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ABSTRACT

Inositol regulates transcription of Saccharomyces
cerevisiae genes required for de novo synthesis of
acylCoAs and phospholipids. Removal of inositol
results in transcriptional activation by heterodimeric
complexes of two bHLH proteins, Ino2p and Ino4p. In
the presence of inositol, transcription is repressed by
Opilp. MyristoylCoA:protein N-myristoyltransferase
(Nmtlp) is an essential enzyme whose activity is
influenced by cellular myristoylCoA pool size and
availability. nmt451Dp contains a Gly 451 Asp
substitution that produces temperature-dependent
reductions in affinity for myristoylCoA and associated
reductions in acylation of cellular N-myristoylproteins.

The conditional lethality produced by nmt1-451D is
rescued at temperatures up to 33 °C by withdrawal of
inositol. We tested the hypothesis that N-myristoyl-
proteins function to regulate  INO2, INO4 and/or OPI1
transcription, thereby affecting the expression of
inositol-sensitive genes that influence myristoylCoA
metabolism. The effect of nmt1-451D on INOZ2, INO4 and
OPI1 promoter activities was examined by introducing
episomes, containing their 5 ' non-transcribed domains
linked to reporters, intoisogenic ~ NMT1and nmt1-451D
cells. The activity of INOZ2 is significantly higher, INO4
significantly lower and  OPI1 unaffected in nmt1-451D
cells, both in the presence and absence of inositol.
These changes are associated with a net increase in
expression of some inositol target genes, including
FAS1. FAS1 encodes one of the subunits of the fatty
acid synthase complex that catalyzes  de novo acylCoA
(including myristoylCoA) biosynthesis. Augmented
expression of FASI overcomes the kinetic defects in
nmt451Dp. FAS1 expression is Ino2p-dependent in
NMT1 cells at 24—-33 °C. In contrast, FAS1 expression
becomes Ino2p-independent in  nmt1-451D cells at
temperatures where efficient acylation of cellular
N-myristoylproteins is jeopardized. The ability to
maintain expression of FAS1 in nmt1-451Dino2 A cells
suggests the existence of another transcription factor,

or factors, whose expression/activity is inversely
related to overall levels of cellular protein N-myristoy-
lation. This factor is not functionally identical to Ino2p

since other inositol-responsive genes (e.g. CHO1)
maintain  INO2-dependent expression in  nmtl1-451D
cells.

INTRODUCTION

In Saccharomyces cerevisjaeanscription of genes required for

de novasynthesis of acylCoAs and phospholipids is coordinately
regulated by the phospholipid precursor molecules inositol and
choline (). Removal of inositol from the media results in
activation of these genes by Ino2p and Ino4p. Ino2p and Ino4p are
basic helix—loop—helix (bHLH) transcription factors that form
heterodimeric complexes which bind to inositol-choline response
elements (ICRE, also known as URE; 2—4). When inositol is
available, genes required fe novaacylCoA and phospholipid
biosynthesis are repressed. Repression requires Opilp. The
mechanism of Opilp-mediated repression is not kKn@ya). (

