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The INOI gene of Saccharomyces cerevisiae encodes the regulated enzyme inositol-1-phosphate synthase,
which catalyzes the first committed step in the synthesis of inositol-containing phospholipids. The expression of
this gene was analyzed under conditions known to regulate phospholipid synthesis. RNA blot hybridization
with a genomic clone for INOI detected two RNA species of 1.8 and 0.6 kb. The abundance of the 1.8-kb RNA
was greatly decreased when the cells were grown in the presence of the phospholipid precursor inositol, as was
the enzyme activity of the synthase. Complementation analysis showed that this transcript encoded the INOI
gene product. The level of INO1 RNA was repressed 12-fold when the cells were grown in medium containing
inositol, and it was repressed 33-fold when the cells were grown in the presence of inositol and choline together.
The INOI transcript was present at a very low level in cells containing mutations (ino2 and ino4) in regulatory
genes unlinked to INOI that result in inositol auxotrophy. The transcript was constitutively overproduced in
cells containing a mutation (opil) that causes constitutive expression of inositol-1-phosphate synthase and
results in excretion of inositol. The expression of INOI RNA was also examined in cells containing a mutation
(cho2) affecting the synthesis of phosphatidylcholine. In contrast to what was observed in wild-type cells,
growth of cho2 cells in medium containing inositol did not result in a significant decrease in INO1 RNA
abundance. Inositol and choline together were required for repression of the INOI transcript in these cells,
providing evidence for a regulatory link between the synthesis of inositol- and choline-containing lipids. The
level of the 0.6-kb RNA was affected, although to a lesser degree, by many of the same factors that influence

INOI expression.

The synthesis of membrane phospholipids in the yeast
Saccharomyces cerevisiae is a coordinately regulated proc-
ess involving reactions that take place in both the cytoplas-
mic and membrane compartments of the cell. The enzymes
that catalyze these reactions are subject to several control
mechanisms. One level of regulation must involve a coordi-
nated response to cell growth, because ongoing membrane
synthesis in dividing cells demands a higher rate of phospho-
lipid production than is required in stationary-phase cells.

Another aspect of regulation of phospholipid synthesis
that has been more extensively studied is the modulating
effect of the concentration of metabolic intermediates on
individual enzyme activities. For example, many phospho-
lipid synthetic enzymes are regulated by inositol and choline
(for a review, see reference 15), the precursors of the
phospholipids phosphatidylinositol (PI) and phos-
phatidylcholine (PC). These soluble intermediates regulate
the synthesis of their respective phospholipids. In addition,
the observation that inositol is required for regulation of the
enzymes that synthesize PC suggests that inositol and
choline may also coordinate the activities of the separate
pathways that produce PI and PC. PI and PC are derived
from a common precursor, CDP-diacylglycerol (CDP-DG),
and communication between the two divergent pathways
may be necessary to optimize the proportions of the different
phospholipids in the membrane. Further evidence for coor-
dinated control comes from genetic studies showing that
regulatory mutations which affect inositol metabolism also
affect other aspects of phospholipid synthesis (18, 23, 27).
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These mutant phenotypes may be due to the disruption of
either growth control, metabolite repression functions, or
coordination between the separate pathways. Isolation of
the structural genes for phospholipid synthetic enzymes
provides an opportunity to analyze the regulation of their
expression by these various mechanisms.

The synthesis of PI, a major membrane phospholipid in
eucaryotes, is initiated in the cytoplasm by the conversion of
glucose 6-phosphate to inositol 1-phosphate (I-1-P). I-1-P is
then dephosphorylated, and free inositol reacts with CDP-
DG in the membrane to form PI. The first step in this
reaction series is catalyzed by the cytoplasmic enzyme I-1-P
synthase (EC 5.5.1.4), the product of the INOI gene (7).
Denatured I-1-P synthase has a molecular weight of 62,000.
The molecular weight of the native protein is approximately
240,000, indicating that the active form of the enzyme is a
tetramer. Growth of cells in the presence of exogenously
supplied inositol represses the enzyme activity about 50-fold
(6). This repression occurs by regulation of the amount of
I-1-P synthase in cells, because the level of the protein is
greatly reduced under repressing conditions, as shown by
immunoprecipitation (7). The amount of I-1-P synthase is
also affected by mutations in genes unlinked to the INOI
structural gene, resulting in either a very low level (ino
mutations [7, 27]) or overproduction (opi mutations [11-13])
of the enzyme. The INOI gene has been cloned by comple-
mentation of an inol mutation and was found to be present
as a single copy in the genome (22). In cells containing the
cloned INOI gene on an autonomously replicating plasmid,
I-1-P synthase is repressible by inositol, as shown by immu-
noprecipitation.
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TABLE 1. §. cerevisiae strains used in this study

