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Abstract

Addition of glucose to glucose-deprived cells of the yeast Saccharomyces cerevisiae triggers rapid turnover of
phosphatidylinositol, phosphatidylinositol-phosphate and phosphatidylinositol 4,5-bisphosphate. Glucose stimulation of
PI turnover was measured both as an increase in the specific ratio of 32P-labeling and as an increase in the level of
diacylglycerol after addition of glucose. Glucose also causes rapid activation of plasma membrane H�-ATPase. We show
that in a mutant lacking the PLC1 encoded phospholipase C, both processes were strongly reduced. Compound 48/80, a
known inhibitor of mammalian phospholipase C, inhibits both processes. However, activation of the plasma membrane H�-
ATPase is only inhibited by concentrations of compound 48/80 that strongly inhibit phospholipid turnover. Growth was
inhibited by even lower concentrations. Our data suggest that in yeast cells, glucose triggers through activation of the PLC1
gene product a signaling pathway initiated by phosphatidylinositol turnover and involved in activation of the plasma
membrane H�-ATPase. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The yeast Saccharomyces cerevisiae contains only
one gene, PLC1, encoding a phospholipase C activ-
ity. The gene product is a supposedly phosphatidyl-
inositol (PI)-speci¢c phospholipase C with similar
properties and most homology to the mammalian
phospholipase C-N. Deletion of this gene inhibits
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Abbreviations: PI, phosphatidylinositol ; PIP, phosphatidyl-
inositol-phosphate; PIP2, phosphatidylinositol 4,5-bisphosphate;
Ins(1,4,5)P3, inositol 1,4,5-trisphosphate; DAG, diacylglycerol
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growth, in particular in minimal medium, at elevated
temperatures and to a di¡erent extent depending on
the genetic background of the cells [1^3]. This ¢ts
with a previous observation that phosphatidylinosi-
tol-4,5-bisphosphate (PIP2) is essential for a normal
growth rate in yeast cells [4]. The PLC1 gene product
shows phospholipase C activity with PI-containing
phospholipids in vitro [1]. The growth defect caused
by deletion of the gene is complemented by expres-
sion of mammalian phospholipase C-N [3]. No fur-
ther information is available on the physiological
function of this phospholipase C and its possible
connection with PI metabolism in vivo.

In mammalian cells, many compounds have been
identi¢ed as stimulators of PI turnover [5]. In yeast,
only the addition of glucose, the most-preferred car-
bon substrate, has been found to stimulate PI turn-
over [6^8]. It is unclear whether glucose-induced PI
turnover in yeast triggers a similar signalling path-
way as in mammalian cells. It has not been possible
to detect a glucose-induced increase in the level of
Ins(1,4,5)P3 in yeast using a time resolution of 2 and
20 min, respectively [9,10]. This could be due to very
short-lived increases in the level of second messen-
gers, as is the case with cAMP in yeast, to intracel-
lular compartmentation or to the particular growth
conditions used [11]. Very short-lived increases in the
level of Ins(1,4,5)P3, i.e. with a maximum only 30 s
after addition of agonist, have been observed in oth-
er systems (e.g. [12]).

Addition of glucose causes a wide variety of regu-
latory e¡ects in yeast cells, both at the post-transla-
tional and transcriptional level (for review see [11]).
Glucose-induced activation of the Ras-adenylate cy-
clase pathway was shown not to be involved in glu-
cose-induced stimulation of PI turnover [8]. Up to
now, no glucose-induced regulatory e¡ect has been
linked to glucose stimulation of PI turnover, except
for glucose-induced activation of plasma membrane
H�-ATPase [13]. This enzyme is activated within mi-
nutes after addition of glucose by means of protein
phosphorylation [14^16]. As for glucose-induced PI
turnover, glucose stimulation of the Ras-adenylate
cyclase pathway is not involved in this e¡ect
[17,18]. We have previously shown that glucose-in-
duced activation of the plasma membrane H�-AT-
Pase, as assayed in isolated plasma membranes, as
well as glucose-induced H�-extrusion from the cells,

as measured in vivo, is blocked by several well-
known inhibitors of the mammalian PI pathway
and its downstream protein kinase targets. These in-
hibitors include neomycin, compound 48/80, and a
combination of staurosporine and calmidazolium.
In addition, both the activation of the plasma mem-
brane H�-ATPase and the stimulation of proton ef-
£ux from the cells can be mimicked by addition to
intact cells of activators of the same pathway, includ-
ing diacylglycerol, arachidonic and oleic acid
[13,19,20]. In the present report, we show that com-
pound 48/80 also inhibits glucose-induced PI turn-
over and that the PLC1 encoded phospholipase C
is essential both for glucose-induced PI turnover
and activation of plasma membrane H�-ATPase.