Much remains to be defined about the cellular factors that
influence expression €02, INO4andOPIL N-myristoylproteins
represent one potential set of regulators, given the sensitivity of
myristoylCoA:protein N-myristoyltransferase (Nmtlp) to cellular
acylCoA pool size and composition-0). Nmtlp catalyzes the
transfer of myristate (C14:0) from CoA to the N-terminal glycine
of nascent proteind (,11). Sixty-four known or potential Nmt1p
substrates have been identified among the 6220 conventional
open reading frames represented in the yeast genome. [To identify
these 64 sequences, the translation products of all standard oper
reading frames listed in tl#&cerevisiagenome database (SGD;
http://genome-www.stanfordla/Saccharomyces/ ) were scanned
for the presence of ME2X3X4X5X6X7 at their N-termini, using
the PatMatch sequence analysis tool contained in the SGD
website. Based on previous analyses of the peptide substrate
specificity of Nmtlp {2-14), E, D, R, K, H, P, F, Y and W were
not allowed at position 3 @ all possible amino acids were
allowed at ¥ and X, only S, T, A, G, C or N were permitted at
X6, and all residues except P were allowed’atMany of these
proteins are involved in signal transduction pathways and include
known or putative phosphatases, serine/threonine and tyrosine
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kinases, and thee-subunits of two heterotrimeric G proteins (Gpalpthe region 196—177 nt upstream of the ATGIIS3(5'-GGCCTC-
and Gpa2p). Genetic analyses have establishedNtddtl is CTCTAGTACACTC-3) and (i) a primer encompassing the 45 nt
essential for vegetative growth=-17). Studies using conditional immediately downstream of the stop codon of the target gene
lethal nmt1 alleles encoding acyltransferases with reduced affinitjollowed by 19 bases from the region 154—173 nt downstream of
for their myristoylCoA substrate have shown that regulation dhe HIS3 stop codon (BGCGCGCCTCGTTCAGAATG-3.
myristoylCoA pool size has a great impact on the efficiency ofhe PCR product was introduced into YB427 and YB553 and
protein N-myristoylation and that such pools are generated from tviansformants were isolated based on their histidine prototropy.
sourcesde novasynthesis by fatty acid synthase (Fas) and activatioRroper integration dfllS3at the locus of interest was confirmed
of free C14:0 by several acylCoA synthetasathy(frid activation by PCR using genomic DNA as templa2&)(plus primer pairs
proteins or Faa§,17). Removal of inositol from the media partially that flanked the junction between the promoter region of the
rescues the conditional lethality imparted by sevarall mutants deleted gene and the inserteltS3 DNA. Cells with proper
(7,17). Rescue was thought to be due, at least in part, to an inductiategrations oHIS3were plated on synthetic media containing
of FAS gene transcription. This assumption was based on tlefluoro-orotic acid (PCR, Inc.) to expel pTSV31A. These
observations of Chirala and co-workers E#eis induced ilNMT1  manipulations yielded the following panel of isogenic strains:
strains when inositol is withdrawn from the mediui8,{9). YB582 (hmtl-451D,in02::HISR YB583 (NMTL,in02::HIS3,

In this report, we have addressed a related possibility—namelyB585 (mt1-451D,o0pil::HISR YB586 (NMT1,0pil::HIS3,
that the state of acylation of one or more cellular N-myristoylYB588 (1mt1-451D,ino4::HISB YB589 (NMT1,ino4::HIS3.
proteins serves to influence expressiofNg2, INO4 or OPI1,
and in so doing to regulate myristoylCoA metabolism throug
effects onFAS transcription. To test this possibility, we chose
nmtl-451Das the ‘provocative’ allelemmtl-451Dencodes an

Ih->romoter activity assays

X e , ' The promoter activities of seven genes were assessed in these
enzyme with a GKP*to Asp substitution that reduces its affinity isgenic strains. Given the relatively large number of combinations

for myristoylCoA and produces global defects in protein giraing and genes to be assayed, we elected to define promoter
N-myristoylation. These defects worsen progressively as _'nCUbat'%'Etivities using episomes containing portions of thendn-
temperatures are increased from 24 t6GQL6,20). A Shift 10 yanseribed regions of these genes linked to one of two reporters.

non-permissive temperatures30°C) results in growth arrest  pjagmigs containing the chloramphenicol acetyltransferase
within 1 h and subsequent loss of viabili#).(The conditional ne ¢af) fused to 5transcriptional regulatory regions from

lethality does not require components of the mating p_athway o2, INO4, OPI1 andINO1 were generously supplied by John
can be rescued at temperatures up €31 adding myristate to | e (Wayne State University) and are described in Ashburner
the medium or by expressing Nmt1).(As described below, onq | gpesz4). Their inserts were removed by digestion with
studies using isogenic strains containing various combinations R[)nl andSad in the case ONO2-catandOPI1-caf orKspl and
NMTZ1ornmt1-451Cplus wild type or null alleles #NO2, INO4  ¢j5) in the case ofNO4-cat and INO1-cat These restriction
andOPI1 allowed us to establish that a functional linkage doeﬁ'agments were then inserted iffjon/Sad- or Ksg/Clal-digested

indeed exist between the state of protein N-myristoylation, thes5316 p1). The resulting recombinant plasmids were used to
inositol response pathway aRéiStranscription. transform the yeast strains listed above.

