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Strains carrying ras2®'8S as their soleRAS gene fail to
elicit a transient increase in cAMP levels following
addition of glucose to starved cells but maintain normal
steady-state levels of cCAMP under a variety of growth
conditions. Such strains show extended delays in resum-
ing growth following transition from a quiescent state
to glucose-containing growth media, either in emerging
from stationary phase or following inoculation as spores
onto fresh media. Otherwise, growth of such strains is
indistinguishable from that of RAS2" strains. ras218S
strains also exhibit a delay in glucose-stimulated
phosphorylation and turnover of fructose-1,6-bisphos-
phatase, a substrate of the cAMP-dependent protein
kinase A (PKA) and a key component of the gluconeo-
genic branch of the glycolytic pathway. Finally Tpk"
strains, which fail to modulate PKA in response to
fluctuations in cAMP levels, show the same growth
delay phenotypes, as doas®18Sstrains. These observ-
ations indicate that the glucose-induced cAMP spike
results in a transient activation of PKA, which is
required for efficient transition of yeast cells from a
quiescent state to resumption of rapid growth. This
represents the first demonstration that yeast cells use
the Ras pathway to transmit a signal to effect a
biological change in response to an upstream stimulus.
Keywords cAMP-dependent protein kinase A/
fermentable carbon/Ras signaliBgccharomyces
cerevisiae

Introduction
Two Ras proteins, Raslp and Ras2p, in the y8astharo-

dependent protein kinase A (PKA) catalytic subunit,
encoded redundantly byPK1, TPK2 and TPK3 from
inhibition by the regulatory subunit encoded BCY1
(Matsumotoet al., 1982; Todeet al., 1987b). Active PKA
can phosphorylate a number of proteins involved in
transcription, energy metabolism, cell cycle progression,
and accumulation of glycogen and trehalose (Broach and
Deschenes, 1990; Tatchell, 1993; Thevelein, 1994; Smith
et al,, 1998).

Rapid growth in rich media correlates with increased
activity of the Ras pathway. The levels of cAMP in cells
grown in rich media containing glucose are higher than
those in cells grown in media lacking glucose (Russell
et al, 1993). This correlation appears to have functional
significance, since cells with hyperactivated Ras/cAMP
pathways, e.g. those carrying the activaRS2° allele
or a deletion ofBCY] grow normally in rich media but
fail to grow on non-fermentable carbon sources. Such
strains also exhibit a number of phenotypes, including
reduced glycogen and trehalose accumulation, heat shock
sensitivity and nutrient-starvation sensitivity (Toegal.,
1987a; Engelbergt al., 1994), consistent with an inability
to respond appropriately to conditions attenuating growth.
In addition, mutationally activated forms of Ras facilitate
transition from a yeast to a pseudohyphal growth pattern,
but whether that results from increased adenylyl cyclase
activity or from Ras activation of a MAP kinase pathway
is not clear (Moschet al, 1996; Kubleret al, 1997;
Lorenz and Heitman, 1997). In contrast to activation of
the pathway, loss of Ras activity results in diminished
CcAMP levels, which leads to growth arrest at the beginning
of the G stage of the cell cycle (Matsumotd al., 1985;
Tatchellet al.,, 1985; Todeet al., 1985). This is the same
stage at which cells arrest following nutrient deprivation.
Growth arrest resulting from loss of Ras activity can
be suppressed by downstream activation of the cAMP
pathway, e.g. by mutational inactivation €Y1, indicat-
ing that production of cAMP is the sole essential function
of Ras in yeast. In sum, these observations indicate that
the RAScCAMP pathway performs one or more essential
functions in the cell, and suggest a functional link between
CcAMP levels and growth rates.

While the phenotypes of activating and inactivating

mycesreside at the core of a signal transduction pathway mutations ofRASsuggest that Ras adjusts cAMP levels
whose components are well defined but whose function in response to nutrient availability and thereby controls
is less clear (Broach and Deschenes, 1990; Broach, 1991the metabolic and cell cycle activities of the cell, other
Tatchell, 1993; Thevelein, 1994). As in other organisms, observations suggest that this simple model does not
yeast Ras proteins can transmit a regulatory signal by describe the role of Ras in yeast adequately. First, the
shuttling between an inactive GDP-bound form and an differences in the cAMP levels in rich versus poor
active GTP-bound form. In yeast, the GTP-bound Ras media or in the presence of activating versus wild-type
proteins stimulate adenylyl cyclase, encodedd¥R1 to alleles of Ras are quite modest (Nikavea al, 1987,
yield an increase in intracellular cAMP levels (Toekzal., Russell et al, 1993). Secondly, high cAMP levels
1985; De Vendittist al., 1986; Fieldet al., 1988). cAMP suppress, rather than enhance, the activity pfci&lins
appears to function exclusively to liberate the yeast cAMP- and thus appear to control the size at which cells enter
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the cell cycle but not the decision of whether to enter
the cell cycle (Tokiwaet al., 1994; Flicket al, 1998).
Finally, cells expressing constitutive, low-level PKA
activity show essentially normal growth behavior, i.e.
cells deleted forBCY1 TPK2 and TPK3 and carrying

an attenuating mutation iTPK1 exhibit low levels of
PKA activity that do not fluctuate in response to
changes in Ras activity or cCAMP levels. Such strains,
designated Tpk show wild-type resistance to heat
shock, are not sensitive to nutrient starvation, execute
a normal transition into stationary phase and, like wild-
type cells, accumulate glycogen and trehalose as they
enter stationary phase (Camerah al, 1988). Thus, o
the behavior of TpK strains suggests that, while cells

require a basal level of Ras activity to survive, cells Time (min)
do not require signaling through the Ras pathway to

adjust for growth under different conditions or to Fig. 1. ras®8Scells do not exhibit a transient increase in cAMP
levels in response to glucose addition. Strains Y2448%2 and

respond to growth arrest. ) Y2455 (as2189 were grown at 30°C for 48 h in synthetic medium
Results presented in this report suggest that optimal containing 3% glycerol. Glucose was then added to the cell cultures to

gl’OWth of yeast cells does require signaling through the 2%. At the indicated times after the addition of glucose, aliquots of

Ras pathway—as distinct from maintenance of a basal cells were removed and the intracellular cAMP levels were determined
. L as described in Materials and methods.