Strain designation Relevant genotype Source or reference

W303-1A MATa leu2-3,112 trpl-1 R. Rothstein
(wild type) canl-100 ura3-1 ade2-1
his3-11,15
LTI13 MATa leu2-3.112 his3 22
inol-13
MC2 MATa Iys2 ino2-2 5
MC21 MATa Iys2 ino2-21 S
BS1-8D MATa adel ino4-BS1 27
MC39 MATa Iys2 ino4-39 S
OP1 MATa ade5 opil-1 13
Cé6B MATa Iys2 cho2-1 This laboratory

In this report, we demonstrate that modulation of I-1-P
synthase activity by inositol and choline, as well as by
mutations unlinked to INO/, occurs in part by changes in the
abundance of INOI RNA. Further evidence is presented
that regulation of the pathways that lead to the synthesis of
PI and PC, the two major membrane phospholipids in S.
cerevisiae, is not independent but involves an interaction
between the two pathways.

(This report was taken in part from a Ph.D. thesis to be
submitted by J. P. Hirsch to the Albert Einstein College of
Medicine in 1987.)

MATERIALS AND METHODS

Strains. The genotypes and sources of the strains used in
this study are shown in Table 1.

Media and growth conditions. Strains were maintained on
YEPD plates (1% yeast extract, 2% peptone. 2% glucose,
and 2% agar). Synthetic complete medium contained 2%
glucose, vitamin-free yeast nitrogen base (6.7 gm/liter: Difco
Laboratories), biotin (2 pg/liter), calcium pantothenate (400
pg/liter), folic acid (2 pg/liter), niacin (400 pg/liter). p-
aminobenzoic acid (200 pg/liter), pyridoxine hydrochloride
(400 pg/liter), myo-inositol (2 mg/liter), lysine (20 mg/liter).
arginine (20 mg/liter), methionine (20 mg/liter), threonine
(300 mg/liter), tryptophan (20 mg/liter), leucine (60 mg/liter).
histidine (10 mg/liter), adenine (20 mg/liter), and uracil (40
mg/liter). Inositol-free medium was identical to synthetic
complete medium with the omission of inositol. Choline
chloride was added at 1 mM where indicated. Auxotrophic
markers were scored on medium lacking a single component
of the complete medium. In all studies. cells were grown at
30°C.

Escherichia coli RR1 cultured in LB medium was used to
propagate plasmids. Ampicillin was added to 50 pg/ml.

Plasmid construction and isolation. The 5.3-kilobase (kb)
yeast genomic insert containing the INO/ gene in the inte-
grating vector YIp28 (22) was digested with Aval and Sall
and recircularized to produce pDK396 (provided by D.
Hoshizaki). Subclones pJH305 (fragment A), pJH306 (frag-
ment B1), pJH309 (fragment B2), pJH307 (fragment B3), and
pJH308 (fragment C) were constructed by digesting pDK396
with Pstl and Bgl/ll and inserting the resulting fragments into
the Pst1 site, the Bglll site, or both sites in the vector pUC9
(35). The B3 fragment from pJH307 was cloned into the
EcoRI-Hindlll sites of the vectors pGEM1 and pGEM2
(Promega Biotec) to form pJH310 and pJH311, respectively.
The B2 fragment from pJH309 was cloned into the EcoRI-
Hind]IlI sites of pGEM1 to form pJH316. The D-region probe
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was made by subcloning the EcoRI-Pvull fragment from
pJH308 into pGEMI.

The plasmids used for complementation were constructed
in the shuttle vector YEp351 (kindly donated by J. Hill).
YEp351 contains the yeast LEU2 gene and 2 pm origin of
replication in the bacterial vector pUC18 (J. Hill, A. Myers,
T. J. Koerner, and A. Tzagoloff, submitted for publication).
The SstI-Sphl fragment from pDK396 was cloned into the
Sstl-Sphl sites of YEp351 to give pJH318. The BgllI-HindlIIl
fragment from pJH318 was cloned into the BamHI-HindIlI
sites of YEp351 to give pJH321. The plasmid ptcm3.2,
containing the ribosomal protein gene TCM1 (9), was gener-
ously provided by J. Warner.

Plasmid DNA was isolated by the rapid method of
Birnboim and Doly (2) for identification of recombinants.
Large-scale plasmid preparations were done by the method
of Clewell and Helinski (3).