Plasmids containingescherichia colip-galactosidaseldc2)

MATERIALS AND METHODS fused to the Stranscriptional regulatory regions BAS1and
FAS2(pSCFAS1 and pSCFAS2, respectively) were kindly
Yeast strains supplied by Subrahmanyam Chirala (Baylor College of Medicine).

An ACCZtlacZ fusion gene was constructed by PCR amplification
YB427 MATa, nmt1-451D ura3 his3 ade2 ade3 leu2 trpl)  of the region o0ACC1lbounded by itSal andHindlll sites and
has been described previousR. (Thenmtl-451Dallele in this  then subcloning the product into YEp365 (American Type
strain was replaced bNMTL1 using the integrating vector Culture Collection). The result was pBB405 which contained the
pBB395. pBB395 is a derivative of pRS3@3)(that contains a 1700 nt ofACC1llocated upstream of its initiator Met codon plus
region of NMT1extending from its nucleotide 10315 to 552  the first four codons of its open reading frame (ORF), fused
bases downstream of its stop codon. pBB395 was linearized inyframe to thelacZ ORF. The FAS1-lacZ FAS2-lacZ and
digestion withMlul and used to transform YB427, yielding ACC1-lacZplasmids were each introduced into isogenic strains
YB553 NMT1and a leucine prototroph). YB579 was constructeaontainingnmt1-451D(YB427) orNMT1(YB553, YB579).
using a similar strategy except that #hall-Hindlll fragment A YEp-based plasmid containif#S1, previously isolated as
containing theNMT1 domain described above was subcloned high-copy suppressor nmt1-451D(7), plus a YEp plasmid
into pRS306%1) and YB427 transformants were isolated basedontaining FAS2 (YEPFAS2; from Subrahmanyam Chirala),
on their uracil prototrophy. were also each introduced into YB427 and YB579.

INO2, INO4 or OPI1 was deleted in YB427 and YB553 and YB427, YB553 and YB579 plus their derivatives, with and
replaced byHIS3 (22). To do so, the isogenic strains were firstwithout these episomes, were grown at@4o mid-log phase
transformed with pTSV31A (kindly supplied by Alan Bender,(ODggo= 0.5-1.0) in synthetic medium (Bio101) containing 2%
Indiana University). pTSV31A containdRA3andADE3 and  (w/v) glucose plus 75M inositol and lacking either leucine or
rescues the histidine auxotrophy produced byatteBallele in  uracil. For some experiments, the medium was supplemented
YB427 and YB553. ThellS3gene in pBM2815 (obtained from with 500uM myristate (NuCheck-Prep) and/or 1% (w/v) Brij 58.
Mark Johnston, Washington University) was amplified by PCRMid-log phase cells were collected from 50 ml cultures by
using (i) a primer encompassing 45 nt immediately upstream o€éntrifugation at 1608 for 10 min, washed twice in 1 M sorbitol
the initiator Met codon of the target gene, followed by 19 bases froemd resuspended in the same medium with no inositol piM75
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inositol. Equivalent numbers of cells (2<3.0//ml) were incubated 0.08 1 ] mmrs INO2-cat 0.4 B INO2-cat
at 24, 30 or 33C for an additional 4 h. At the end of this period, _ Ao+ inositol - inositol
cells were pelleted and resuspended in lysis buffer [100 mMs o.0sf 03¢
Tris—HCI (pH 8), 1 mM DTT, 20% glycerol f@-galactosidase
assays; 0.25 M Tris—HCI (pH 7.5) for CAT assays; Rb0f

buffer/5 ml of culture]. Cell suspensions were frozen, thawed onz

ice and 4-(2-aminoethyl)-benzensulfonyl fluoride hydrochloride  o.02}

0.04

ecific Ac

?