CAMP level—but only during the transition to growth

on a fermentable carbon source. Addition of glucose to

starved cells or cells growing on a non-fermentable Results

carbon source results in a large but transient increasepas2318S protein does not support a

in intracellular cAMP levels (Mazonet al, 1982; glucose-stimulated transient increase in

Francois et al, 1988). The rapid increase in cAMP jntracellular cAMP

levels results from stimulation by glucose of the Ras As described in Materials and methods, we constructed

guanine nucleotide exchange factor, Cdc25p, and theclosely related strains in which the only Ras protein

attendant conversion of Ras to its active, GTP-bound expressed derived either from wild-tygRAS2 (strain

form and stimulation of adenylyl cyclase (Broek al, Y2446) or from therasZ18Smutant allele (strain Y2455).

1987). The subsequent rapid decrease in cAMP levels As observed with other strains expressing wild-type Ras

results from PKA-dependent feedback inhibition of protein, addition of glucose to Y2446 cells grown in

Cdc25p, Ras and adenylyl cyclase and perhaps activationsynthetic glycerol medium promoted a transient increase

of either one of the phosphodiesterases or a cAMP in CAMP levels, reaching a maximal value 5-fold that of

exporter (Nikawaet al, 1987; Resnick and Racker, the basal level within 2 min and then returning to near

1988; Mbonyiet al, 1990; Grosset al, 1992). These the initial basal level within 20 min. In contrast, as shown

competing activities yield a 5- to 50-fold increase in in Figure 1, addition of glucose to Y2455 cells grown in

cAMP levels within 1-2 min of glucose addition, _the synth_etic glycerol medium diq not elicit a tran_signt

followed by a decline to near basal levels within 20 min. increase in CAMP levels. We previously observed similar

We previously constructed a mutant Ras2 protein that esults for a similar strain grown in complex media
maintains normal basal levels of cAMP in the cell but (Bhattacharyat al, 1995). Nonetheless, the basal cAMP

fails to promote the transient increase in cAMP levels |€Vels of Y2455 cells grown in either glycerol or glucose,
following glucose addition. The mutant carries a serine OF IN complex or synthetic media were indistinguishable
at position 318 instead of cysteine, which precludes the from those of strain Y2446, or other relat%SZstrams,
normal thioesterification of palmitate to that site and grown under the same conditions (F|gure'1, Bhattgcharya
causes mislocalization of the mutant protein to the et al, 1995; data not shown). Thus, strains carrying the

Ras318S mutant protein maintain normal basal levels of
cytoplasm rather than the plasma membrape (Bhatt.aCh'cAMP but do not produce a transient increase in cCAMP
arya et al, 1995). Here we show that strains carrying

: . levels in response to glucose addition. The reason for this
this mutant Ras2 protein grow normally under most b 9

o ) L defect is not clear, but, as described below, the specific
conditions but show extended delays in transitions from yafact exhibited by this mutant strain provides a means

poor to rich carbon sources. In addition, these strains ¢ evaluating the role of the Ras-mediated transient

show a delay in the phosphorylation and decay of jhcrease in cAMP separate from the role of maintaining
fructose-1,6-bisphosphatase (FBPase), an enzyme that i$)5353] levels of cAMP in the cell.

inactivated by the PKA and required for gluconeogenesis.

This suggests that the remodeling of the glycolytic ras2378S strains exhibit a delay in the transition
pathway required for transition from gluconeogenic to from poor to rich carbon sources

glycolytic mode is impaired inras®!85 mutants. We  Since strains dependent on R#$S as their sole Ras
take these results to indicate that efficient transition protein fail to exhibit a transient increase in CAMP levels
from poor to rich carbon sources requires signaling following addition of glucose to starved cells, we asked
through the Ras pathway. whether these strains were defective in their ability to

—0O— ras2 3188

cAMP (pmol/mg)

D

2.57
5
7.5
10~

6943



Y.Jiang, C.Davis and J.R.Broach

A

109 o Ras2
‘é‘ 108_ ........ e raS2318$ -----
~
S
2
g 1074
=
Z
B3 1007
@]
105 T T T T T !
o " = z g &
Time (hour)
B
109 1
'—E‘ .............
~ 108_ ----
St
[
Kal
E 107
[=]
g . —o0— RAS2
10°7
7 o pas2318S
105 T T T T T 1
s w» = o 3 3

Time (hour)

Fig. 2. ras®18Sstrains show a delay in resumption of growth out of
stationary phase. YEPD cultures (10 ml) were inoculated with

10P cells from cultures of strain Y244@R@AS3 or Y2455 fas2189
that had been incubated for 48 h after the diauxic shift@r grown

to 2x107 cells/ml B). Growth of the cultures was monitored by cell
count as a function of time after inoculation. Identical results were
obtained with three different pairs &AS2andras2®18S strains.

make the transition from starvation to growth in the
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Fig. 3. ras®18Sspores germinate more slowly th®AS2spores.