RNA isolation and Northern blot analysis. RNA was iso-
lated from S. cerevisiae cells by the glass bead disruption
and hot phenol extraction method of Elion and Warner (8).
Polyadenylated [poly(A)"] RNA was prepared by
oligodeoxythymidylate [oligo(dT)}-cellulose chromatogra-
phy (1), fractionated on denaturing formaldehyde agarose
gels (24) in a modified buffer system (31), and transferred to
nitrocellulose (34).

3’p_labeled nick-translated probes were synthesized as
previously described (30). Hybridization with nick-
translated probes was done at 37°C in 50% formamide at salt
concentrations of 0.9 M sodium chloride and 0.09 M sodium
citrate. *P-labeled single-stranded RNA probes were syn-
thesized by using SP6 polymerase (NEN Research Products)
by the method of Melton et al. (29). Hybridization with RNA
probes was done in the hybridization buffer described above
at 53°C.

Quantitation of slot-blot hybridization was done by
densitometry of autoradiograms with a Quantimet 920
(Cambridge Instruments) image analyzer. The slot-blots
used for densitometry underwent multiple exposures. and
the linear increase in optical density values with respect to
exposure time ensured that the film response was in the
linear range.

Transformation of S. cerevisiae. Cells were grown over-
night to a density of 5 x 107 to 7 x 107 cells/ml. They were
transformed with isolated plasmid DNA by the lithium
acetate method of Ito et al. (19). with the following modifi-
cations. After the first wash of the harvested cells, the pellet
was suspended in 20 ml of LTE (0.1 M lithium acetate, 10
mM Tris hydrochloride pH 7.8, 1 mM EDTA) and incubated
for 30 min at 30°C with gentle shaking. The culture was spun
at 1,000 X g and suspended in 3 ml of LTE. Plasmid DNA
was added to 0.2-ml portions of this suspension, and the
mixtures were incubated for 30 min at 30°C. An equal
volume of 60% polyethylene glycol 3350 dissolved in water
was added. and the procedure was continued as described
previously (19).

Plasmids were retrieved from yeast cells by suspending 1
ml of packed cells in 200 pl of 100 mM NaCl-10 mM Tris
hydrochloride (pH 8.0)-1 mM EDTA-0.1% sodium dodecyl
sulfate and vortexing for 1 min in the presence of glass
beads. The sample was extracted twice with phenol and once
with chloroform-isoamyl alcohol (24:1). Nucleic acids were
ethanol precipitated from 300 mM sodium acetate, and the
pellet was washed with 80% ethanol. The sample was
suspended in 100 ul of 10 mM Tris hydrochloride (pH 8.0)-1
mM EDTA. and 1 pl of this solution was used to transform
E. coli cells.
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FIG. 1. Northern blot of INOI transcripts. Poly(A)* RNA was
isolated from wild-type S. cerevisiae cells grown at the indicated
concentrations of inositol; 0.8 pg of RNA per lane was fractionated
on a 1.2% formaldehyde agarose gel and transferred to nitrocellu-
lose. (A) Blot probed with **P-labeled nick-translated pDK396,
which contains the entire INOI insert. The standards in the leftmost
lane are 32P-labeled RNAs transcribed by SP6 polymerase from the
control template (Promega Biotec). (B) Same blot reprobed with
32P-labeled nick-translated ptcm3.2, which contains the ribosomal
protein gene TCM1.

RESULTS

Expression of the INOI gene in response to inositol. The
level of the INOI gene product, I-1-P synthase, is known to
be regulated by growing cells in the presence of the phos-
pholipid precursor inositol, as shown by measurements of
enzyme activity and protein abundance (6, 7). To study the
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effect of this regulation on the abundance of INOI RNA, we
used cloned INOI DNA to probe a Northern blot of
poly(A)* RNA isolated from cells grown in different concen-
trations of inositol. RNA from wild-type cells grown in 0, 10,
or 75 wM inositol was fractionated on a gel and transferred to
nitrocellulose. The blot was probed with *?P-labeled nick-
translated DNA from the original 5.3-kb genomic fragment
that had been cloned on the basis of complementation of an
inol mutation. The resulting autoradiogram is shown in Fig.
1A. Two hybridizing species of RNA were detected, of 1.8
and 0.6 kb. The 1.8-kb RNA was present in high abundance
under derepressing conditions (0 uM inositol), was less
abundant under intermediate conditions (10 pM inositol),
and was greatly reduced under repressing conditions (75 pM
inositol). These results correlate qualitatively with the level
of I-1-P synthase activity observed in cells grown under
similar conditions (6). The 0.6-kb RN A was also present at a
reduced level in cells grown in inositol, but the effect on this
transcript was much less pronounced. To allow a compari-
son of the amount of poly(A)* RNA in each lane, this blot
and subsequent Northern blots were reprobed with a 32P-
labeled nick-translated plasmid containing a ribosomal pro-
tein gene, TCM1 (Fig. 1B). The level of RNA hybridizing to
this gene did not vary under any of the conditions used in
this study, as determined by comparison of signals from
equal amounts of total RNA quantitated by optical density
measurements.

