Downloaded from http://mcb.asm.org/ on September 25, 2020 by guest



3052 MBONYI ET AL.

In mammalian cells, proteins of the G class, called G, are
involved in the induction of cCAMP signals by hormones.
These proteins bind GTP, and in this form they activate
adenyl cyclase. Their own GTPase activity converts them
back to the inactive GDP-bound form (22). Other G class
proteins in mammalian cells are the RAS proteins, which are
also localized in the plasma membrane and of which onco-
genic variants exist which have greatly reduced GTPase
activity (20, 32, 38). Recently, the yeast S. cerevisiae has
been shown to contain two genes, RASI and RAS2, which
are both structurally and functionally homologous to the
mammalian RAS gene (13, 14, 16, 25, 35). In addition, it was
shown that the yeast RAS proteins are controlling elements
of adenyl cyclase and that the presence of an equivalent of
the human H-rasV2"12 oncogene, RAS2V?"'°, results in over-
stimulation of adenyl cyclase in vitro and higher cAMP
levels in vivo (6, 26, 43). Data consistent with these obser-
vations were also published for RAS! oncogene equivalents
(30). However, in vivo studies of the relationship between
cAMP and RAS in yeast cells have been very limited up to
now. Only two papers have been published in which in vivo
cAMP levels in ras mutants were reported (34, 43).

Although there has been speculation that the RAS proteins
of S. cerevisiae are in some way involved in sensing the
nutritional status of the medium (37, 39), no direct evidence
in this respect has been reported. In the present paper it is
shown that the RAS proteins are involved in transmission of
the glucose-induced cAMP signal in yeast cells grown on
nonfermentable carbon sources. The data therefore indicate
that the mechanism of this nutrient-induced cAMP signal
shows analogy to the mechanism of the hormone-induced
cAMP signal in mammalian cells and that the RAS proteins
in yeast cells fulfill a function similar to that of the signal-
transducing G, proteins in mammalian cells.

MATERIALS AND METHODS

Yeast strains. The following yeast strains were provided
by M. Wigler (Cold Spring Harbor Laboratory): SP1 (wild
type) (MATa leu2 his3 trpl ade8 canl RASI RAS2), TK161-
R2V (same as SP1 but RAS2V?"'° RASI), ST-1 (same as SP1
but rasl::URA3 RAS2), KP-2 (same as SP1 but ras2::URA3
RASI), T16-11A (MATa leu2 ura3 trpl his3 bcyl RASI
RAS2), and T23-13B (same as T16-11A but rasl:.:HIS3 ras2::
URA3).

Culture conditions. The cells were grown to a density of
about 8 mg (wet weight) ml~! in a gyratory incubator (200
rpm) at 30°C. The culture medium contained 3% glycerol,
2% peptone, and 1% yeast extract. The culture medium in
which expression of RASI was repressed contained 3%
glycerol and 1% yeast extract and was adjusted to pH 7.6
with KOH (S, 19). The cultures were cooled in ice before
harvesting, and the cells were washed twice with ice-cold 25
mM MES buffer (morpholineethanesulfonic acid, pH 6).

Incubation conditions. The cells were incubated at a den-
sity of 30 mg (wet weight) ml~! in a reciprocating water bath
shaker at a temperature of 25, 32, or 37°C as indicated in the
figure legends. Incubation was carried out in 25 mM MES
buffer, pH 6, for 10 min before addition of 100 mM glucose
or 2 mM 2,4-dinitrophenol (DNP).

cAMP determination. Determination of cAMP levels was
performed as described previously (41). All experiments
were repeated at least three times with consistent results.
Representative results are shown.
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FIG. 1. Glucose-induced cAMP signal at 25°C in derepressed
cells of wild-type (@), ras] RAS2 (O), and RASI ras2 (A) strains.

RESULTS

Addition of 100 mM glucose to wild-type yeast cells grown
on nonfermentable carbon sources triggered a rapid transient
increase in the cAMP level (Fig. 1). Addition of the same
amount of glucose to cells containing either a disrupted
RAS1 or RAS2 gene triggered a cAMP signal of about the
same intensity (Fig. 1). Addition of 2 mM DNP caused a
rapid and drastic increase in the cAMP level in all three
strains (results not shown). Yeast strains containing both
disrupted RASI and RAS2 genes have very low cAMP levels
and can only grow when they contain an additional mutation
(bcyl) which renders cAMP-dependent protein kinase cAMP
independent (43). Plasma membranes isolated from ras! ras2
beyl strains, however, still show adenyl cyclase activity, but
only when measured with Mn2*, not with Mg?* and GTP
(43). Addition of glucose or DNP to cells of a rasl ras2 bcyl
strain did not increase the cAMP level, indicating that adenyl
cyclase activity in vivo is tightly linked to RAS protein
activity (Fig. 2). Even conditions which drastically stimu-
lated cAMP synthesis in wild-type cells, such as addition of
DNP, had no effect in the absence of functional RAS
proteins. Control experiments with a RASI RAS2 bcyl strain
showed that the bcy/ mutation was not responsible for the
absence of a cCAMP increase (Fig. 2).