Diploid strain Y1810 (as1/ras1.RAS2-URA3/ra$®9 was sporulated
and dissected on YEPD plates. Germination of spores at 30°C from
30 tetrads was monitored by microscopic visualization using initial
appearance of the first bud as the metric that germination had
occurred. TheRAS2allele in each spore was determined upon colony
maturation by following thaJRA3 marker, which was linked to

RASZ. The cumulative germination of spores as a percentage of the
total number of spores examined is shown for both sets of spores at
the indicated time following dissection.

the ras2!8S strain grows normally under steady-state
conditions but fails to make an efficient transition to
growth in rich media.

Spore germination represents a second condition under
which cells make a transition from quiescence to growth
in the presence of glucose. In addition, spore germination
depends on Ras function (Herman and Rine, 1997).
Accordingly, we examined whether cells carrying the
ras218Sallele exhibited a delay in germination relative to
the time required for germination dRASZ cells. We
sporulated araslrasl RAS2-URABasZ18S strain and
then determined the time of germination of each spore by
monitoring microscopically the time of appearance of the
first bud. The allele present in each spore was subsequently
determined by scoring the resultant spore colonies for the
presence of AJRA3 marker linked to theRASZ allele.

presence of glucose. Accordingly, we grew strains Y2446 As evident from the results shown in Figure>380% of

(RAS2 and Y2455 (as2189 into stationary phase, diluted

the RAS spores had germinated by 8 h, whiel0% of

the cultures into fresh media containing glucose and thenthe ras2!8S spores germinated within the same time.

monitored the growth of the strains. As shown in Figure 2,
strain Y2446 resumed exponential growth ~4 h after
transfer to fresh medium. In contrast, strain Y2455
exhibited a delay of>10 h before resuming exponential

growth. This differential effect was not due simply to

dilution into fresh media, since neither strain exhibited a
delay in exponential growth when diluted from exponenti-
ally growing cultures (Figure 2B). Nor was the delay in
resumption of growth by the Y2455 culture due to loss
of viability of cells during stationary phase; both Y2446
and Y2455 cultures retained>90% viability during

However, by 24 h>95% of bothRASZ and ras218S
spores had germinated, i.e. spores dependent on the
Ras2'8S protein germinate but do so more slowly than
those containing wild-type Ras protein. Thus, thg2*18S
allele prevents efficient resumption of growth of spores.
As noted above, cells carrying thas2'8Sallele contain
the same steady-state levels of CAMP as do cells carrying
the RAS2allele but fail to generate the transient increase
in cAMP following addition of glucose. Accordingly, we
surmise that the delay in resumption of growth of spores
or of stationary phase cells results from the inability of

extended incubation in stationary phase (data not shown).these cells to generate the transient increase in cAMP.

In a related experiment, we found thaasZ18S cells
exhibited a 5 hdelay in assuming a faster growth rate
following addition of glucose to cells growing exponenti-
ally in glycerol media (data not shown). In contrd2£S2

However, to rule out the possibility that the salient defect
in ras218Scells is a subtle difference in basal Ras activity,
we examined the behavior of cells carrying multiple copies
of ras218S py creating strains carrying thas28Sgene

cells assumed the faster growth rate almost immediately.on a 2 p-based plasmid. Such strains produce 10- to
Finally, as noted in Figure 2, while strain Y2455 exhibited 20-fold more Ras2 protein than do cells carrying a
a delay in resumption of growth out of stationary phase, single copy of the gene (Deschenes and Broach, 1987;
the growth rate of the strain once it resumed growth was Bhattacharyat al., 1995). Thus, if the phenotypic effects
indistinguishable from that of th&®ASZ strain. Thus,  of theras2'®Sallele were due simply to reduced activity
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Fig. 5. Transient expression d¥AS2in ras218S cells restores rapid
resumption of growth out of stationary phase. Cultures of Y2466
(wild-type), Y2455 (as2189 and Y2453 (as2185 + GAL10-RASR
Fig. 4. Overexpression of thRAS38S allele does not alleviate its were grown to saturation (72 h) in YEPD. Cells from 1 ml of each
phenotypic defects. Strain Y2455 was transformed with either plasmid culture _wereopelleted, resuspended in 1 ml of osynthenc media
pRS426 (a 21 circle-basedJRA3vector) (Sikorski and Hieter, 1989) containing 2% galact_ose, and |ncubated at 3O.C for 15 min. Cells
or pRS426 containing theas2185 gene. Transformants were grown at ~ Were then washed with YEPD and inoculated into a fresh 10 ml
30°C in synthetic media lacking uracil for 5 days and then inoculated YEP.D culture to a cell density of fMI. Growt_h of the cultur_’e was
in fresh medium to a cell density of<L0P cells/ml. Growth of the monitored by cell count as a function of the time after the inoculation.
culture at 30°C was monitored by cell count as a function of the time

after inoculation.

Time (hour)

Tpk" strains exhibit a delay in resumption of

growth in rich media

Our results suggest that quiescent cells require a transient
of the Ras2 protein in these cells, then overproducing the increase in cCAMP levels in order to resume growth rapidly.
protein should alleviate the defect. As shown in Figure 4, Essential functions of cAMP in the cell are mediated
cells carrying multiple copies of thes2!8S allele show exclusively by PKA. To determine whether PKA mediates
the same delay in resumption of growth out of stationary this signaling function of cAMP, we examined the ability
phase as do cells carrying a single copy of the gene. Thus,of Tpk" strains to resume growth in glucose from quiescent
we conclude that the phenotypic effects of thaes2318S states. As noted in the Introduction, Tpktrains maintain
allele derive from its inability to elicit a transient increase a constitutive, low-level PKA activity. Thus, while cAMP
in cCAMP rather than a simple reduction in the overall levels increase in response to glucose addition to starved
activity of the protein. TpkY¥ cells, PKA activity does not change under these