2. Materials and methods

2.1. Yeast strains and growth conditions

The following yeast strains were kindly provided
by M. Fitzgerald-Hayes (Amherst). Wild-type strain
WPY260 (MATK ura3-52 his3-11,15 trp1-v901 ade2-
101) and phospholipase C-de¢cient strain WPY300
(MATa ura3-52 trp1-v901 ade2-101 plc1v: :URA3)
[2].

Yeast cells were grown in minimal medium con-
taining 2% (w/v) glucose and 0.67% yeast nitrogen
base without amino acids (Difco Laboratory, De-
troit, MI, USA) at 24³C supplemented with the re-
quired amino acids (50 mg/l). Strain WPY300 was
pre-grown in rich medium (2% glucose, 2% tryptone
and 1% yeast extract) (see below). The cultures were
grown in £asks in a shaking incubator. The cell den-
sity was determined after sonication and appropriate
dilution with Isoton (Coulter Electronics, UK) and
counted with a Coulter Counter ZBI, equipped with
a 70-Wm ori¢ce. Cell volume distributions were de-
termined with a Coulter Channelyzer C-1000, con-
nected to a PC-XT computer. The fraction of
budded cells was determined by microscopic count-
ing of at least 400 cells, ¢xed in 4% formalin and
mildly sonicated [8].

2.2. Plasmids

Plasmid pWP101, carrying the 4.1-kb PLC1 cod-
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ing sequence in the multicopy vector YEp351, was
also provided by M. Fitzgerald-Hayes [2]. Yeast
transformation was performed by a modi¢ed lithium
acetate transformation protocol [21]; after a 20-h
preincubation in liquid rich medium at 24³C trans-
formants were selected for rescue of growth on min-
imal medium.

2.3. PI turnover

For measurement of the stimulation of PI turn-
over, yeast cells were pregrown in YNB-glucose at
24³C in the presence of 1 WCi/ml of [3H]myo-inositol
(Amersham). WPY300 is not able to grow in mini-
mal medium, so it was pregrown in rich medium,
collected and then incubated in minimal medium in
the presence of [3H]myo-inositol. After incubation,
cells were recovered by ¢ltration, washed with sterile
water and resuspended in 0.1 M 2-(N-morpholino)
ethanesulfonic acid (MES)/Tris, pH 6.5 (MES bu¡er)
at a density of about 108 cells/ml. Cells were incu-
bated for 1 h at 24³C and then 100 WCi/ml of carrier-
free 32P-orthophosphate (Amersham) was added.
After an additional 1-h incubation, the cells were
stimulated by addition of 100 mM glucose (¢nal con-
centration). Incubations were stopped by addition of
cold trichloroacetic acid (10% ¢nal concentration)
and phospholipids were extracted according to Rol-
dan and Harrison [22]. Thin-layer chromatography
was done on silica gel plates (0.25 mm thick, Merck)
pretreated with 1% potassium oxalate, activated at
110³C for 15 min and developed with chloroform/
methanol/acetic acid/acetone/water (43:13:12:15:8
v/v). Appropriate standards (PI, PIP, PIP2, PE, PC)
were added and the phospholipids were detected
after spraying with 8-anilino, 2-naphthalene sulfonic
acid (ANS) (1 mM in water) under a long-wave UV
light. Multiple spots re£ect di¡erent fatty acid com-
positions. After autoradiography the phosphoinosi-
tides spots were scraped and counted for 3H- and
32P-radioactivity in a Packard Prias beta-counter.
The PI turnover was calculated as (32P/3H)stimu-
lated/(32P/3H)unstimulated. Inhibitors were added
15 min before glucose. All the experiments were
done in triplicate. The di¡erences of measured PI
turnover between repeated experiments were less
than 15%.