Although these results show that the RAS proteins are
needed for the glucose-induced cAMP signal, they did not
allow us to conclude whether the RAS proteins acted as
transducers of the signal or whether they were simply
necessary for adenyl cyclase activity. Different approaches
were used to distinguish between these two possibilities. The
glucose-induced cAMP signal was also measured at different
temperatures. In the wild-type cells, higher cAMP signals
were observed at higher temperatures (Fig. 3). (This is also
true for other strains [1]). In a ras2 disruption mutant,
however, the cAMP signal decreased in intensity with in-
creasing temperature (Fig. 3). This result shows that RAS
deficiency affects induction of the cAMP signal. In this case
too, however, the theoretical possibility remains that the
ability of RAS1 to sustain adenyl cyclase activity decreases
at higher temperatures.
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FIG. 2. Glucose-induced cAMP signal (a) and DNP-induced
cAMP increase (b) at 32°C in derepressed cells of rasI ras2 bcyl (@)
and bcy! (O) strains.

When the glucose-induced cAMP signal was measured in
the RAS2Va"'® mutant, the cAMP increase was clearly
delayed and in most cases was also significantly smaller than
the cAMP increase in wild-type cells (Fig. 4). In these cells,
however, the RASI gene is still intact, and the remaining
cAMP signal could be due to RAS1 protein function. This
strain therefore was grown under conditions in which RAS/
expression is largely repressed (5, 19). In these cells, the
glucose-induced cAMP signal was barely detectable (Fig.
5a). The very small remaining increase, which also appeared
to be shifted as in Fig. 4, is probably due to remaining RAS1
protein. A similar result was obtained for the DNP-induced
cAMP increase: in a RAS2V¥'® strain, in which RAS/
expression is repressed, the DNP effect was much less than
in cells containing normal RAS proteins (Fig. 5b), including
cells of a bcy strain (Fig. 2). The remaining DNP-induced
effect was probably due for the most part to remaining
expression of RAS1 proteins, although an additional direct
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pH effect on adenyl cyclase cannot be excluded. The control
experiments with a ras/ disruption mutant and with wild-
type cells in which RAS! expression was repressed clearly
showed the difference between the functioning of wild-type
RAS? protein and its oncogenic variant, RAS2V?"-° (Fig. 5).

Basal cAMP levels in derepressed cells of the RAS2V2!-1?
mutant, incubated in MES buffer under aerobic conditions,
were about two- to threefold higher than in wild-type cells
incubated under the same conditions (Fig. 4 and 5). This
difference is somewhat smaller than has been published
before for cells of the RAS2V#'® mutant growing in a
glucose-containing rich medium (43). Recent results from the
same group also showed a difference of only a factor of two
between the cAMP level in wild-type cells and in cells
containing the RAS2V2"!® oncogene (34).