We tested a second prediction of our hypothesis that conditions. We examined a Tpkstrain (Y1278) and a

the delay in resumption of growth of stationas28S related wild-type strain (Y294) for their ability to resume
cells following transfer to glucose results from the absence growth in glucose media following extended incubation
of the glucose-induced transient increase in cAMP. If in stationary phase. As evident from the results presented
the hypothesis were correct, then we would expect that in Figure 6, stationary phase Y294 cells resumed growth
providing wild-type Ras2 protein only at the time of within 4 h of dilution into fresh media. In contrast,
transition should be sufficient to restore wild-type behavior. stationary phase Y1278 cells required almost twice as long
Accordingly, we constructed strain Y2453, which was to resume growth in fresh media. Dilution of exponentially
essentially identical to theas28S strain Y2455 except  growing cells of either strain into fresh media did not
that it also carried &AL1(-RAS2construct consisting  result in a lag in resumption of growth, nor was the
of wild-type RAS2under control of the galactose-inducible viability of either strain diminished during incubation in
GAL10Opromoter. We grew the strain into stationary phase, stationary phase. Finally, the growth rates of both strains
harvested cells, and incubated one sample in syntheticduring exponential growth were indistinguishable. Thus,
media containing 2% galactose for 15 min and one sample the inability to modulate PKA activity has the same effect
in synthetic media lacking any carbon source. Cells were on resumption of growth as does the lack of a transient
then washed and diluted into YEPD medium. As shown cAMP signal.
in Figure 5, cells that had been exposed to galactose We also examined the ability of Tflcells to germinate.
resumed exponential growth with the same kinetics as As shown in Figure 7, Tgkspores germinate ~2 h more
that exhibited by theRAS2strain. In contrastyas2®18S slowly than do wild-type cells, as judged by the time of
cells lacking the GAL1(@-RAS2 construct but treated emergence of the first bud. However, the growth resump-
similarly showed the same delay in resumption of exponen- tion of Tpk" spores may be even more severe than
tial growth as reported above (Figure 5). Mock treatment indicated by the time of appearance of the first bud. Figure
of Y2453 cells with synthetic media lacking galactose did 7B shows the spore clone size 36 h following dissection
not diminish its delay in resumption of growth (data not ofthe homozygous Tgkdiploid. These clones are substan-
shown). From these results, we conclude that efficient tially smaller than those from the related wild-type strain,
transition to growth in rich media does not require Ras2 even though the sizes of the wild-type and Tmolonies
protein to be present in the cell prior to or during stationary obtained by restreaking growing cells are essentially
phase. For efficient restoration of growth, cells require indistinguishable. Thus, the reduced sizes of the spore
Ras2 protein only during the transition phase itself. colonies reflect a significant lag in the resumption of
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Fig. 6. Tpk" cells show a delay in resumption of growth out of
stationary phase. YEPD cultures (10 ml) were inoculated fockls/
ml from cultures of strain Y294 (wild-type) and Y1278 (Tfkgrown
in YEPD to stationary phase>@2x10® cells/ml) (A) or to exponential
phase (X107 cells/ml) 8). The cell concentration at various times
after the inoculation was determined by counting cells on a
hemacytometer.

Tpk™

Fig. 7. Tpk" cells germinate more slowly than wild-type cells. A
homozygous Tp¥K diploid strain and a wild-type diploid strain were

. . sporulated and dissected on YEPD plates. The germination of spores
growth of TpKR' cells following germination. These observ-  for each strain was monitored microscopicalk) (The percentage of

ations, in conjunction with the results from the dilution germinated spores of each allele is plotted as a function of time after
from stationary phase, suggest that efficient restoration of gigsgCt(ig)”- B) A photograph of g;(e diSSECtiOg Plateslgﬂef 36 h at

; ; ; ; ; °C. Two representative Tgkspores and two wild-type spores
gl’OW'[h f.OI.Iowmg. qu!escence requw_es a transient bur.St In were struck out for single colonies 48 h after germination and the
PKA activity, which is normally achieved by the transient pjate photographed after 36 h growth at 30°C.
increase in cCAMP levels at the time of transition into

rich media.

the RAS2strain (Figure 8A). This result was confirmed
Phosphorylation and inactivation of fructose-1,6- by Western blot analysis of extracts of these strains, using
bisphosphatase are delayed in RAS23'85 strains anti-FBPase antibody. As shown in Figure 8B, the steady-

Cells require FBPase during growth on non-fermentable state levels of FBPase were significantly reduced within
carbon sources for gluconeogenesis. However, the recip-40 min following transfer of thdRAS2strain to glucose
rocal reaction is catalyzed by phosphofructokinase (PFK) media, while theras218S strain retained most of the
during growth on a fermentable carbon source, and FBPaseFBPase protein during the same time frame. In agreement
expression is repressed under these conditions. In thewith previous results (Chiang and Schekman, 1991), this
transition from non-fermentative to fermentative growth, decay in FBPase protein in tiRAS2strain was dependent
phosphorylation of FBPase by PKA inactivates it and on Pep4p (Figure 9).
targets it for Pep4-mediated degradation in the vacuole We also examined directly tha vivo phosphorylation
(Pohlig and Holzer, 1985; Rost al., 1988; Chiang and  of FBPase following glucose addition. Since inP&P4
Schekman, 1991; Huang and Chiang, 1997). To addressbackground the absolute level of accumulation of label in
whether the lack of a transient increase in cAMP in FBPase would reflect the competing activities of phos-
ras2®18S cells affects the activity of PKA, we examined phorylation and protein decay, we examin&d vivo
the phosphorylation and decay of FBPase in cells following phosphorylation of FBPase in@ep4background. As is
addition of glucose to glycerol-grown cells. evident from the results in Figure 9, phosphorylation of
We examined the glucose-induced turnover of FBPase FBPase in theRAS2strain reached a maximum within
in RASZ andras2'8S cells by immunofluorescence and 10 min following addition of glucose and remained at that
immunoprecipitation. Cells were grown in synthetic media level for the duration of the experiment. Incorporation of
containing 3% glycerol to exponential phase and then label into FBPase in theas2318S strain occurred signific-
glucose was added to the media to 2%. As monitored antly more slowly and to a substantially reduced level
by immunofluorescence microscopy using anti-FBPase than that observed in thRAS2strain. Incorporation of
antibodies, decay of FBPase following addition of glucose label into FBPase inrRAS2 PEP4and ras®!8S PEP4
was delayed in theas2'®S strain compared with that in  cells showed initial rates identical to those seen in the
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Fig. 8. ras®18Scells exhibit a delay in the decay of fructose-1,6-
bisphosphatase, following the addition of glucose. Glucose was added
to cultures of strains Y244&RASY and Y2455 (as2189 grown for