0.1

(Boehringer Mannheim) was added to a final concentration of® é
200 M. Cells were then disrupted by vortexing with an equal o VAW 0 i 3

volume of 425-60Qm glass beads (Sigma; vortexing = six cycles

of 15 s each). Cellular debris was removed by centrifugation at *°[[g] INO4-cat *I'p) INO4-cat

- inositol

+ inositol

16 000g for 5 min. The protein concentration of cleared lysates ».
was measured using the BCA assay kit (Piefz&alactosidase
activity was measured using chlorophenolBeghlactopyranoside
(Boehringer Mannheim) as the substra®®)( Assays were
performed using 5-50l of cleared lysate (2.5-15@Q protein).
Units of B-galactosidase activity were defined as the change i
absorbance at 570 nm/mig/ of protein. CAT activity was
determined by the phase extraction mettitg). (Units of CAT
activity were defined as c.p.m. in the organic phase and expressed
as a percentage of total c.pg./protein/h of incubation. All *TE OPI1-cat “I'H OPI1-cat
strains were assayed in duplicate on at least three differer§ + fnostet sof - inositel
occasions. 3

t

CRT Specific Activi

24 30 33

40
30

RNA analysis

20

CAT Specific Ac

Mid-log phase cells from 5 ml cultures were harvested by
centrifugation at 1606 for 5 min at 2C and washed twice with
phosphate-buffered saline (PBS). Spheroplasts were prepared by Temperature (°C)
first resuspending the cell pellet in 0.6 ml of cell wall digestion
buffer [1 M sorbitol, 0.1 M EDTA, pH 7.4, 50 U of Zymolyase ‘
100-T (ICN) per mi of culture (N.B. Zymolyase 100-T was Faue L taSio dspendent shangeauoz, osendory pomer
: H ™ vities. | - WI - -

acltllvattl-:;dd_WIth ?.ddltl(?n .Of 1Q|TCr)]f Z_mercaptOEthﬁnOI. perbml Cg OPI1-catepisomes were grown at 22 to mid-log phase in synthetic media
cell wall digestion so Uuon)_]- Is mixture was then incubated alontaining 75uM inositol. Cells were resuspended in synthetic media
24°C with shaking for 15 min. Spheroplasts were lysed and RNAsontaining 0 or 75M inositol, and incubated for 4 h prior to determination of
was recovered using the Purescript RNA Isolation kit (Gentr@ed"ular (éAT activity. Results arehplé)tted as tdhe :_T\ESJEQA- of thr?ekt{) fg_ur

i independent experiments, eacl one In duplicate. An asterisk indicates a
e oo it b Sioers ompaciT Ll <015,
electrophoresis and transferred to GeneScreen Plus hybridization
membrane (NEN Life Sciences). Blots were probed with pAS10

(CHOZ; 24) and pBM659ACTZ obtained from Mark Johnston, at 24 30 and 3 in 75uM inosi : o
. ' ) , UM inositol or in the absence of inositol.
Washmgton UnlverS|ty): These DNAs were Iabeled Vﬁ%ﬁ Removing inositol resulted in a 5-10-fold incread&lin2-cat
using the Random Primed DNA Labeling Kit (Boehringerg,,osgion in hothMT1andnmtL-4510cells at 24-33C (Fig. 1A
and B). However, at each temperature, the specific activity of
and washing, the amount of bound probe was quantitated USIRQT \vas 2—4-fold higher inmt1-451Dcells @ < 0.05; Fig.1A
a phosphorimaging system (Molecular Dynamics). and B). In contrast, expressionldfO4-catwas not significantly
o ] affected by withdrawal of inositol and was 2—4-fold lower in
Statistical analysis nmt1-451Dcells P < 0.05; Fig.1C and D) OPI1-catexpression
was not significantly altered bymtl-451Dat any of the
temperatures tested (Fi= and F).

?hedium, harvested, and equal numbers of cells incubated for 4 h

Comparison of means were performed using Studefést
(Microsoft Excel version 5.0).