2.4. Quantitative assay for total cellular
diacylglycerol (DAG)

DAG cellular content was determined as in Marini
et al. [23]. Brie£y, V5U107 cells for each assay were
harvested, washed, resuspended in 0.1 M MES/Tris
(pH 6.5) and incubated for 2 h at room temperature.
Stimulation was conducted with 100 mM glucose for
15 min at room temperature. Cells were then col-
lected and extracted as in Marini et al. [23]. Phos-
pholipids were dried under vacuum and stored at
320³C. DAG content was determined as in Schome-
rus and Ku«ntzel [9] using the DAG kinase linked
assay of Preiss et al. [24]. Reactions were conducted
using 0.05 U per assay of Escherichia coli DAG kin-
ase (Calbiochem). The amount of DAG in each sam-
ple was determined using pure sn-1,2-diacylglyerol
(Sigma) as a standard.

2.5. Assay for generation of [3H]inositol phosphates

Yeast cells were grown in [3H]inositol as described
by Hawkins et al. [10] (except that the concentration
of [3H]inositol was 2 WCi/ml), harvested, washed and
resuspended in MES bu¡er. The radioactive cells
(0.25 ml, 108 cells) were stimulated with glucose as
described above and the reaction was terminated as
described by Hawkins et al. [10]. Separation of
water-soluble [3H]inositol-labeled metabolites was ef-
fected by chromatography on small (1 ml) Dowex-1
X8 (Sigma) formate-form resin columns and eluted
according to Hawkins et al. [10]. Standard [3H]IP3

(Amersham) was used to calibrate the column. Ac-
cording to the literature data the IP3 was eluted in
the E4 fraction (1 M ammonium formate, 0.1 M
formic acid).

2.6. H+-ATPase activity

Cells were grown in YP glycerol (3%, v/v) until the
end of exponential phase, harvested and resuspended
in MES bu¡er (25 mM, pH 6.5) for 20 min after
which glucose (100 mM) was added. At di¡erent
time points, samples were taken, cell extracts made,
plasma membranes isolated and H�-ATPase activity
measured as described previously [18].
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2.7. Medium acidi¢cation

Initial H�-e¥ux from the cells after the addition of
glucose was measured for 5 min at 30³C in cells
grown in the same way as speci¢ed for the measure-
ment of H�-ATPase activity. The cells were resus-
pended in medium containing 100 mM KCl and 10
mM MES bu¡er adjusted to pH 4.5. A 50-mg (wet
wt.) amount of cells was used in a total volume of 2.5
ml in a water-jacketed vessel. The evolution of the
pH of the suspension was recorded before and after
the addition of di¡erent glucose concentrations. For
calibration, pulses of 1000 nmol HCl were used. The
maximal rate of proton pumping was calculated
from the slope of the line indicating the pH evolution
in the medium.

3. Results and discussion

When glucose is added to glucose-deprived yeast
cells of a wild-type strain stimulation of the turnover
of phosphatidylinositol is observed [7,8]. In yeast, it
is very di¤cult to measure IP3 in a reliable way; by
using the standard Dowex-1 X8 ion-exchange chro-
matography, very few 3H-cpm can be recovered in
the E4 fraction, and the small di¡erence observed
between unstimulated and stimulated wild-type cells
were not signi¢cant (not shown). Therefore we used
a double labeling procedure to measure turnover as
described by Kaibuchi et al. [7], with the modi¢ca-
tion indicated in Frascotti et al. [8]. The e¡ect of
glucose on PI turnover was calculated as the ratio
(32P/3H) stimulated/(32P/3H) unstimulated. In a wild-
type strain a value between 10- and 20-fold was usu-
ally observed for PI and 4^6-fold for PIP and PIP2

[8]. In a yeast strain de¢cient in the PLC1 encoded
phospholipase C, glucose-induced stimulation of PI
turnover was completely absent (Table 1), the turn-

over was restored by reintroducing the PLC1 gene
on a multicopy plasmid (pWP101). As a further sup-
port we measured the diacylglycerol levels in the
same conditions (Fig. 1). After glucose addition the
DAG level increases by 1.7-fold in wild-type cells,
while in the plc1v strain the increase was signi¢cantly
reduced. This indicates that PLC1 encoded phospho-
lipase C signi¢cantly contributes to DAG production
likely through polyphosphoinositide hydrolysis.
These observations link the Plc1 phospholipase C
to PI metabolism and suggest that it is a target of
the glucose signal responsible for the stimulation of
PI turnover. It also suggests that the Plc1 phospho-
lipase C is the only enzyme able to trigger phospha-
tidylinositol turnover, at least upon glucose stimula-
tion. The pattern of phospholipids, detected by TLC,
is not deeply a¡ected by the plc1v mutation, suggest-