Localization and direction of transcription. The regions
within the cloned insert that hybridized to each of the two
poly(A)* RNAs were determined by subcloning adjacent
restriction fragments into the vector pUC9 and using the
subclones to probe Northern blots. The restriction map of
the original insert is shown in Fig. 2. Below it are dia-
grammed the subclones that were used to probe identical
lanes of a Northern blot of RNA from cells grown without
inositol (Fig. 3A). Subclones A and Bl did not contain
regions complementary to any detectable RNA. Subclone
B2 only hybridized to the 0.6-kb RNA, subclone C only
hybridized to the 1.8-kb RNA, and subclone B3 detected
both transcripts. These results demonstrated that the two
RNAs are transcribed from sequences in close proximity,
such that the 0.6-kb RNA crosses the middle Ps¢I site at the
B2-B3 boundary, and the 1.8-kb RNA crosses the rightmost
Bglll site at the B3-C boundary. The possibility that these
RNAs are derived from overlapping transcription units can-
not be ruled out by this analysis.

Bgll BglIl  Pstl Pstl Bgll Pstl
| | L | N
T T -T

A Ssti Pvull C Sphl
—_ r |
. 8 ,
Fl]——'l '_D_.g
B2
B3
1Kb
—_—

FIG. 2. Restriction map of the cloned INOI insert. A partial restriction map of plasmid pDK396 is shown. The heavy line represents the
complete S. cerevisiae genomic insert containing the INOI gene. The light line represents YIp28 vector sequences. This map is a revised
version of one that was published previously (22). The fragments shown below the map were subcloned as described in Materials and

Methods.



VoL. 6, 1986

The direction of transcription of the two RNAs was
determined by cloning the B3 fragment, which hybridized to
both transcripts, into a vector containing the phage SP6
promoter. The B3 fragment was cloned in both orientations
with respect to the SP6 promoter, allowing the generation of
32p.Jabeled single-stranded RNA probes of both polarities.
These probes were hybridized with Northern blots of RNA
from cells grown in the absence of inositol (Fig. 4). An RNA
probe transcribed in direction 1 did not hybridize to either
transcript, whereas a probe transcribed in direction 2 de-
tected both transcripts. Therefore, both poly(A)* RNAs are
transcribed in the same direction, from the PsiI site toward
the Bglll site.

Identification of the INOI transcript. Two considerations
suggested that the 1.8-kb RNA encodes the INOI gene
product. First, its abundance varied greatly in response to
inositol, as would be expected for the INOI mRNA. Second,
it was the only transcript complementary to the INOI clone
that was large enough to code for the 62-kilodalton (kDa)
enzyme subunit. Therefore, a subclone was constructed in
the shuttle vector YEp351 to test whether a fragment of
DNA that could code only for the 1.8-kb RNA was sufficient
to complement an inol lesion. The SstI-Sphl fragment (see
Fig. 2) from the original insert was cloned into YEp351, and
the resulting construction was used to transform a strain
containing the inol-13 allele. This subclone is missing a
portion of the 0.6-kb transcription unit (the B2 fragment) and
does not include its promoter, which must be to the left of
the B3 fragment as it is shown in Fig. 2. Inositol prototrophy
was restored to an inol-13 mutant strain by transformation
with this construction; therefore, the 1.8-kb transcript en-
codes the INOI gene product. The Ino* phenotype was
mitotically unstable and was lost concomitantly with the
leucine prototrophy conferred by the LEU2 gene in the
vector. Plasmid DNA was retrieved from the transformed
strain and shown to have the same restriction map as the

A
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FIG. 3. Northern blot probed with subclones of the INO! insert.
Poly(A)* RNA (0.5 pg/lane) was analyzed as described in the legend
to Fig. 1. (A) Identical lanes probed with 3?P-labeled nick-translated
plasmids containing the indicated fragment cloned into the vector
pUCS. (B) Same blot reprobed with ptcm3.2.
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FIG. 4. Direction of transcription. Northern blot analysis of
poly(A)* RNA (0.3 pg/lane) was done as described in the legend to
Fig. 1. Lane 1 was probed with 3*P-labeled RNA transcribed by SP6
polymerase from fragment B3 cloned into the vector pGEM1
(pJH310). Lane 2 was probed with the SP6 transcription product
from B3 cloned into pGEM2 (pJH311).

input plasmid DNA. A construction containing the BgIII-
Sphl fragment from subclone C, which is missing a portion
of the 1.8-kb transcription unit, did not complement the
inol-13 mutation.