RESULTS The alterations in INO2-cat promoter activity produced by
nmtl-451Dare corrected by exogenous myristate

t1-451DaffectsINO2 INO4 t tivi
nmtl-451DaffectsINO2 and INO4 promoter activity The growth defect ofhmt1-451D cells can be rescued by

To determine whether expressiond®2, INO4and/orOPllare  supplementing the medium with myristaté 1@). Previous
affected by nmt1-4510 506, 495 and 439 bp of their 5 studies have shown that the exogenous myristate is imported,
non-transcribed domains (respectively) were linked toata  activated byFAAlandFAA4to myristoyl-CoA and then utilized
reporter and the fusion genes were introduced into isogendy nmt451Dp to increase the level of acylation of cellular
NMT1 and nmt1-451D strains asCEN-containing episomes. N-myristoylproteins such as ADP ribosylation factors 1 and 2
Transformants were grown atZ4to mid-log phase in synthetic (Arflp and Arf2p;17,20).
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Figure 2. Exposure ohmt1-451Dcells to myristate returriBlO2-catexpression to levels encountered in isogBitT 1 cells. Cells were grown at 2€ to mid-log
phase in synthetic media containingiiM inositol. Cells were resuspended in media containing either 0¥ 7d either 1% Brij alone, 1% Brij plus 500/
myristate or 1% Brij plus 500M palmitate. Following a 4 h incubation at°2 CAT activity was measured in cell lysates. Mean vati&&. M. of three independent
experiments, each done in duplicate, are plotted. An asterisk indicates a significant differe8d@5) compared tNMT1 cells.
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Figure 3. Effects ofnmt1-451Don expression of known inositol-responsive ge@é#O1 andINOL Isogenic strains were grown at°Zto mid-log phase in the
presence of 7aM inositol. Cells were resuspended in media containing O phriBositol, incubated for 4 h at 3C€ and total RNA was isolated Cholp mRNA
levels were defined by northern blot analysis and normalized to actin (Actlp) mMBAAIC) A separate series of experiments where mid-log phase cells containing
anINO1-catepisome were incubated for 4 h at 24>Grior to assaying CAT activity. Mean valueS.E.M. obtained from three to four independent experiments,
each done in duplicate, are plotted. There are no significant differences in CAT activity déEEandnmt1-451Dcells.

We compared INO2-cat expression in mid-log phase addition of palmitate tamtlcells does not correct the reduced
nmtl1-4510cells after incubation at 2€ for 4 h in medium with  acylation of N-myristoylproteins such as Arflp or Arfag)
or without myristic acid supplementation, with or without These findings indicate that the increased levdN&d2-cat
inositol. A supplemental dose of 50 myristate was chosen expression observed mmt1-451Dcells is likely due to reduced
because earlier studies had shown that it was sufficient to correctylation of one or more cellular N-myristoylproteins. Ino2p,
the reduced levels of Arfp N-myristoylation at temperature$no4p or Opilp are not among these proteins since none have
ranging from 24 to 37C (20). Addition of myristate had no N-terminal sequences that would allow them to be recognized as
statistically significant effects on CAT activity MMT1 cells, Nmtlp (or nmt451Dp) substrates.
whether they were incubated at’24in the presence or absence
of mos@ol (Flg.Z). In contrast, myristate depreaslefetDZ_-cat The effects of alteredNO2 and INO4 expression in
expression immt1-451Dcells, grown with or without inositol, t0 L mi1-451Dcells on inositol-responsive genes
levels that were equivalent to those in isogBiT 1 cells (Fig.2).

The decrease IINO2-cat expression was specific for myristate: The change iHNO2 and INO4 promoter activities were in
palmitate had no significant effect (FB). PalmitoylCoA is not opposite directions. Therefore, we examined the net effect of these
a substrate for Nmtlp or nmt451DP,1(7,27). Moreover, changes on expression of several inositol-responsive target genes.
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CHO1 encodes phosphatidylserine synthase and is normally E
induced when inositol is abseritg]. RNA blot hybridization :
studies revealed that the steady-state level of Cholp mRNA was
[2-fold higher in mid-log phasemt1-451Dcells compared to nmi1-4510
NMT1 cells after they had been incubated for 4 h aC24 the
presence or absence of inositol (F3g). Deletion of INO2 NMTT
results in a marked (17-20-fold) reduction in Cholp mRNA
levels in mid-log phasemt1-451D(andNMTY) cells after a 4 h 240C 3000
incubation with or without inositol (FI@A plus data not shown),
thereby confirming thatHO1transcription is greatly dependent