DISCUSSION

The results presented in this paper show that a specific
regulatory mechanism is involved in induction of the cAMP
signal by fermentable carbon sources in derepressed yeast
cells. The mechanism appears to be analogous to the mech-
anism of the hormone-induced G protein-mediated cAMP
signals in mammalian cells. The nutrient-induced cAMP
signal in S. cerevisiae is mediated by the RAS proteins,
which belong to the same class of GTP-binding proteins. The
strongest evidence for involvement of the RAS proteins was
the absence of a glucose-induced cAMP signal in yeast cells
containing only the RAS2V2-!® protein (Fig. 5a). In these
cells, however, the basal cAMP level was higher than in
wild-type cells (Fig. 5a), and evidence has been presented
that elevated protein kinase activity in yeast causes feedback
inhibition of cAMP synthesis (34). Several results, however,
show that the absence of cAMP signal induction by the
RAS2V#1° protein is not due to feedback inhibition of cAMP
synthesis. (i) The presence of the RAS2V2-'® mutation in the
presence or absence of RAS/ expression led in both cases to
equally increased basal cAMP levels (Fig. 4, Fig. 5a), thus
most likely resulting in equally stimulated feedback inhibi-
tion of CAMP synthesis. However, when RASI was ex-
pressed, a clear (albeit delayed) cAMP signal was observed,
which shows that even under conditions of increased feed-
back inhibition, a cAMP signal can be observed. (ii) In-
creased feedback inhibition must also be present in bcy
strains, at least as much as in RAS2V2" strains. In spite of
this, a glucose-induced cAMP signal was observed in bcy
strains (Fig. 2a). (iii) Addition of DNP (or other agents that
lower intracellular pH) to yeast cells causes a large increase
in the cCAMP level (10, 31, 36, 40, 41, 45). The resulting
cAMP level is between 10 and 20 times higher than the
cAMP level in RAS2V*"1? strains. Therefore, lowering of the
intracellular pH must in some way inactivate or at least
greatly reduce feedback inhibition of cAMP synthesis in S.
cerevisiae. Nevertheless, in the absence of feedback inhibi-
tion of cAMP synthesis, we still observed a strongly reduced
stimulation by DNP of cAMP synthesis in the RAS2V21®
strain under conditions in which RAS! was not expressed
(Fig. 5b). This clearly shows that even under conditions with
no feedback inhibition, the RAS2V2"1? protein is inefficient
in mediating stimulation of adenyl cyclase. In addition to
these arguments, there is also the preliminary evidence
presented by Nikawa et al. (34) that the RAS2V?!"1 protein is
not subject to control by feedback inhibition. If this could be
confirmed, it would render the present problem of possible
interference by feedback inhibition superfluous. The results
presented in this paper, however, clearly allow us to con-
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FIG. 3. Glucose-induced cAMP signal in derepressed cells of the wild-type (@) and RASI ras2 (O) strains at (a) 25°C, (b) 32°C, and (c)

37°C.

clude that the RAS2V2"!® oncogene product is deficient in the
ability to transmit signals to adenyl cyclase.

The small remaining DNP-induced stimulation of cAMP
synthesis in the RAS2V1? strain (Fig. Sb) is probably for the
most part due to the small amount of RAS/ expression that
is undoubtedly still present in these cells, although an
additional direct pH effect on adenyl cyclase cannot be
excluded. The result obtained with the RAS2V®"1® strain
(Fig. 5b) now makes it very clear that the old pH hypothesis
of adenyl cyclase regulation, which was based on the differ-
ence between the pH optima of adenyl cyclase (pH 6) and
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FIG. 4. Glucose-induced cAMP signal at 25°C in derepressed
cells of wild-type (@) and RASI RAS2V?-'® (O) strains. The cells

were grown under conditions in which both RAS! and RAS2 were
expressed.

W

phosphodiesterase (pH 8) (8, 28), can explain the in vivo
changes in the cAMP level only to a very limited extent.
Most of the artificial stimulation of in vivo cAMP synthesis
by lowered intracellular pH must be attributed to activation
of a protein somewhere in the control pathway of adenyl
cyclase: the RAS proteins (Fig. 5b) or even earlier, e.g., at
CDC2S (L. Van Aelst, unpublished results). As opposed to
the glucose-induced cAMP signal, however, sugar kinase
activity is not needed for the DNP-induced cAMP increase
in S. cerevisiae (1).

The RAS proteins in S. cerevisiae activate adenyl cyclase
in the GTP-bound form, and their own GTPase activity
converts the bound GTP into GDP, which renders the
protein inactive (18). It is tempting to speculate that the
glucose-induced cAMP signal in wild-type cells is triggered
by a sudden stimulation of GDP-GTP exchange on the RAS
proteins (39a). Since the RAS2V2"'® protein has greatly
reduced GTPase activity, it cannot display GTP-GDP ex-
change and is therefore apparently unable to mediate cAMP
signals. An alternative explanation is that the amino acid
change at position 19 of the RAS protein not only reduces
GTPase activity but also has other effects on the functioning
of the protein, such as abolishing receptor interaction. The
latter probably provides a better explanation for the lack of
signal transmission than the impaired GTPase activity. In
general, impaired receptor interaction might be more impor-
tant for the malfunctioning of ras oncogene products than
reduced GTPase activity. Similar conclusions have been
obtained recently for the mammalian N-ras¥?"'? and N-
ras®**2 oncogene products, which differ greatly in reduc-
tion of their GTPase activity but possess equal transforming
potency (44). Lack of correlation between GTPase activity
and transforming potency was also reported in earlier pub-
lications (11, 15, 27).