Quantitation of the regulation by inositol and choline. The
relative level of INOI RNA in cells grown without inositol
compared with that in cells grown with inositol was mea-
sured by loading equal amounts of total RNA onto slot-blots
and probing with a subclone containing fragment D (see Fig.
2). This fragment is a subclone of fragment C, which
hybridized only to the 1.8-kb RNA (Fig. 3). The effect of the
addition of choline to cells growing with or without inositol
was also determined, because it has been shown that the
combination of choline and inositol fully represses many of
the enzymes involved in phospholipid synthesis (18, 23, 36).
Cells grown without inositol contained a high level of INOI
RNA whether or not choline was present (Fig. S, probe D).
The addition of 10 pM inositol to the medium slightly
reduced the amount of INOI RNA, and 75 pM inositol
greatly reduced its level. Addition of choline to cells grown
in 75 pM inositol further reduced the amount of INOI/ RNA
that was present. When the same set of RNAs was probed
with a subclone that only detects the 0.6-kb transcript (Fig.
S, probe B2), a small amount of repression by 10 and 75 uM

inositol (uM): o 0 10 75 7D
choline:

< + - - -

B2 ‘ ' ' ‘

probes:

tcm : k- f

FIG. 5. Quantitation of RNA abundance by slot-blots. Total
RNA from wild-type cells grown at the indicated concentration of
inositol and either with or without 1 mM choline was loaded directly
onto nitrocellulose (4 pg/slot). The strips were probed with 32P-
labeled SP6-transcribed RNA from fragment D cloned into pPGEM1
(pJH320) or fragment B2 cloned into pGEM1 (pJH316), as indicated.
The TCM1 probe was constructed by cloning the Aval-Sall fragment
from ptcm3.2 (24) into pGEM1.
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TABLE 2. Quantitation of RNA abundance by densitometry of
slot-blot hybridization“

Relative amt of RNA at inositol concn (uM)”:

Probe Strain
0(-) 0(+) 10 (-) 75 (=) 75 (+)

D WT¢ 1.0 1.6 0.59 0.08 0.03
ino2-2 —d — 0.07 — —
ino2-21 — — 0.07 — —
ino4-BS1I — — 0.10 — —
ino4-39 — — 0.02 — —
opil 2.5 — —_ 1.9 —
cho2 2.1 2.2 — 1.3 0.02

B2 WT 1.0 1.3 — 0.81 0.71

“ Cells were grown at the indicated concentrations of inositol. Total RNA
from the strains shown was analyzed by slot-blot hybridization as described in
the legend to Fig. 5. The numbers are normalized to the signal obtained with
the TCM1 probe and are expressed as the fraction of the amount of RNA
present in cells grown with no supplement.

b Cells were grown with (+) or without (=) 1 mM choline.

< WT, Wild type.

4 —_ Not done.

inositol was observed. Exposures of these slot-blots that
were in the linear response range of the film were quantitated
by densitometry, and the results of several measurements
are summarized in Table 2. The numbers were normalized to
the values obtained with the ribosomal protein gene clone to
correct for differences in RNA loading, and they are ex-
pressed as the fraction of the RNA level present in cells
grown with no supplements. The addition of choline alone
caused a slight increase in INO! RNA abundance (Table 2).
When cells were grown in 75 pM inositol, the steady-state
level of INOI RNA decreased about 12-fold compared with
the level in cells grown without inositol. Addition of both
choline and inositol resulted in a further reduction of about
3-fold, giving a fully repressed level 33-fold lower than the
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derepressed level. The 0.6-kb RNA was 1.5 times as abun-
dant in cells grown with no additions as in cells grown in 75
1M inositol (Table 2, probe B2). The regulation of abun-
dance of the 0.6-kb RNA by inositol suggested that it may
encode a function involved in phospholipid synthesis. Its
accumulation was examined in subsequent experiments to
determine whether it varied as a result of mutations in
regulatory genes that affect many aspects of phospholipid
metabolism.