48 h in YEP media containing 3% glycerol. Aliquots of cells were
removed at the indicated times following addition of glucose, and the
amount of FBPase in cells was visualized by immunofluoreseie (
and by Western analysi8) using affinity-purified anti-FBPase

antibody. In (A), DAPI staining is shown in red and FBPase indirect
immunofluorescence is shown in green.
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correspondingpep4cells, although absolute levels of label
in the RAS2 strain declined at the later time points,
coincident with loss of FBPase from the cell. Thus,
phosphorylation and decay of FBPase is significantly
retarded in theasZ'8Scells relative to that ilRAS2cells.
From these results, we conclude that activation of PKA
occurs at a significantly slower rate inRAS318S strain
following glucose addition than it does inRAS2strain.

Discussion

We have shown that strains carryires 2185 as their sole
RASgene fail to elicit a transient increase in cCAMP levels
following addition of glucose to starved cells and also
show extended delays in resuming growth following
transition from a quiescent state to glucose-containing
growth media. Otherwise, both growth of such strains and
steady-state cCAMP levels in such strains are indistinguish-
able from those o0RASZ strains. In addition, the viability

of ras2!S strains is identical to that of wild-type strains
in stationary phase or following sporulation. This latter
observation, plus the fact that the delay in resumption of
growth in the mutant can be eliminated by expression of
the wild-typeRASZyene solely during the transition phase,
excludes the possibility that the delay results from some
loss of the integrity of mutant cells during incubation in
stationary phase. Finally, increased expression of the
mutant gene fails to rescue the mutant phenotype. Thus,
the transition phenotype is not due simply to reduced
basal activity of the mutant Ras2 protein; rather, the
mutant phenotype is a consequence of a qualitative rather
than a quantitative defect in the Ras protein. From these
results, we conclude that the failure @s28S strains to
resume growth following transition to rich media is a
direct consequence of the failure to produce a transient
increase in CAMP at the onset of the transition.

The phenotypic effects of the transient increase in
CcAMP levels are probably mediated by PKA. First, we
showed that the rate @f vivo phosphorylation of FBPase,

a PKA substrate, is substantially reduced inras2318S
strain. Thus, the absence of the transient cAMP increase
translates into an attenuated activation of PKA. Further-
more, we find that cells that are unable to modulate PKA
activity in response to cAMP (Tpkstrains) exhibit the
same phenotypes as aas2'8S cells, i.e. TpK strains
exhibit a delay in resuming growth when transferred from
stationary phase to rich media or following inoculation of
spores onto fresh media. Thus, Ras-mediated signaling
through PKA is required for efficient resumption of growth
following starvation.

Why should the absence of a transient increase in PKA
activity cause a delay in resumption of growth in rich
media? Growth on a fermentable versus a non-fermentable
carbon source requires a substantially different configur-
ation of the glycolytic pathway and citric acid cycle. Cells
achieve long-term reconfiguration by altering the level of
expression of enzymes within the pathways (DeRisil.,
1997; Goncalveset al, 1997; Lashkariet al, 1997).
However, cells achieve short-term reconfiguration by allo-
steric regulation of enzymes lying at thermodynamically
sensitive points in the pathway. For instance, PFK catalyzes
conversion of fructose-6-phosphate to fructose-1,6-
bisphosphate during glycolysis, while FBPase catalyzes
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Fig. 9. ras®18Scells exhibit a delay in phosphorylation of fructose-1,6-bisphosphatase following the addition of glucose. Cultures of strain Y2460
(RAS2 peppand Y2461 (as218Spepq were grown in low phosphate synthetic media with 3% glycerol as carbon source and the cultures divided
into two at a density of 510° cells/ml as described in Materials and metho#®0O, was added to one of each pair of cultures ang B@ded to

the other. Cells were harvested and disrupted, and the amount of FBPase in unlabeled cells was determined, using affinity-purified anti-FBPase
antibodies, by Western analysis of extracts fractionated by SDS-PAGHE-BPase was immunoprecipitated from extracts of the labeled cultures,
fractionated by SDS—PAGE and the incorporatior?®¥ into the protein was visualized by autoradiograpBy énd quantitated using a
PhosphorimagerQ). Values are arbitrary intensity units from integration over appropriate sections of the Phosphorimager data (Molecular
Dynamics). The incorporation 6P label in each strain at the indicated times was determined by measuring the radioactivitylinfbluted cell
extracts D) (see Materials and methods).

