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ABSTRACT

Saccharomyces cerevisiae cells enter into the Gylike resting state, stationary phase, in response to specific
types of nutrient limitation. We have initiated a genetic analysis of this resting state and have identified
a collection of rye mutants that exhibit a defective transcriptional response to nutrient deprivation. These
transcriptional defects appear to disrupt the control of normal growth because the rye mutants are unable
to enter into a normal stationary phase upon nutrient deprivation. In this study, we examined the mutants
in the 7yel complementation group and found that ryel mutants were also defective for stationary phase
entry. Interestingly, the RYE] gene was found to be identical to SIN4, a gene that encodes a component
of the yeast Mediator complex within the RNA polymerase II holoenzyme. Moreover, mutations that
affected proteins within the Sin4p module of the Mediator exhibited specific genetic interactions with
the Ras protein signaling pathway. For example, mutations that elevated the levels of Ras signaling, like
RAS2“", were synthetic lethal with sin4. In all, our data suggest that specific proteins within the RNA
polymerase II holoenzyme might be targets of signal transduction pathways that are responsible for

coordinating gene expression with cell growth.

PON nutrient deprivation, Saccharomyces cerevisiae
cells cease mitotic division and can enter into a
nondividing resting state, known as stationary phase
(WERNER-WASHBURNE ¢t al. 1993, 1996). During this
transition, yeast cells undergo a significant change in
their overall physiology that results in an elevated resis-
tance to a number of environmental stresses, including
prolonged starvation and heat shock (WERNER-WASH-
BURNE et al. 1993, 1996). In addition, the stationary
phase cell exhibits a markedly reduced rate of cellular
metabolism. The rate of protein translation decreases
more than 200-fold, whereas the total level of mRNA is
reduced at least 35-fold (BoucHERIE 1985; CHODER
1991; WERNER-WASHBURNE et al. 1996). Despite this
general trend, several proteins do increase in relative
abundance during stationary phase and are likely re-
sponsible for many of the properties associated with this
resting state (WERNER-WASHBURNE ¢ al. 1993; PADILLA
et al. 1998).

The Ras protein signaling pathway appears to be a
key regulator of stationary phase entry, as mutations that
inactivate this pathway result in a constitutive stationary
phase-like arrest (MATSUMOTO e al. 1983; IibA and
YAaHARA 1984; BRoACH 1991). In contrast, elevated levels
of Ras signaling prevent the acquisition of stationary
phase characteristics upon nutrient deprivation (Toba
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et al. 1985). Although the S. cerevisiae Ras proteins have
multiple effectors (MORISHITA el al. 1995; MoscH et
al. 1996), the pathway involving cAMP and the cAMP-
dependent protein kinase (PKA) is the most important
for these effects on stationary phase biology (WERNER-
WASHBURNE el al. 1993). The yeast Ras proteins, Raslp
and Ras2p, bind directly to adenylyl cyclase, Cyrlp, and
stimulate the production of cAMP (FIELD et al. 1990;
Suzuxt et al. 1990). This, in turn, results in elevated
levels of PKA activity and the increased phosphorylation
of proteins presumably important for cell proliferation
(Topa et al. 1987b; BroacH 1991). Although several
PKA substrates have been characterized, the identifica-
tion of Ras/PKA targets relevant for growth control
remains an area of keen interest (REINDERS et al. 1998;
THEVELEIN and DE WINDE 1999).

The entry into stationary phase is accompanied by
broad changes in the patterns of gene expression that
are controlled, in part, by the Ras/PKA pathway (WER-
NER-WASHBURNE el al. 1993; DERisI et al. 1997). How-
ever, it is not yet known precisely how Ras activity affects
the transcriptional apparatus. In S. cerevisiae, as in other
eukaryotes, RNA polymerase (pol) II is present as a
large holoenzyme complex that contains the 12-subunit
polymerase, the Mediator coactivator complex, the
Srb8-11 protein complex, and several general transcrip-
tion factors (KOLESKE and YOUNG 1995; LEE and YouNG
2000; MyERs and KOrRNBERG 2000). This holoenzyme
is actively recruited to promoters in vivo as a result of
specific interactions between Mediator subunits and
DNA-bound transactivators (PTASHNE and GANN 1997,
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KeaveENEY and STRUHL 1998). Therefore, there are two
a priori targets for the Ras effects on RNA pol II activity:
the various transcription factors bound at the individual
promoters and the regulatory proteins associated with
the RNA pol II holoenzyme. Indeed, several studies
suggest that the Ras pathway regulates the activity of
specific transcriptional regulators, like Msn2p and Msn4p
(GORNER et al. 1998; THEVELEIN and DE WINDE 1999).
However, to date, there have been few reports of signal-
ing pathways directly targeting components within the
RNA pol II holoenzyme (JIANG et al. 1998; KUCHIN et
al. 2000; CHANG et al. 2001).