Effect of unlinked mutations on INO1 expression. A number
of regulatory mutations have been isolated that affect the
amount of I-1-P synthase detectable in cells (13, 23, 27).
These mutations act in trans because they do not map to the
INOI locus (5, 13, 27). Two categories of mutants have been
isolated: ino mutants, which are inositol auxotrophs but
carry mutations unlinked to /INOI, and opi mutants, which
overproduce inositol and were isolated by using a bioassay
which detects excreted inositol (13). The level of INOI RNA
present in cells containing these mutations was determined
by Northern blot analysis. In each case, the blot was probed
with *?P-labeled RNAs transcribed by SP6 polymerase
which were homologous to both the 1.8- and 0.6-kb RNAs.

Figure 6A shows a Northern blot of total RNA isolated
from cells containing mutations in two different regulatory
genes, INO2 and INO4, and from cells containing a mutation
in the INOI structural gene. Two ino2 alleles and two ino4
alleles were studied, all of which confer inositol auxotrophy
on the cells that carry them. The inol-13 lesion, a putative
missense mutation, results in the production of a protein that
is immunologically cross-reactive with I-1-P synthase. These
strains were grown in 10 puM inositol, an intermediate
condition which allows growth of inositol auxotrophs but
results in partial derepression of the INOI gene in wild-type
cells (Fig. 1). The response of wild-type cells grown under
these conditions is shown for comparison. No 1.8-kb INOI
RNA was detectable in the ino2 and ino4 strains. A wild-type

A. B.
WT ino? inod  inol-13 WT opil
R |} 11 [ =] =l
inositol ( LM): 10 0 010
I | [ ] ]
18Kb— @9 E. 3 ‘. E
0.6Kb— -8 - - ...
o D.

e B W o e op

e e R W

FIG. 6. Northern blot of INO! transcripts in ino and opi mutants. Total RNA (5 pg/lane) from cells containing the indicated mutations was
analyzed as described in the legend to Fig. 1. (A) RNA from wild-type (WT), ino2. ino4, and inol strains grown in 10 uM inositol. The mutant
alleles (from left to right) are ino2-2, ino2-21. ino4-BS |1, ino4-39, and inol-13. (B) RNA from a wild-type strain and a strain carrying the opil-I
mutation grown at the indicated concentration of inositol. The lanes in both panels A and B were probed with **P-labeled SP6-transcribed
RNA from plasmids containing sequences homologous to both the 1.8-kb RNA (pJH320) and the 0.6-kb RNA (pJH316). (C and D) Blots
shown in panels A and B. respectively. reprobed with nick-translated ptcm3.2.
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level of transcript was present in the inol-13 mutant strain,
as expected. The 0.6-kb transcript was more abundant in the
ino2, ino4, and inol-13 strains than in a wild-type strain
grown under the same conditions.

The opil mutation is representative of a class of
overproducer mutations that result in the constitutive pro-
duction of I-1-P synthase, whether or not inositol is present
(13). Total RNA was isolated from a strain carrying the opil
mutation that had been grown in 75 pM inositol or in medium
lacking inositol. Northern blot analysis of this RNA showed
that there was a high level of the INOI transcript present in
the opil strain grown either in the presence or absence of
inositol (Fig. 6B). The 0.6-kb transcript was also expressed
constitutively in this strain.

The expression of the INOI gene was also studied in the
context of the cho2 mutation, another mutation which affects
phospholipid synthesis. Cells with this mutation have an
unusual pattern of I-1-P synthase regulation. Immunoprecip-
itation studies have shown that I-1-P synthase is present
when these cells are grown in a high concentration of
inositol; that is, the enzyme is constitutively expressed.
However, the addition of choline or its methylated precur-
sors to medium containing inositol represses I-1-P synthase
expression (15; V. A. Letts and E. Summers, personal
communication). Strains containing the cho2 mutation also
excrete inositol. The cho2 mutation has an effect on PC
synthesis in addition to its effect on inositol excretion. A
Northern blot of RNA isolated from cells with the cho2
mutation grown with and without inositol and choline is
shown in Fig. 7. In the absence of inositol, choline did not
repress the level of INOI RNA. When these cells were
grown in medium containing 75 pM inositol, there was no
reduction of INOI RNA abundance, in contrast to what was
seen in wild-type cells (Fig. 1). The combination of inositol
and choline, however, resulted in a large decrease in the
level of INOI RNA. Inositol and choline also reduced the
amount of the 0.6-kb transcript to the level seen in wild-type
cells under these conditions.