the reverse reaction during gluconeogenesis. The activitiescytoskeletal components during growth on fermentable
of these two enzymes are reciprocally regulated by cAMP carbon sources, during growth on non-fermentable carbon
through PKA (Broach and Deschenes, 1990). PKA stimu- sources or during quiescence (in stationary phase or as
lates PFK indirectly by stimulating production of fructose- spores) as distinct quasi-stable states. Once the appropriate
2,6-bisphosphate (F-2,6-BiP), an allosteric activator of expression patterns and configuration of metabolic
PFK and inhibitor of FBPase. In addition, direct phos- enzymes and cellular structure appropriate for a particular
phorylation of FBPase by PKA inhibits its activity, growth state are established, then that state becomes
increases its sensitivity to F-2,6-BiP and targets the essentially self-sustaining. In this scenario, the burst of
protein for degradation by stimulating its vesicle-mediated PKA activity would serve as a state switch to convert the
transport to the vacuole where it is proteolyzed in a Pep4- cell from one quasi-stable metabolic state to a different
dependent manner (Pohlig and Holzer, 1985; Retsal, state, i.e. from a non-fermentative mode to a fermentative
1988; Chiang and Schekman, 1991; Huang and Chiang,mode. From this perspective, we distinguish a role for
1997). Thus, PKA can play a direct role in reconfiguring signaling through the RAS/cCAMP pathway as a means of
the primary carbon metabolic pathways in the cell. establishing a particular metabolic state of the cell as

As shown in this report, the absence of the cAMP distinct from the role of basal levels of CAMP in main-
transient increase causes a delay in the elimination of taining those cellular states.
FBPase from the cell. Thus, the reconfiguration of the  Studies of metabolic oscillation and feedback regulatory
metabolic machinery that is a prerequisite for transition circuits provide a precedent for the concept of a state
to growth on glucose does not occur as quickly in the switch in biological systems. For instance, oscillations in
mutant cell as it does in a wild-type cell. We note, metabolic flux through the glycolytic pathway in yeast
however, that loss of FBPase is not the rate-limiting step can exhibit two distinct but stable patterns (Markus and
in resumption of growth, since the time required for Hess, 1984). Introduction of a burst of substrate can
resumption of growth is substantially longer than the time induce interconversion between these quasi-stable meta-
required for elimination of FBPase, both in the mutant bolic oscillatory states (Moran and Goldbeter, 1984;
and wild-type cells. Rather, we assume that a variety Goldbeter, 1996). Thus, in this model system, the burst
of metabolic, structural and transcriptional components, of substrate functions as a state switch. Similarly, distinct
among which FBPase serves as a single illustrative but heritable states ofac operon expression can be
example, undergo remodeling during this transition. In obtained as a result of an autoregulatory loop for inducer
wild-type cells, the burst of PKA activity probably coordin-  transport (Novick and Weiner, 1957). Transiently inactivit-
ates and accelerates this extensive transcriptional, metaing thelac repressor can convedc expression from one
bolic and structural reconfiguration to minimize the delay heritable level to another. Thus, the inducer functions as
in resuming growth. In the absence of this signal, the a state switch in this setting. These examples document
reconfiguration occurs more slowly and in a less coordin- the feasibility of using a single pulse of a signaling
ated fashion, the result of which is a significant delay in molecular to convert one biological state into another.
initiating growth under the new conditions. In this model of cAMP function, we can distinguish

A separate, but not necessarily different way of viewing different roles for different levels of the intracellular
the role of the transient increase in CAMP is to consider cAMP. As suggested in Figure 10, the basal, or pre-
the different configurations of metabolic enzymes and stimulated, level of cAMP supports a number of essential
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functions, including entry into the cell cycle (Matsumoto Similarly, Ras serves as part of a signaling cascade required
et al,, 1985; Tatchelkt al., 1985; Todaet al, 1985) and for cell-cell communication underlying development of
completion of mitosis (Morishitat al., 1995). Secondly,  photoreceptor in thérosophila eye, and Ras performs
the level of cAMP in cells grown in glucose versus that essential functions in the organism as well (Wassarman
in cells grown in glycerol maintains the fermentative etal, 1995). These signaling functions in eye development
metabolic state. This could explain why strains carrying are also genetically separable from the essential functions.
activatedRASalleles, which have somewhat higher levels Thus, the multifaceted role of Ras in yeast mirrors the
of cAMP than wild-type strains, fail to grow on non- complexity of its functions in metazoans. The facility of
fermentable carbon sources. Finally, the large transient manipulating the yeast system may allow us to tease apart
spike in cAMP concentration observed following glucose these various functions of Ras.
stimulation would be the signal necessary to promote
efficient transition from quiescence or non-fermentative .
growth to fermentative growth. In the absence of this Materials and methods
signal, cells could convert to fermentative growth but Strains and growth assays
would do so only slowly, perhaps in a stochastic fashion. All yeast strains used in this study are listed in Table I and derive from
The distinction between signaling functions and basal 2" S288C background through strains SP-1 (Kataetkal, 1984) or
. - . P Y294. Isogenic strains Y1426 and Y1857 were obtained by transforming
mamtenan_ce fu_nctlon of tHEASpathway In yeast mm_"_cs strain Y1420 to 5-fluoro-orotic acid resistance using linear DNA frag-
the situation in other eUkaryOtes. I@aenorhabditis ments spanning théRAS2 or ras2818S gene, respectively, and then
elegansRas acts in a signaling cascade in several develop-isolating subclones that had lost the YEp13-TPK1 plasmid. Strain Y335
mental pathways to promote Ce”_ce” Commun|cat|0n [designated JR33 in Kataolet al. (1985)] was dissected on galactose

: : : media to obtain ana rasl::HIS3 ras2::URA3 leu2::GAL10p—RAS2
requwed for cell fate determination (Kayne and Stemberg' segregant, which was then mated to strain Y1857 to yield strain

1995). Aside from this role in development, Ras also y2457. strains Y2446, Y2453 and Y2455 are haploid segregants from
performs one or more undefined essential functions, which strain Y2452.