Table 1
Glucose-induced stimulation of PI turnover

Strain Relevant genotype Stimulation of PI turnover

PI PIP PIP2

WPY260 wild-type 15 þ 5 10 þ 2 6 þ 2
WPY300 plc1v 0.8 þ 0.2 1 þ 0.3 1 þ 0.3
WPY300[pWP101] plc1v[PLC1] 20 þ 4 10 þ 2 7 þ 2

Fig. 1. Induction of DAG production by stimulation with glu-
cose. Cells were grown in minimal medium, collected and
starved as described in Section 2. Open bars refer to cells with-
out stimulation, closed bars refer to the DAG level in cells
stimulated for 15 min with a glucose pulse. DAG levels are de-
termined as described in Section 2. DAG level stimulation-fold
is 1.7 in the wild-type strain, while it is 1.4 in the plc1v strain.
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ing that phosphoinositides biosynthesis was not im-
paired in these cells, at least during growth in rich
medium (results not shown). Since the complete se-
quence of the yeast genome has recently become
available in public databases, we have performed a
database screen with the PLC1 gene and with several
of the conserved regions of the phospholipase C fam-
ily as a probe. We have been unable to detect anoth-
er member of the phospholipase C family in the yeast
genome.

Addition of glucose to glucose-deprived yeast cells
also causes a rapid stimulation of the plasma mem-
brane H�-ATPase, as measured in isolated mem-
branes, and a concomitant stimulation of proton ef-
£ux from the cells in vivo. In the strain with a
deletion of the PLC1 gene glucose-induced stimula-
tion of plasma membrane H�-ATPase activity was
absent (Fig. 2). Glucose-induced H�-e¥ux from the
cells was reduced from 0.44 þ 0.02 in the wild-type
strain to 0.32 þ 0.02 mmol H� h31 g31 dry weight
in the plc1v strain. This indicates that the basal ac-
tivity of the plasma membrane H�-ATPase can sup-
port a large fraction of the H�-e¥ux during the ini-
tiation of glucose catabolism. However, glucose-

activation of the enzyme also provides a signi¢cant
contribution. These observations support the tenta-
tive conclusion from our previous studies on glucose-
induced activation of the H�-ATPase with inhibitors
of the mammalian PI pathway [13] that glucose
might stimulate a similar pathway in yeast cells
with the plasma membrane H�-ATPase as one of
the targets.

In our previous study on glucose-induced activa-
tion of plasma membrane H�-ATPase we have made
use of compound 48/80, a well-known inhibitor of
mammalian PI-speci¢c phospholipase C [25]. Inhib-
ition of glucose-induced activation of plasma mem-
brane H�-ATPase was observed between 0.2 and
1 mg/ml ([13]; unpublished results). A signi¢cant re-
tardation of glucose-induced proton e¥ux in vivo
was observed with concentrations starting at about
50 Wg/ml [13]. Compound 48/80 inhibited glucose-in-
duced PI turnover with an ID50 of 47 Wg/ml (Fig. 3).
Complete inhibition required about 1 mg/ml (Fig. 3).
The labeling pattern of the PI phospholipids resem-
bles strongly that observed in the plc1v strain (results
not shown). These results suggest that complete in-

Fig. 3. Inhibition of glucose-induced PI turnover by compound
48/80. The PI turnover was measured by double-labeling proce-
dure as described in Section 2. The inhibitor 48/80 was added
to glucose starved cells, 15 min before addition of 100 mM glu-
cose (¢nal concentration) and phospholipids were extracted
15 min later. The PI turnover as a function of 48/80 concentra-
tions is reported as % of the value obtained for the control
(without inhibitor). All the experiments were done in triplicate.

Fig. 2. Absence of glucose-induced activation of plasma mem-
brane H�-ATPase in the plc1v strain. Corresponding wild-type
strain (b), plc1v strain (a). Glucose (100 mM) was added to
cells resuspended in MES bu¡er for 20 min. Plasma membranes
were isolated and ATPase activity determined as described in
Section 2.
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hibition of the putative PI signaling pathway is re-
quired for abolishment of the activation of the plas-
ma membrane H�-ATPase, although an unspeci¢c
e¡ect of the inhibitor cannot be excluded.