veclor FAST FASZ2 vector FAS1 FASZ2

with or without inositol (Fig3B and C).
FAS1andFAS2encode th@- anda-subunits of thexgBg Fas
complex ACClencodes acetylCoA carboxylase which produces g
the malonyl-CoA substrate used by Fas. All three genes have
ICREs in their 5 non-transcribed domainsl1&19,30,31).
MyristoylCoA is one of the products of Fas and is normally a rare
cellular acylCoA species3p). Changes iFAS1expression in
NMTL1 cells are known to affect expressionFS2but not vice
versa: i.e. deletion dfAS1results in a decrease in Fas2p mRNA
levels while deletion dfAS2has no detectable effect on steady state
Fas1p mRNA concentratiori33). We found that transformation of
nmt1-451D0cells with a high-copy YEp plasmid containifgS1
rescues growth at 30 and°&3 In contrast, transformation of the
same cells with a YEp plasmid containigS2does not rescue
growth (Fig.4A). Control experiments usingNMT 1 strain with
a well characterized mutafAS2allele fas2-38 34), demonstrated
that theFAS2episome rescues the fatty acid auxotrophy (data not Temperature (°C)
shown), confirming that the plasmid produced a functional
product. Together, these observations suggest that regulation of
FAS1lexpression is a critical determinant of overall Fas activityFigure 4.FAS1-lacZexpression is increasedimt1-451Dcells. @) Rescue of
in nmt1-451Dcells and augmented Fas expression can rescue ti§gWwth byFAS1but notFAS2 NMT1 andnmtl-451Dstrains, containing high
L copy YEp plasmids with eith&AS1or FAS2inserts, were grown overnight at
kinetic defecjcs of nmt451Dp at elevated temperatures. 24°C in synthetic medium lacking leucine and containingUvBinositol. An
To determine the net effect of the altel®D2 andINO4  equal number of cells were then plated on the same medium and incubated at
promoter activities innmt1-451D cells on FAS and ACC1 24 or 30C for 3 days.B-G) IsogenidNMT1andnmt1-451Dcells containing
expression,FAStacZ, FAS2-lacZand ACCLlacZ episomes FAS1-lacZFAS2-lacZorACCI-lacZepisomes were grown atdd to mid-log
. . . . . phase in synthetic media containingM inositol, resuspended in synthetic
were 'ntmd_uced 'nto_the |sogerINItMT1andrjmt17451Dstra|ns. media containing 0 or 7fM inositol, incubated for 4 h at the indicated
B-Galactosidase activity was measured in mid-log phase cellemperature and then assayed for celgalactosidase activity. Results are
harvested after a 4 h incubation at 24, 30 6C3® the presence plotted as the mean S.E.M. of three to nine independent experiments, each
or absence of inositoFASl-IacZexpression was significantly done in duplicate. The asterisk indicates a significant difference compared to
higher innmt1-451Dcells at all temperatures tested, both in theNMTlCeIIS <005
presence or absence of inositol (M@ and C). In contrast,
FAS2-lacZexpression did not differ significantly between strains
at any temperature, with or without exposure to inositol @Hg.
ar_ld E).ACCl—IapZexprgssion was qls_o similgr i_n_ both. strainsgyjigence thatFAS expression innmt1-451Dcells is
ywth one exception: a slight b_ut statistically significant increas@sqylated by factors other thanINO2 and INO4
in reporter activity was noted nmt1-451Dcompared ttNMT1
cells at 30C in the absence of inositol (FigF and G). Thus, FAS1-lacZandFAS2-lacZactivities were compared in isogenic
augmentedNO2 and reducedNO4 expression are associated NMT1andnmt1-451Dstrains with wild type and null alleles of
with a net increase IFAS1promoter activity. INO2, INO4 or OPIL Cells were grown at 2€ in synthetic

upon Ino2p. Thus, the net effect of incredd@2expressionand 2 | Bl FasTiacz FasTacz
decreasedNO4 expression immtl-451Dcells is augmented 3 z2.of @mrasio 2.0} o
expression of one of their target gen€3HOL £ 1