We are interested in the control of stationary phase
biology and have identified a collection of mutants that
exhibit a defective transcriptional response to nutrient
deprivation (CHANG et al. 2001). These ryemutants were
originally isolated on the basis of defects in the expres-
sion pattern of YGPI. The YGPI gene is induced specifi-
cally upon nutrient deprivation and this induction has
been used as a marker for the ensuing entry into station-
ary phase (DESTRUELLE ¢t al. 1994; Riou et al. 1997; CHANG
et al. 2001). In the rye mutants, YGPI and related genes
are expressed at an elevated level during mitotic growth
(CHANG et al. 2001). These transcriptional defects ap-
pear to disrupt the control of normal growth as the rye
mutants are unable to enter into a normal stationary
phase upon nutrient deprivation (CHANG et al. 2001).
Interestingly, three of the RYE genes encode Srb pro-
teins that comprise part of the Srb complex associated
with the RNA pol II holoenzyme (CHANG et al. 2001).
These observations suggested that the RNA pol II holo-
enzyme could be a target of signaling pathways responsi-
ble for coordinating yeast cell growth with nutrient avail-
ability.

The ryemutantsidentified in the original genetic selec-
tion defined eight complementation groups, and more
than half of the mutants fell into the ryel group. In
general, the ryel mutants exhibited the most severe de-
fects in YGPI expression and stationary phase entry. In
this report, the RYEI gene is characterized and shown
to encode Sin4p, a component of the yeast Mediator.
Thus, a second complex in the RNA pol II holoenzyme
appears to be important for proper growth control in S.
cerevisiae. In addition, sin4 mutations exhibited specific
genetic interactions with alterations that affected signal-
ing through the Ras/PKA pathway. In all, the data sug-
gested that Ras/PKA signaling might influence gene
expression by modulating the activities of proteins asso-
ciated with the RNA pol II holoenzyme.

MATERIALS AND METHODS

Growth media: Standard Escherichia coli growth conditions
and media were used throughout this study (MILLER 1972).
Yeast YPAD, 5-fluorooroticacid (5-FOA), and SC growth media
were as described (S1korskI and Borke 1991; KAISER el al.
1994). YM-glucose medium refers to a yeast minimal medium

containing 0.67% yeast nitrogen base (DIFCO), 2% glucose,
and those growth supplements required for cell proliferation.
Bromcresol purple (BCP)-sucrose medium was as described,
except that 75 pg of Antimycin A, were top-spread onto the
plates immediately before use (ROBINSON et al. 1988; CHANG
et al. 2001).

Plasmid constructions: The YGPI-SUC2 fusion plasmid,
pYGP1-SUC2, was described previously (DESTRUELLE et al.
1994; CHANG et al. 2001). The expression of this reporter is
driven by YGPI promoter sequences present within the 350 bp
immediately upstream of the YGPI initiation codon (CHANG et
al. 2001). The MET3-RAS2"" plasmids were constructed as
follows. The MET3 promoter region was cloned as a 550-bp
Sall-EcoRV fragment from the pHAMS plasmid (kindly pro-
vided by Dr. H. Mountain) into pRS403 to form pPHY440.
RAS2"" was then cloned as a 1.3-kb BamHI fragment from
pJW83.1 (kindly provided by Dr. J. Whistler) into pPHY440 to
form pPHY446. This RAS2"’ fragment contained the coding
sequences and transcriptional terminator but lacked the RAS2
promoter. A MET3-RAS2 plasmid, pPHY442, was constructed
in a similar fashion. The MET3-RAS2""” hybrid gene from
pPHY446 was then subcloned into pRS416 to form pPHY796.
The RAS2™" plasmid, PHY453, contains the RAS2™" allele
cloned into pRS415. The pRS plasmids were described pre-
viously (SIKORsKI and HIETER 1989; CHRISTIANSON et al. 1992).