In general, G proteins are only active in the GTP-bound
state (21, 22). Why the peak value of the cAMP signals is
much higher than the basal cAMP level in the RAS2Va1?
mutant is therefore unclear. The answer to this problem
might be related to the reason why the cAMP signal is
transient. A possible explanation of both effects is feedback
inhibition of cAMP synthesis by high protein kinase activity
(34). This could explain why the cAMP level can still
increase further in strains with an adenyl cyclase that is
“‘continuously stimulated’’ by the RAS2V2"!® protein. It also
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FIG. 5. Glucose-induced cAMP signal (a) and DNP-induced
cAMP increase (b) at 25°C in derepressed cells of wild-type (@), ras!
RAS2 (O), and RASI RAS2V™"'° (A) strains. The cells were grown
under conditions in which only RAS2 was expressed.

offers an explanation for the transient nature of the glucose-
induced cAMP signal: the signal shuts itself off by inducing
high protein kinase activity. A displaced cAMP signal (Fig.
4) therefore lasts about as long as a normal signal. The delay
observed in the induction of the cAMP signal in the
RAS2V2"' strain under conditions in which RASI was
expressed (Fig. 4) cannot be due to the high protein kinase
activity, because otherwise it should also have been ob-
served in a bcy strain, and this was not the case (Fig. 2).
Hence, we can safely conclude from this observation that
oncogenic RAS proteins inhibit signal transmission by nor-
mal RAS proteins. This result provides an explanation for
the observation by Kaibuchi et al. (24) that both disruption
of RASI and introduction of the RAS2V2"!® mutation stim-
ulated glucose-induced inositolphospholipid turnover in §.
cerevisiae. If the RAS proteins are inhibitors of glucose-
induced inositolphospholipid turnover, the oncogenic
RAS2V#1 protein should normally overinhibit this process.
However, if the oncogenic RAS proteins can inactivate the
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functioning of normal RAS proteins, RAS2V2"'® would sup-
press the inhibition by RAS1, and therefore its presence
would result in stimulation.

A possible candidate for triggering GDP-GTP exchange on
the RAS proteins is the CDC25 protein, which has been
suggested to be a specific GDP-GTP exchange stimulator (7,
9, 12, 37). Recent results from our laboratory have shown
that cdc25 mutants are also deficient in the glucose-induced
cAMP signal (L. Van Aelst, unpublished results). Since
disruption of RAS! or RAS2 did not diminish the intensity of
the cAMP signal (Fig. 1), RAS function cannot be the
limiting factor for induction of the signal.

Up to now, little was known about the regulation of the
RAS protein in vivo. Our in vivo measurements of cAMP
levels confirm the previous suggestion that only the Mg>*
and GTP-dependent adenyl cyclase activity is relevant for in
vivo cAMP synthesis. Hence, adenyl cyclase activity in S.
cerevisiae appears to be obligatorily coupled to G protein
function. This is also the case in mammalian cells (21). The
RAS proteins in yeast cells apparently act like the G,
proteins of mammalian adenyl cyclase, but instead of being
involved in hormone signal transmission, they function in a
nutrient-induced signal transmission pathway. For unicellu-
lar organisms, like S. cerevisiae, nutrients are likely to be the
prime regulators of cell proliferation, as opposed to multi-
cellular organisms, in which hormones and specific growth
factors are more likely to exert prime control over cellular
proliferation. Recent research has shown that in fungi simple
nutrient molecules, such as carbon and nitrogen sources, can
act as regulatory molecules and can directly trigger cellular
regulatory pathways, such as protein phosphorylation, inde-
pendent of their function as a nutrient molecule (for a recent
review, see reference 39a). The results presented in this
paper show that the mechanisms they use for this purpose
are remarkably analogous to those used in hormone-induced
regulatory pathways in higher organisms.

The conclusions made in this paper are only valid when
the observed effects are directly due to the absence or
modification of the RAS proteins. Another possibility is that
absence or modification of the RAS proteins affects expres-
sion of proteins which also intervene in induction of the
cAMP signal and therefore indirectly affect the presence of
the signal. This possibility, however, appears to be only
theoretical because of the well-documented in vitro effects of
the RAS proteins on adenyl cyclase activity and because
these in vitro results fit very well with the results obtained in
vivo.

Previous results from this laboratory have shown that the
primary trigger of the glucose-induced cAMP signal is situ-
ated somewhere at the level of transport and/or phosphory-
lation of the sugar (1). Present research focuses on the
mechanisms by which initial glucose metabolism activates
the CDC25-RAS-adenyl cyclase pathway, which is respon-
sible for induction of the cAMP signal.
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