We have also investigated the inhibition of growth
by di¡erent concentrations of compound 48/80 to
check whether the e¡ect on PI turnover or on the
activation of the H�-ATPase could be responsible
for the growth inhibition. However, growth was
much more sensitive to compound 48/80 than PI
turnover or H�-ATPase activation. Inhibition of
growth occurred in a very sharp concentration inter-
val (Fig. 4): 10 Wg/ml had no signi¢cant e¡ect on the
growth rate, although it decreased the fraction of
budded cells (Fig. 5), while a ¢nal concentration of
15 Wg/ml or higher caused complete inhibition of
growth (Fig. 4). The growth inhibition was accom-
panied by a signi¢cant decrease of the fraction of
budded cells (Fig. 5) and by a dramatic reduction
of cell volume (Fig. 6). In addition, after 2^3 h of
treatment with the inhibitor, most of the cells were
eosine positive, suggesting that cell death occurs.
Although it cannot be excluded from these data
alone that the slightest inhibition of PI turnover is
lethal, it appears more likely that compound 48/80
inhibits another essential target in yeast cells. One
possibility is a calmodulin-dependent process since
compound 48/80 is a known calmodulin antagonist
in mammalian cells [26]. Moreover, recent work has
indicated that calmodulin antagonists inhibit the

yeast plasma membrane H�-ATPase through an as
yet unidenti¢ed calmodulin-dependent membrane
protein [27].

Our results suggest that the PLC1 encoded phos-
pholipase C is the target for glucose stimulation of
PI turnover in yeast. Apparently no other phospho-
lipase-C enzymes are present that are able to trigger
rapidly PI turnover in response to glucose. In the
experiments of Hawkins et al. [10], evidence was ob-
tained for glucose-stimulated PI turnover by the ac-
tion of a phospholipase B, but the time period used
was much longer than in our experiments. However,
the observation that glucose stimulates a fast DAG

Fig. 6. Cell volume distribution of WPY260 cells. 999, cells
exponentially growing in YNB-glucose; - - - -, cells 1 and 3 h
after the addition of 25 Wg/ml of compound 48/80.

Fig. 5. E¡ect of compound 48/80 on the fraction of budded
cells. Compound 48/80 was added at zero time to exponentially
growing culture of WPY 260 cells in YNB-glucose medium. 8,
control; a, 10 Wg/ml; O, 25 Wg/ml.

Fig. 4. Inhibition of growth by compound 48/80. Compound
48/80 was added at zero time to an exponential growing culture
of WPY260 cells in YNB-glucose medium. 8, control; a, 10
Wg/ml; E, 15 Wg/ml; O, 25 Wg/ml; R, 100 Wg/ml.
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production and that a residual stimulation was ob-
served also in plc1v cells, indicates that other phos-
pholipases could be present in yeast cells and are able
to respond to glucose; for instance, evidence was
reported for a start transition dependent DAG level
increase involving a phosphatidylcholine-phospholi-
pase C [23].

Apparently, yeast cells might contain a similar PI
pathway as present in mammalian cells, functioning
in signalling nutrient availability. The plasma mem-
brane H�-ATPase is an important target of glucose
regulation [14]. This enzyme is essential for pumping
protons out of the cell which are generated by the
metabolism of glucose. Our previous results [13],
together with the results presented in this paper,
suggest that glucose activation of plasma membrane
H�-ATPase is a consequence of glucose stimulation
of PI turnover. Since glucose activation of the H�-
ATPase is caused by phosphorylation of the enzyme
[15,16], it is tempting to speculate that PI turn-
over triggers a signaling pathway causing activation
of a protein kinase that phosphorylates the H�-
ATPase.

Yeast cells display a variety of glucose-induced
regulatory e¡ects, which are apparently mediated
by di¡erent signaling pathways [11]. Inhibitors of
PI turnover, for instance, have no e¡ect on glucose
stimulation of the Ras-cAMP pathway [13]. Activa-
tion of distinct signaling pathways by glucose might
be essential for adaptation to glucose under di¡erent
conditions. When yeast cells are starved on a glu-
cose-containing medium for another essential nu-
trient, like nitrogen, they continue to ferment glu-
cose. Hence, stimulation of the H�-ATPase with
concomitant pumping out of the cell of the protons
generated by glucose metabolism continues to be im-
portant. Interestingly, starvation of a plc1v strain on
glucose medium for nitrogen causes accelerated loss
of viability compared to a wild-type strain [1]. On the
other hand, glucose stimulation of the Ras-cAMP
pathway under such conditions has to be shut o¡
to allow proper entrance of the cells into the station-
ary phase G0 [28]. Usage of distinct glucose-triggered
signaling pathways each controlling a subset of glu-
cose-regulated targets could allow proper adaptation
of yeast metabolism to glucose under di¡erent con-
ditions.
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