Yeast strain constructions and genetic methods: The strains
used in this study are listed in Table 1. Unless otherwise noted,
the strains were from our lab collection or were derived during
the course of this work. Standard yeast genetic methods were
used for the construction of all strains (KAISER et al. 1994). The
isolation of the ryemutants was described previously (CHANG el
al.2001). Gene disruptions were constructed with a PCR-based
deletion protocol (BAUDIN et al. 1993). The c¢yrl-99 allele was
isolated as an extragenic suppressor of the sin4 RAS2"? syn-
thetic lethality. MET3-RAS2"" sin4 cells (PHY1649) were
plated to YM-glucose minimal medium lacking methionine at
a density of ~3 X 107 cells/plate and incubated for 4 days at
30°. One suppressor was analyzed further and was found to
contain an allele of CYRI that was designated as cyr-99.

For the stationary phase experiments, yeast cells were grown
in a YM-glucose minimal medium at 30°. The cultures were
typically inoculated at a density of 0.1 ODg, units/ml. Under
these conditions, the cells underwent the diauxic shift after
a little more than 1 day of growth and generally entered into
stationary phase after 4 days of growth (CHANG et al. 2001). For
the MET3-RAS2"'"” experiments, strains carrying this inducible
construct were typically grown to mid-log in YM-glucose mini-
mal medium containing 500 pM methionine. The cells were
then collected by centrifugation and resuspended in the same
growth medium lacking methionine to induce expression
from the MET3 promoter.

Cloning of RYEI/SIN4: The RYEI gene was cloned by plas-
mid complementation of the severe flocculation phenotype
exhibited by ryel mutants. When grown in liquid medium, the
ryel strains formed a single cluster of cells at the bottom of
the culture vessel; the medium above this cluster was almost
devoid of turbidity. A yeast genomic DNA library constructed
in the pSB32 plasmid was introduced into the ryel-1 mutant,
PHY1454 (SPENCER ef al. 1990). The transformed cells were
separated into 16 equal aliquots and all but one was used to
inoculate 6 ml of YM-glucose medium lacking leucine; the
pSB32 plasmid is marked with the wild-type LEU2 gene. The
remaining aliquot was plated to solid medium to determine
the transformation efficiency for the experiment. The liquid
cultures were incubated overnight at 30°. A 150-pl aliquot was
removed from each culture and used to inoculate a fresh 6 ml
of the same medium. Following a second overnightincubation,
1 of the 15 cultures exhibited a significant degree of turbidity



79

Sin4p Is Required for Stationary Phase Entry

[-€0an [-[4a1 ZATTVEUWS [JLT THUSW ESTHEV-GUSU I T €-gNa] TI-€5W 00I-TUP? [-Z9pv @IV L693AHd

(L66T) v 12 LVNAI] d$-66SS'T gvan [quy gna) gNAT VIS YLy g5 Zopp QLY $€G6AHd

(6661) v 2 NVH W6[SA TSEDPN €914 UL V6P2U 108259 1V-219] 00T V€S 101-22PP OLVIN 3196AHd

00SHdA TSEDAN €9Y-T40 [08-TSG TV 002 V-ESY [01-2PY OLVIN 1196AHd

(FNIS]) zcgan [oI-1d4 6-gons puss/[-19K [08-SQ ZTT €219 002 V€58 ZNAT 109 OLYVIN 6853AHd

(FNIS) zg-cvan [0I-1d4 6221 [08-25G 1T €-C 00Z V-6 ZNAT 109 QLVIN 88¢GAHd

(8661) MIHDAOM PUE OVAIN 98 T-AM (6-69d« F16dd) zeevan ST TVEqdn [0Z V-5 TIT €T 00T V-E51 ZopP OLVIN $033AHd
(8661) YIHDAOM PU® OVAIN G8T-AM (cq9dy ‘8eddd) zg-€van cSIHTVEqds 102254 ZI1°€-TN3] 00T V€5 ZoPY OLVIN 3083AHd
(6661) IV 12 SVNAIDIVY G06H [-€van [-[4a1 €SIHTV-CPow g1 €gna] [T-€50 00I-[Uv2 [-Zopp CLVIN 0$13AHd
(6661) v 19 SVNAIDTVY LOLH [-€van [-[quy SIH=Z - IPou Z[ [ €gnd] [[-€S1Y O0I-TUD? [Z9pv CLYVIN 63 13AHd
(9VPAHA]) zg-evin [0I-1d4 6V-gons pus/ [0 [08-25G 1T €2 00Z V-5 66-14© QLVIN 1318AHd