may or may not involve Ras-mediated signalipgr se Growth curves for various strains were obtained by diluting cells into
As we find in yeast, the signaling functions of Ras, in YEPD medium (2% yeast extract, 1% bactopeptone, 2% glucose) to

thi ired f I fate det inati b 1-2x10° cells/ml, either from exponentially growing cultures (<20’
IS case require or cell Tate determination, can be cells/ml) in YEPD or from stationary phase cultures in YEPD in which

genetically separated from its essential functions. cells had been incubated for at least 48 h following the diauxic shift.
Growth was monitored by counting cells in a hemacytometer. The

Glucose viability of cells in each inoculum was determined by plating appropriate
dilutions onto YEPD plates and scoring the number of colonies after
3 days incubation at 30°C.
= Establishment Immunofluorescence microscopy
§ of Growth on Yeast cells were grown for 48 h in SC medium containing 3% glycerol.
L) Glucose was then added to the cell culture to a final concentration of
2%. At various times after the addition of glucose, an aliquot of cells
Maintenance was removed and fixed directly in the medium with 3.7% formaldehyde
3 orGrncone Growth (pH 6.5). After incubation at room temperature for 30 min, cells were
J Essential Functions transferred to 100 mM potassium phosphate buffer, pH 7.5, containing
Time 3.7% formaldehyde and incubated for another 30 min. Fixed cells were
then prepared for immunofluorescence staining as previously described
Fig. 10. The various roles of CAMP in the cell. Our observations in (Pringle et al, 1991). Affinity-purified rabbit anti-FBPase antibody
conjunction with prior results suggest that pre-stimulated levels of (1:100 dilution) (kindly provided by Dr H.Chiang) and fluorescein
cAMP support essential cellular functions; the slightly higher basal isothiocyanate (FITC)-conjugated goat anti-rabbit antibody (1:100 dilu-
levels of CAMP present in glucose-grown cells are required for tion) (Jackson Laboratory) were used as the primary and secondary
maintenance of fermentative metabolic state and the large transient antibodies, respectively. Cells were stained with DAP|§4liamidino-
spike promotes efficient transition from non-fermentative growth to 2-phenylindole dihydrochloride) prior to mounting. Immunofluorescence
fermentative growth. images were obtained with a Bio-Rad MRC600 confocal imaging unit.

Table I. Strains used in this study

Strain Genotype Source

Y294 o leu2-3,112 trp1-289 ura3-52 hiAl laboratory stock

Y335 a/a leu2-3,112/leu2-3,112::LEU2-GAL10-RAS2 ura3/ura3 trpl/trpl his3/his3 RAS1/ Kataokaet al. (1985)
ras1::HIS3 ras2::URA3/RAS2 canl/canl

Y1278 a his3 leu2 ura3 trpl ade8 tpk4 tpk2::HIS3 tpk3:TRP1 beyl::URA3 laboratory stock

Y1420 a leu2-3,112 ura3-52 hig8lL ade trp1-289 cyh2 rasl::HIS3 ras2::URASEp13-TPK]] laboratory stock

Y1426 a leu2-3,112 ura3-52 hig8L ade trp1-289 cyh2 rasl::HIS3 laboratory stock

Y1810 ala leu2-3,112/leu2-3,112 hidd/hisA1 ura3-52/ura3-52 trpl/trpl rasl::HIS3/ Bhattacharyeet al. (1995)
ras1:HIS3 ras38JRAS2-URA3

Y1857 aleu2-3,112 ura3-52 hig®l ade trp1-289 cyh2 ras1::HIS3 rad¥S this study

Y2452 a/a leu2-3,112/leu2-3,112::LEU2-GAL10-RAS2 ura3/ura3 trpl/trpl his3/his3 RAS1/ this study
ras1::HIS3 ras2::URA3/ras¥8Sade/+ cyh2/+ +/canl

Y2446 a ura3 leu2 trpl his3 rasl::HIS3 canl this study

Y2453 a ura3 leu2::LEU2-GAL10-RAS2 trp1 his3 rasl::HIS3 rds¥ this study

Y2455 a ura3 leu2 trpl his3 ras1::HIS3 ras?8s this study

Y2460 a ura3d leu2 trpl his3 rasl::HIS3 pep4::URA3 this study

Y2461 a ura3 leu2 trpl his3 ras1::HIS3 ras?®Spep4::URA3 this study
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Immunoprecipitation and immunoblot analysis Chiang,H.L. and Schekman,R. (1991) Regulated import and degradation
Yeast cells were grown in synthetic complete (SC) medium (Kaiser  of a cytosolic protein in the yeast vacuolaturg 350, 313-318.

et al, 1994) containing 3% glycerol for 48 h, after which the cells were De Vendittis,E., Vitelli,A., Zahn,R. and Fasano,O. (1986) Suppression
shifted to low phosphate medium (SC medium modified to consist of a  of defectiveRASlandRASZunctions in yeast by an adenylate cyclase
final potassium phosphate concentration of 0.2 mM) containing 3%  activated by a single amino acid chan@§BO J, 5, 3657-3663.
glycerol for an additional 12 h. Cells were then collected and resuspended DeRisi,J.L., lyer,V.R. and Brown,P.O. (1997) Exploring the metabolic
in 6 ml (~1(° cells/ml) of low phosphate medium plus 3% glycerol. and genetic control of gene expression on a genomic s8alence
32PO4 (3mCi) (Amersham) was added to the cell suspension and 278 680-686.

incubated for 15 min prior to the addition of glucose (final concentration peschenes,R.J. and Broach,J.R. (1987) Fatty acylation is important but
2%). Following the addition of glucose, cells (1 ml) were removed at  not essential foSaccharomyces cerevisiae RABction. Mol. Cell.

the indicated times and fixed by addition of trichloroacetic acid to 5%. Biol., 7, 2344-2351.