The amount of INOI RNA present in cells carrying ino2,
ino4, opil, and cho2 mutations was quantitated by using
slot-blots, and the results are summarized in Table 2. The ino
mutants grown in 10 pM inositol contained a level of INO!
RNA that was comparable to the level in wild-type cells
grown in 75 pM inositol. Cells carrying the opil mutation
had 2.5 times as much INOI RNA as fully derepressed
wild-type cells in depressing conditions, and this level was
only slightly reduced when these cells were grown in 75 pM
inositol. The cho2 mutant strain had twice as much INO!
RNA as wild-type cells when grown under derepressing
conditions, and there was only a 38% decrease in this level
when the cells were grown in a high concentration of
inositol. Growth of cho2 cells in inositol plus choline re-
duced the amount of INOI RNA to the level detected in fully
repressed wild-type cells.

DISCUSSION

Modulation of the amount of INOI gene product by the
phospholipid precursors inositol and choline, as well as by
mutations defining unlinked genes, occurs in part by changes
in the steady-state level of INOI mRNA. By analogy with
other regulatory networks found in S. cerevisiae (for exam-
ple, the galactose-inducible genes [14]), it seems likely that
this regulation occurs by changes in the rate of transcription
of the gene.

The level of INOI RNA was repressed 12-fold when cells
were grown in inositol, in contrast to the 50-fold repression
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FIG. 7. Northern blot of INOI transcripts in a cho2 strain. Total
RNA (5 pg/lane) from cells containing a cho2 mutant allele was
analyzed as described in the legend to Fig. 1. Cells were grown at
the indicated inositol concentrations and either with or without 1
mM choline. (A) Blot probed with 3?P-labeled SP6-transcribed RNA
from plasmids pJH320 (fragment D) and pJH316 (fragment B2). (B)
Same blot reprobed with nick-translated ptcm3.2.

of enzyme activity reported for cells grown under conditions
identical to those used here (6). This discrepancy may reflect
the involvement of an additional, posttranscriptional mech-
anism that affects the amount of active enzyme. For exam-
ple, a critical concentration of the 62-kDa subunit might be
necessary before assembly into the active tetramer occurs.
The addition of choline to cells growing in inositol further
represses the level of INO1 RNA. The effect of choline had
not been observed by immunoprecipitation of I-1-P
synthase, because inositol alone reduces the amount of
enzyme to a virtually undetectable level (23). The finding
that choline influences the expression of INOI RNA in cells
grown in the presence of inositol demonstrates that I-1-P
synthase is regulated according to the pattern seen for other
enzymes involved in phospholipid synthesis, such as CDP-
DG synthase (18) and phosphatidylserine synthase (23).

Many of the same factors that regulate INO!/ abundance
affect the level of a 0.6-kb poly(A)* RNA encoded by a
closely linked region. The clustering of genes involved in the
same metabolic pathway has been observed previously in S.
cerevisiae (for example, the GAL [33] and DAL [4] clusters),
and it is possible that this transcript encodes a protein that is
involved in some aspect of phospholipid synthesis. Proof of
this hypothesis awaits disruption of the gene to determine
whether the resulting strain has an altered phospholipid
composition.

The results presented here suggest that the INOI gene
product, like other enzymes involved in phospholipid syn-
thesis, is subject to coordinated regulation involving inositol



3326 HIRSCH AND HENRY

MoL. CELL. BioL.

j MME DME c
COP-E CDP-MME CDP-DME CDP-C
chot J cho2 ‘ ‘ opi3 ‘
/l, PS PE i > PMME PDME i PC
CDP - DG I I
\ Pl T
4 i
]
|
/
! /
/
/
7
7
1-1-P -
A -
ino1 <+——""
G-6-P

FIG. 8. Pathways for phospholipid synthesis in S. cerevisiae. Reactions that take place in the membrane are shown between the rules.
Abbreviations: G-6-P, glucose 6-phosphate; I, inositol; E, ethanolamine; C, choline; PS, phosphatidylserine. The incorporation of
ethanolamine, MME, DME, and choline into lipids has been described by Kennedy and Weiss (21). The pathways for de novo synthesis of
PI and PC were demonstrated in vitro by Steiner and Lester (32). The synthesis of inositol from glucose 6-phosphate was described by
Culbertson et al. (6). The positions of the genetic lesions in the chol and inol mutants are shown, as are the probable positions of the cho2

and opi3 (12) defects.

and choline. However, this regulation must allow for flexi-
bility in the responses of the various structural genes. For
the other enzymes studied, the degree of repression by the
combination of inositol and choline is twice the degree of
repression by inositol alone (18, 23). For INOI, the effect of
inositol (12-fold repression) is much greater than the addi-
tional effect of choline in combination with inositol (3-fold).
The effectors of this regulation are the precursors of two
major membrane phospholipids, PI and PC. Figure 8 shows
the series of reactions that result in the formation of these
phospholipids. The role of the soluble precursors may be to
allow communication between the pathways leading to the
synthesis of PI and PC so that optimal proportions of
different phospholipids in the membrane are maintained.