The changes iINO2andINO4promoter activities observed in =~ & r ?
nmt1-451Dcells is not associated with an increase in expressiong 1ol %
of all inositol-responsive gendblO1 encodes inositol-1-phosphate g g
synthase, isensitive to inositol and is tightly regulated by Ino2p & 0.5 g
and Inodp %,6,29). INO1l-cat expression inNMT1 and 2 g
nmtl-451Dcells was assayed using the same conditions described 0 2¢ 80 33
above forINO2-cat The nmtl-451Dallele had no significant £ FASzlac2 [
effect onINO1 promoter activity whether cells were incubated % “*ID + Inositol I E - inositol

a;

B-Galact
o
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Figure 5. FAS1landFAS2promoter activities iNMT1andnmtl-451Dcells in
the presence or absence of Ino2p, Ino4p or Opilp. Expres$ias dflaczand opila
FAS2-lacZwvas measured as described in Figure 4. Results are presented as th )

change in reporter expression relative to KiMT1 or nmt1-451Dparental

strain lacking the gene deletion. Values represent the m&aa.M. of three

independent experiments each performed in duplicate. An asterisk indicates gigure 6. Effect of deletingINO2, INO4 or OPI1 on growth ofNMT1 and

significant difference compared to the parental stidin 0.05). nmt1-451Dcells. Strains were grown to mid-log phase &t@4n synthetic
media containing 7BM inositol. An equal number of cells were transferred to
plates of synthetic media either lacking inositol or containingMS5nositol
and incubated at the indicated temperature for 3 days.

o
T

(=]

Relative Specific Activity

=}
o

media containing 7pM inositol to mid-log phase, transferred to
fresh media (with inositol) and then incubated at 24, 30 OC 3&
an additional 4 h before reporter activity was measured in cdllanscriptional activator (or activators) that can substitute for
lysates. Ino2p and/or compensate for reduced expressitkN®4.

In NMT1cells, deletion ofNO2 results in a significant decrease  To further assess the relative importance of Ino2p, Ino4p, Opilp
in the expression (AS1-lacZandFAS2-lacZ) at 24,30 and 3  and the as yet unknown ynstoylation-€nsitive tanscription
(Fig. 5A and B). Remarkably, although deletionldD2 results in  factor(s) (MSTF) taimt1-451Dcells, we compared the growth
a decrease iFASacZ (andFAS2-lac expression immt1-451D  of NMT1andnmtl-451Dstrains containing a wild type or null
cells at 24C, when the temperature is increased to 30 9€38is  allele ofINO2, INO4 or OPI1. Each of the eight isogenic strains
diminished expression disappears (big.and D). Thus, it appears was allowed to grow at 2€ to mid-log phase on synthetic
that nmt1-451Dino? cells are able to compensate for the loss ofmedium containing 7M inositol, after which time equal
Ino2p and maintaifAS1promoter activity at augmented levels in numbers of cells were plated on synthetic medium with or without
response to deficiencies in protein N-myristoylation. inositol. NMT1 and nmt451Dcells containing eitheino2A or

This compensation is not due to a loss of dependency on Ino#4A should be inositol auxotrophs and as expected, they fail to
in nmt1-451Dcells. INNMT1ino4A cells, loss of Ino4p produces a grow without inositol (FigeA). In addition, removal of the Opilp
decrease iFAS1-lacZand FAS2-lacZexpression similar to that repressor produces no further benefit to the rescumtif-451D
observed with loss of Ino2p (FIgA and B). Moreover, deletion of  cells produced by inositol withdrawal. In medium containingM5
INO4in nmt1-451Dcells results in an even greater decreasé®i  inositol, removal of the Opilp repressor rescues growth of
andFAS2promoter activity than iNMT21 cells (Fig.5A-D). The  nmt1-451Dcells at 30 and 3% (Fig.6B)—a result consistent
compensation is also not due to a loss of sensitivity to Opilith the finding thatopilA causes a significant increaBaS1
repression. Deletion odDPI1 causes a significant increase in promoter activity under these conditions (see above). Removal of
FAS1-lacZ(but notFAS2-lac expression at 30 and 33. The  Ino2p does not rescue growthroht1-451Dcells at 30 or 33C
increase is similar iINMT1andnmt1-451Dcells (Fig.5A-D). in medium containing inositol (FiGB). This result suggests that