Cells were washed twice with ice-cold acetone and dried in a Speed gngelberg,D., Zandi,E., Parker,C.S. and Karin,M. (1994) The yeast and
Vac. Cell pellets subsequently were resuspended ind60lysis buffer mammalian Ras pathways control transcription of heat shock genes
(10 mM Tris pH 8.0, 10 mM EDTA, 1% SDS) and lysed by vortexing  jndependently of heat shock transcription factdol. Cell. Biol, 14,

with glass beads. Cell lysates were heated 95°C for 5 min and then 4929 4937.

diluted with 1 ml of IP buffer (10 mM Tris pH 8.0, 150 mM NacCl, Field.J.. Nikawa.J.. Broek.D.. MacDonald B.. Rod :
. U W ,D., ,B., gers,L., Wilson,l.A,,

0.1 mM EDTA and 0.5% Tween-20). Insoluble cell debris was removed ) gner R A and Wigler,M. (1988) Purification of a RAS-responsive
by centrifugation for 15 min. Supernatants were transferred into a new adenylyl cyclase complex frofBaccharomyces cerevisidy use of
tube and incubated with affinity-purified anti-FBPase antibodyug2 an epitope addition methotol. Cell. Biol, 8, 2159-2165
tudb(f) at 40?1 for 2 . The protq%n—fantlbgdy clomple>f< was preupk;tatgd by Flick,K., Chapman-Shimshoni,D Stuarty DY Guaderrama,M. and
adding to the supernatant 1Q0 of a 50% slurry of protein A beads Wi’tt " . S0 SR ;

; : o p enberg,C. (1998) Regulation of cell size by glucose is exerted via
(zymed), followed by incubation at 4°C for 90 min. Beads were then repressiorﬁJ of t(hé:LI\l)l prgmoter.Mol. Cell. BioI).l g18 2492-2501.
Wé—‘Shed- once with IP buffer, twice Wlth IP buffer plus 2 M urea and Francois,J., Villanueva,M.E. and Hers,H.G (i98é) The control of
twice with 1%B-mercaptoethanol. Proteins were released from the beads glycog‘er.{ metabolism’ in.yéast 1 Inter’cc;nvlers'imrvivo of glycogen
by boiling in 70 pl of 2X SDS sample buffer for 5 min. An aliquot - ) .
(20 ply of each sample was fractionated by electrophoresis on an SDS— synthase and gly(l:ogen phosphohrylase induced by glucose, a nitrogen
polyacrylamide gel®*P-Labeled proteins were visualized by autoradio- G Slzlércte o,& “nfgggg,rﬁw' J. BIIOCO er:;l.lt7él, 551_(1552' lular Rhvih
graphy. Incorporate®P was quantitated on a Phosphorimager (Molecu- Goldbeter,A. (1996)Biochemical Oscillations and Cellular Rhythms

lar Dynamics). Cambridge University Press, Cambridge, UK.

Cell samples for Western blot analysis were prepared exactly as Goncalves,P.M., Griffioen,G., Bebelman,J.P. and Planta,R.J. (1997)
described above except tH#PO, was replaced with 10l of 10 mM Signalling pathways leading to transcriptional regulation of genes
KH,PO, buffer. After the cells were lysed with glass beads, 30®f involved in the activation of glycolysis in yead¥lol. Microbiol., 25,

1X SDS sample buffer was added to the cell lysate and the samples 483-493. o '
were boiled for 5 min. An aliquot (2f1l) of each sample was fractionated ~ Gross,E., Goldberg,D. and Levitzki,A. (1992) Phosphorylation of the
by electrophoresis. Western blots were performed with affinity-purified ~ S.cerevisiaeCdc25 in response to glucose results in its dissociation

anti-FBPase antibody (1:500 dilution). from Ras.Naturg 360, 762—-765.
Herman,P.K. and Rine,J. (1997) Yeast spore germination: a requirement
cAMP assay for Ras protein activity during re-entry into the cell cyclEEMBO J,

Cells were grown in SC medium (100 ml) containing 3% glycerol for 16, 6171-6181. . o ) )
48 h to a density of 1-210’ cells/ml, at which point glucose was added Huang,P.H. and Chiang,H.L. (1997) Ideqtlflcatlon of nove_l vesicles in
to a final concentration of 2%. At the indicated times, cells were collected ~ the cytosol to vacuole protein degradation pathwiayell Biol, 136,

from a sample (4 ml) of the cell culture by filtration through a 803-810. _ _ _ _
nitrocellulose filter and the filter immediately immersed in 1 ml of ~Kaiser,C., Michaelis,S. and Mitchell,A. (199fethods in Yeast Genetics
n-butanol-saturaté 1 M formic acid. Cell debris was removed by Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

centrifugation and an aliquot of the supernatant was lyophilized in a Kataoka,T., Powers,S., McGill,C., Fasano,O., Strathern,J., Broach,J. and
Speed Vac. The cAMP content in the lysates was measured using a Wigler,M. (1984) Genetic analysis of yeaRASland RAS2genes.
cAMP scintillation proximity assay kit (Amersham). Immediately prior Cell, 37, 437-445.
to addition of glucose, a sample of cells was removed for determination Kataoka,T., Powers,S., Cameron,S., Fasano,O., Goldfarb,M., Broach,J.
of total protein, and cAMP levels were normalized to total protein and Wigler,M. (1985) Functional homology of mammalian and yeast
content in an equivalent volume of cells. RASgenesCell, 40, 19-26.

Kayne,P.S. and Sternberg,P.W. (1995) Ras pathwa@aanorhabditis

elegans Curr. Opin. Genet. Dey5, 38—43.
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