoter necessary for repression in
yeast phospholipid biosynthetic pathway are regulated in resporssponse to inositol (UA§o) are also sufficient to drive
to growth phase and Lampieg al (23) and Jiranekt al (21) repression ofNOL1 in response to transient nitrogen limitation
demonstrated that this growth phase regulation occurs, at le@Sigs 7—9). Thus, it appears thiBO1 sensitivity to nitrogen
partly, at the level of transcript abundance of the co-regulatdinitation is controlled by UAfo, the same element that
genes, includingNOL1 As mitotically growing cultures approach controls repression in response to inog9,35). ThelNO1
stationary phase, tHBlO1 gene is repressed even when inositobromoter contains two active U elements (5,9,35) and an
is absent (21,23). However, tidO1 gene is derepressed during active URS1 elemen(24). The INO1 promoter has been
meiosis (34). extensively studied with respect to each of the |4 ®lements

In the present study, we have followed expression d\i®4  and the URS1 element. In a previous study, binding of a putative
gene when yeast cells were challenged by limitation of nitrogellRS binding factor with the URS1 element inttR®1 promoter
Total absence of a nitrogen source caused rapid cessdlitidlof was analyzed and the activity was shown to be competed by the
transcription and also affected the levels oftiM1ribosomal CARI1URSL1 sequence (24). The URSdneént has been shown
protein gene (Fig. 3). There is an expected response BZMé&  to affect the overall level of repressionldfO1, but UASNo is
gene since repression of ribosomal protein genes in responsestdely responsible for mediating the response to inosit¢24).
nutrient limitation has been well documented and is believed to beThe presence of a single synthetic W4$ element in a
under the control of the FGM signal transduction pathid8y19).  completely heterologous reporter gene construct is completely
However, when nitrogen was only temporarily unavailable duringufficient to confer repression in response to inositol and to place
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the construct undeédPI1 control (11). In previous studies, we We have recently proposed a model for the transcriptional
have shown that th®PI1 gene product is required not only for regulation of the phospholipid biosynthetic genes which can
repression ofNO1 in response to inositol (11) but also for its account for repression in response to inositol/choline availability
repression as cells enter stationary ph@49. Expression of in logarithmically growing cell§2,40). Our model mposes that
INO1 is also very sensitive to mutations affecting transcriptiothe build-up of a precursor early in phospholipid biosynthesis,
globally (reviewed in 2). For example, tB&N3 gene product, either phosphatidic acid (PA) or a precursor closely related to PA
which is a component of a large complex involved in histonéFig. 5), produces a signal that results in derepression of the
deacetylation, also affectslO1 expression (28). The effect of co-regulated genes containing URS. Cellular levels of PA are
sin3 mutations oriNO1 expression was shown to be mediatednfluenced by at least three ongoing metabolic processes: (i) the
both by URS1 and UARo (25). Most ecently/NO1expression  rate ofde novosynthesis of PA from glycerol 3-phosphate and
has also been shown to be influenced by two major signftty acids (Fig. 5); (i) the rate of production of PA by
transduction pathways, the unfolded protein response pathwBkjospholipase D-mediated phospholipid turn¢<e;41);(iii) the
(36) and the glucose faanse pathway37,38). In both cases, rate of utlllz_atlon of PAIn downstre_am reactions of phosphollpld
mutations in protein kinasd&E1andSNF1/SNF4respectively, Piosynthesi¢42). Inostol, when available in the growth medium,
lead to loss dNOZexpression and resulted in anipbenotype.  draws on the pool of cytidine diphosphate diacylglycerol

In both cases, deletion of 11 gene restorelOlexpression (CPP-DG) which, in turn, draws upon PA. Choline draws upon
but not its regulation in response to inos{@6,37). Thus, the the availability of diacylglycerol which is, in turn, derived from

regulation ofINOL is very complex and is influenced by the PA (Fig. 5). Our model proposes that when the rate of PA

overall status of the cellular transcription apparatus and sevevﬁ::[ duction, viade novosynthesis and/or turnover of existing

. ; : ids, exceeds its utilization in downstream reactitd®1 and
major signal transducing pathways. In this report, we have sho R_ ' X - X
that theINO1 gene is rapidly repressed in response to nitrog C-regulated UARo-containing genes will be derepressed (2).

L . e cho2mutation blocks the major pathway leading from PA
limitation and that this response appears to be controlled by t gough CDP-DG and phosphatidylserine to PC (Fig. 5).

ﬁznrgilmfﬁgarg:ncl);gaet (i:sor::tgr)ulfirrreerzjret?SI%;ﬁfjp(r)gsuei:gsm;SI Lnsistent with the model, aho2cells growing in the absence
y P y q of choline, neither inositd22) nor transient nitrogen limtian

functioning OPI1 gene product. The fact that deprivation Of(Fig. 6) causes repression IOL However, when choline is

nitrogen triggers repression NO1 via the control of UAfRwo g pplied tacho2mutants, it permits the synthesis of PC drawing

provides information relevant to potential mechanisms for thgy, giacyiglycerol downstream of PA (Fig. 5) and simultaneously

observed repression of Uf\%-containing genes upon entry into etares repression IIO1, both in response to inosi{@?2) and

stationary phasg21,23). o ) nitrogen deprivation (Fig. 6). The results depicted in Figure 6
Griac et al _(2_2) showed that the k_lnetlcs pf repression Ofclearly show that the metabolic signal that triggés©1

UASino-containing genes upon entry into stationary phase Wagpression in response to transient nitrogen limitation, like the

altered in cells containing mutations affecting PC blosynthe5|§eSponse to inositol availability, is influenced by the pattern of

Specifically, it was shown thaho2mutants, which have a defect hospholipid metabolism.

in phOSphOllpld methylation (Flg 5), exhibited slower kinetics OP The experiments reported here show tiND1 is rap|d|y

repression upon entry into stationary phase when starved f@fpressed in response to nitrogen limitation. Moreover, this

choline(22). Yeast strains cating thecho2mutation also show regulation sharesommmon features with the regulation that occurs

aberrant transcriptional regulation in response to inositol unlegsresponse to inositol and choline (8). (i) Repression in response to

a metabolite downstream of the genetic block in PC biosynthesisth types of metabolic signals (i.e. inositol and nitrogen limitation)

is supplied exogenous(22,32). Specificallycho2cells fail to  are dependent on a functio@PI1 gene product; (ii) ongoing PC

repress thtNO1 gene and other co-regulated genes of phospholipisiosynthesis is necessary for proper wild-type regulation in both

biosynthesis in response to inositol, unless choline (or MME @ases; (jii) in both cases, the minimal promoter requirement for

DME) is also supplied. In this study, we observed thatwhe8 proper regulation of a heterologous system is the 10 bpNdAS

cells were grown in the absence of choline, as well as inositol, andnsensus sequence. These common features suggest that a sing

were subsequently transferred to medium lacking ammoniunmegulatory mechanism is involved in controlling repression of the

sulfate, as well as choline and inositol, th€&)1 gene did not INO1 gene to nitrogen limitation and inositol/choline availability.

exhibit transient repression in response to nitrogen limitatiohis hypothesis and the interconnection between inositol and

However, when the same experiment was repeatedcivitd  nitrogen metabolism are currently being explored in our laboratory.

cells grown in medium containing choline but lacking inositol,

the INO1 gene was repressed, following transfer to nitrogen

limiting medium. Thus, growth afho2cells in the absence of ACKNOWLEDGEMENT
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