[-6van [-[40 €STH:VZINS ZATTHUS OSW:VZsq ZTT‘€-gna) TT-65% O0£Z-T40 OIVIN GITeAHd

(g1¥Sud) ggevan [01-144 6V-2ons 108259 TI1 €T3l 00T V£ OLVIN LESTAHA

(9PFAHAD) Z¢-gvan [0I-104 6V-ons [08-259 T €2 00Z V-5 OLVIN FESTAHI

(L66T) NOLSNIA\ PUR SLAATOY 098 TAL TSEvAN ZOTTZus TYELT-CSG TV-ENa] 00 V€51 BLVIN $ESTAHd
(L66T) NOLSNIA PUR SLAAZOY 683 1AL TSEPIN OV I4 [T LT V1484 ZYELT-25G IV-Cnal L TI6+5% CLVIN 6G8TAHd
uew[ns "q 00LTAQ [-€van [-[qu N T 4Ws ZIT€-gna] [T-€5% 00T-1Uv? [-opy @LVIN 36LIAHd

(G661) NVWTILLS pue oNvI[ 0S1Ad [-€van [-[duy Z[[‘€-gna] [T-€50Y Q0110 [-opv BLYVIN 13L1AHd
(G661) NVWTILLS pue oNvI[ 89LTAAd gvan [duy cQIH=ZInS [ 1 $ws s gnay sy gopy e[ VI 61LTAHd
uew(ns "q LVLTIAA £van [duy cSTH:gwms gsq gnay £svy gapv e[V 03LTAHd

[-€van [-[duy Z[[‘€-gna] [[-€50 OO 1uv? [-opv BLVIN 389TAHd

(3ONS-TdDAL) ZG-gvan [QI-[G4 6V-2ons [08-C5Q ZT1 €219 002 V€% €SIH VI [1P5 OLVIN 699TAHd

(OVFAHAD) cggvan [0[-T44 6V-gons pus/[-[96 [0§-CSG ZT1€-Zn9] 00T V€Y OLVIN 6V9TAHd

(GPPAHAD) zggvan [0[-[d4 6V-gons pus/[-[9 [09-7Sq ZT1 €219 00T V€S8 OLVIN LYITAHd

(3ONS-TdDAL) £SIHVzain gg-£van [QI-144 6V-2INS 108254 11 ‘€23l 00T V-£5 RLVIN GO9TAHd

(3ONS-TdOAL) ggegvam [Q[-[441 6V-2ons £STH:VEUIS [08-CSG Z11 €219 00T V€Y OLVIN GLG1AHd

(3DNS-TdDAd) gggvam cSIH=VIGN [0I-194 6V-2oNS [08-259 TI1 €2 00Z V-5 OLVIN 0LSTAHd

(1003) v 12 ONVHD) Zs-Evan [OI-144 6V-2ons 01945/2-6o% 108259 ZIT°€CNa 00T V-€5W RLVIN 0L¥TAHd

(1003) v 12 ONVHD zsevam [QI- 1441 6v-goms [-49 [08-Z5G T T °E-gNa] 00Z V-5 OLVIN 09% TAHd

(1003) v 12 ONVHD Z5-Evan [Q-[G41 6V-2MS 6948/ 160 [08-C5Q ZT1°€-2n9] 00T V-€5%Y OLVIN 6SF TAHd

(1003) v 12 ONVHD) zsevan [O[- 1441 6-zoms [ 1948/ 1ok [08-254 TTT°€ZN9] 00T V€S8 OLVIN 9GF TAHd

(1003) v 12 ONVHD zsEvan [O[-[G4 6v-goms puis/[-[ok [0§-2SG ZI ‘€Nl 00T V€W OLVIN PG IAHd

[-€van [-[qu1 €STHVZINS OSW:Vgsq g1 ‘€-gna) [T-€5% O€Z-140 0LV LY IAHd

(1003) v 12 ONVHD) (3ONSTdOAL) gggvan [Q[- 1G4 6V-gons pus/[-[o [09-CSG ZT1E-ZN9] 00T V€Y OLVIN $93 LAHd