Further evidence that these enzymes are under coordi-
nated control comes from studies of regulatory mutations
that affect INOI. The ino2 and ino4 mutants were isolated on
the basis of their inositol auxotrophy but were subsequently
found to have alterations in other steps of phospholipid
synthesis (27). The effect of ino2 and ino4 mutations on the
level of INOI RNA suggests that they encode positive
regulators that are required for the expression of structural
genes, analogous to the functions of GAL4 and GCN4, the
positive regulators required for the expression of galactose-
inducible genes (20), and genes in the general amino acid
control system (17), respectively. Unlike the GAL4 and
GCN4 proteins (10, 16), however, neither INO2 nor INO4 is
likely to encode the ultimate positive regulator of INOI
because a dominant mutation (OPI5”) has been identified
that allows INOI expression in an ino2 ino4 background (28;
B. S. Loewy, Ph.D. thesis, Albert Einstein College of Med-
icine, 1985).

The opil mutation was isolated on the basis of its inositol
excretion phenotype but was also found to affect the regu-
lation of the pathway leading to PC (see Fig. 8). A mutation
in the OPII locus causes constitutive expression of many

enzymes in the phospholipid pathway (18, 23). An opil
mutant strain makes twice as much INOI RNA as a fully
derepressed wild-type strain, and this overproduction occurs
in both the absence and presence of inositol. It seems likely
that the wild-type product of this gene is an overall negative
regulator of the expression of phospholipid synthetic en-
zZymes.

Further evidence suggesting that the regulation of PI and
PC synthesis is coupled comes from the study of the cho2
mutation. This mutation may define a structural gene for a
phospholipid methyltransferase that synthesizes PC (12, 15).
In addition, it has effects on inositol metabolism. Cells
carrying the cho2 mutation do not require choline for
growth, although they have an aberrant phospholipid com-
position in its absence. cho2 cells contain very little PC and
a large proportion of phosphatidylethanolamine (PE) (15;
Letts and Summers, personal communication). PE is an
intermediate in the pathway that culminates in PC, so it
appears that the cho2 lesion results in a block in the
methylation of PE that normally occurs to produce PMME
(see Fig. 8). The addition of monomethylethanolamine
(MME), the soluble precursor of PMME, to cho2 cells
allows them to make PC, indicating that they specifically
lack the ability to methylate PE. This result is consistent
with the hypothesis that CHO2 is the structural gene for a
phospholipid methyltransferase (15). Cells containing the
cho2 mutation excrete inositol under derepressing condi-
tions, consistent with the observation that they contain a
twofold-higher level of INOI RNA under these conditions
than wild-type cells. The results presented here demonstrate
that cho2 mutants have an unusual pattern of INOI expres-
sion. Addition of inositol to these cells results in a slight
decrease in the level of INOI RNA compared with the large
decrease seen under these conditions in wild-type cells.
Inositol and choline together cause full repression, as they
do with wild-type cells. This result can be reconciled with
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the hypothesis that cho2 cells are blocked in the pathway
leading to PC if it is postulated that an effector that detects
the level of PC synthesis must be present to allow regulation
by inositol. This molecule could be a breakdown product of
PC or one of its methylated phospholipid precursors (PMME
or PDME) which transmits a signal that affects INO! expres-
sion (dotted line in Fig. 8). PC is capable of providing the
regulatory link because cho2 cells grown in the presence of
choline use it to synthesize PC directly, and they still exhibit
normal regulation of INOI by inositol. The addition of either
of the methylated precursors of PC (MME or dimeth-
ylethanolamine [DMEJ]) to cho2 cells results in the synthesis
of PC. These additions also allow repression of I-1-P
synthase by inositol, as detected by immunoprecipitation
(Letts and Summers, personal communication). Thus, res-
toration of the pathway leading to PC results in proper I-1-P
synthase regulation.

This model is supported by results obtained with cells
carrying the chol mutation. CHOI is the structural gene for
phosphatidylserine synthase (26), but a mutation in this gene
also causes loss of regulation of the INOI gene product by
inositol (25). The chol mutant strain has an ethanolamine
auxotrophy, and when these cells are starved for ethanol-
amine they derepress I-1-P synthase even in the presence of
a high concentration of inositol. Therefore, a block in the
reaction sequence leading to PC disrupts the regulation of
INOI by inositol, supporting an interactive system of regu-
lation between these metabolic pathways.
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