Together, these results suggest faS1expression is aug- the unknown MSTF(s) cannot fully substitute for Ino2p and
mented immt1-451Dcells in response to undermyristoylation of maintain the viability of this strain under these conditions.
one or more cellular N-myristoylproteins through increasedrinally, growth ofnmt1-451Dcells at 30C is rescued bino4A
expression ofINO2 and increased activity of an unknown (Fig. 6B). This finding indicates that further reductions in the
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N NQ!th}L . __REDUCED to the increasetNO2 and decreaseliNO4 promoter activities
myristeylation N-myristoylation observed immt1-451Dcells, whether its expression is directly
regulated through an inositol-responsive pathway, and whether it
Ino2p acts through an UASo.
ﬁgz We dq know thc_ett while MSTF appears to be able to fulfill the role
Inotp of INO2in regulatingASexpression immt1-451Dcells, they must
FAS (N not be functionally equivalent since other inositol-responsive genes
INO4 << o2 m maintainlINO2-dependent expression at 30233 For example,
Factor X deletion ofINO2 causes a loss MHO1 expression as acylation

of N-myristoylproteins immt1-451Dcells is diminishedMlioreover,
nmt1-451Dcells devoid of Ino2p exhibit inositol auxotrophy at
24-33C, indicating thatNOL1 is not expressed at sufficient levels.
Figure 7.Working model of the relationship between protein N-myristoylation ~ The identity of this factor or factors remain(s) unclear. Our
and regulation of Ino4p-dependent gene transcription. In wild type cells, Ino4pg: . 4 .

is known to partner with Ino2p to help maintd#AS expression and to pﬂndlngs suggest a working model Wher_e Ino4p may have more
autoregulateINO2 transcription. Ino4p does not form a homodimer and than one partner (Ino2p and MSTF; Fig). Attempts to
apparently cannot act as a transcriptional activator without a partner (4)demonstrate interactions between each of the kiearevisiae
Autoregulation ofNO4in wild type cells idNO2independent, suggestingthe  bHLH proteins and Ino4p have failed to date, except in the case
existence of another as yet unknown protein partner (24), termed factoerth%f Ino2p (John Lopes personal Communication) A number of
Figure. Conditions leading to a reduction in N-myristoylation of one or more lat tei th,t d t bel to th bHi_H famil

cellular N-myristoylproteins result in an increaséN@®2 and FAS transcription. regulatory proteins tha _o_no e ong _0 € am'_ y are
We hypothesize that Inodp forms a heterodimer with MSTFs and that thisknown to affect transcriptional activation and repression of
INo4p:MSTF heterodimer has limited functional overlap with the Ino2p:ino4p inositol-regulated geneRAP1 ABFlandREB1lare required for
heterodimer. The overlap includes the ability to suggfBtranscription (even maximal expression cﬁASlandFASZ(SS). SIN3is required for

in ino2Acells) and activattNO2 transcription. Undermyristoylation of cellular : :
proteins is also associated with a reductionINi©D4 promoter activity. maximal repression oNO1 (36)' UME6 and DEP1 affect

MSTF:Ino4p heterodimers may have reduced ability to activgid or MSTF repression and activation of phospholipid biosynthetic genes
may block the ability of Factor X to interact with Ino4p and autoregihidé. (37,38). The effect ohmt1-451Don their expression has not been
Alternatively, MSTF(s) may be N-myristoylated and its (their) function defined. None of their protein products has an N-terminal Gly and
regulated by the presence or absence of a myristoyl moiety—raising thgherefore they cannot be Nmtlp substrates. These factors are
possibility that MSTF is Factor X. . L .

unlikely to be the unknown transcriptional activator suggested by

our studies: their mutational inactivation generally results in

pleiotropic deficiencies in gene activation and repression, rather than
levels of INO4 expression below those already manifested bshe selective effects observechimt1-451Dcells. Identification of
nmt1-451Dcells may be beneficial. the myristoylation-sensitive transcription factor or factors should
provide molecular details about how the state of protein
N-myristoylation in cells serves to influence expression of
inositol-responsive genes, includiiigO2 andINO4.

MSTF

DISCUSSION

We have found that the promoter activitiefND2 andINO4 are

sensitive to the state of protein N-myristoylation. The activity oACKNOWLEDGEMENTS
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