(1003) v 12 ONVHD ZSEvm [Q[- 1441 6V-2IMS ZI‘€ZN9) 00T V€51 [01-27PP CLVIN 363 IAHd

(1003) v 12 ONVHD) ZSEPan [QI-144 6 V-2ons 108259 Z11 €T 00T V€W RLVIN 033TAHd

(1003) 717 12 DNVHD (3ONS-TdOAL) ggevam [Q[-[F41 6-2ons [08-CSG ZI1 €219 00T V€S8 OLVIN FSITAHd

cvan 144 [-1qdh DSty ygs gna) £ty DLV IS0TAHd

IUIIJIY 10 2IN0G sery adfjouan ureng

Apnys STy ur pasn surens Jseax

1 41dV.L



80 S. C. Howard et al.

in the medium above the clumps of ryel-1 cells. A 50-ul aliquot
of this turbid culture was plated to a solid medium and the
single colonies formed were analyzed. All 38 colonies analyzed
gave rise to nonflocculating cultures. The library plasmids
present in three of these strains were isolated and character-
ized further. The plasmids were found to be identical and
each corrected the other phenotypes associated with the ryel-
I mutant. Comparisons between the plasmid sequences and
genomic databases were performed with the assistance of anal-
ysis programs available at the Saccharomyces Genome Data-
base.

To ensure that the cloned gene corresponded to the ryel
locus altered in the original mutants, a ryel null mutant was
crossed to the original ryel-I strain. These ryelA /ryel-1 diploids
were sporulated and the meiotic progeny of 36 tetrads were
characterized for both their growth on sucrose and their pro-
pensity to flocculate. For each tetrad, we observed that all
progeny were Suct and flocculated when grown in liquid cul-
ture. These data indicated that the cloned gene represented the
genomic locus that was altered in the original ryel-I strain.

Enzyme assays: Invertase assays were performed as described,
where one unit of activity is equivalent to the release of 1 nmol
glucose/30 min/ODy, unit of cells (JOHNSON et al. 1987).
B-Galactosidase assays were performed as described and the
units of activity refer to the amount of o-nitrophenol released
per minute per ODg unit of cells (AUSUBEL et al. 1995). All
B-galactosidase assays were performed in triplicate and the
standard errors were typically <15%.

Stationary phase characteristics: Stationary phase viability
assays were performed on cultures that were grown for 7 to
10 days in YM-glucose medium. Cells were collected by centri-
fugation and resuspended in distilled water at a concentration
of 1 ODy unit/ml. The suspensions were subjected to a series
of fivefold dilutions and 200 I of each suspension was placed
into a well of a microtitre plate. These suspensions were then
plated with a 48-prong replicating block to YPAD medium.
The plates were incubated for 3 days at 30° and the relative
number of survivors was determined for each strain analyzed.

The heatshock sensitivity of the appropriate cultures was
tested after 4 days of growth in minimal medium at 30°. For
these assays, 200-pl aliquots of the cultures were placed into
a microcentrifuge tube and incubated at 50° for 30 min. Dilu-
tions of the cultures were plated to YPAD medium before the
initiation of the heat shock and at 10-min intervals thereafter.
These plates were then incubated for 3 days at 30°. The relative
survival rate was determined by comparing the number of
colonies formed by the cultures after heat shock to the number
formed by the original culture.

RNA analyses: Total RNA was prepared from yeast cells by
a hot phenol extraction method described previously (Ausu-
BEL et al. 1995). For Northern analyses, 20 pg of total RNA
per lane was loaded onto a formaldehyde-agarose gel and
subjected to electrophoretic separation. The gel was blotted
to nylon membranes that were then hybridized with the appro-
priate **P-labeled probes (AUSUBEL ¢t al. 1995). Typically, these
probes were 0.7- to 1.0-kb PCR fragments that were prepared
with the oligolabeling kit (Amersham). To ensure uniform
loading for the stationary phase RNA experiments, rRNA levels
were assessed visually after staining the gel with ethidium bro-
mide.

RESULTS

RYE1/SIN4 function was required for the regulation
of YGPI: All of the ryel mutants tested exhibited an
clevated level of YGPI expression during the log phase

of growth (Figure 1; data not shown). For these assays,
the cells contained a YGPI-SUC2 hybrid reporter that
was used in the original 7ye mutant selection (CHANG et
al. 2001). The SUC2 gene encodes invertase, an enzyme
that is necessary for yeast cell growth on sucrose (JOHN-
SsTON and CARLSON 1992). In wild-type cells, this re-
porter was expressed at very low levels during log phase
growth and was induced >150-fold upon entry into sta-
tionary phase (Figure 1A; see DESTRUELLE et al. 1994;
CHANG et al. 2001). This induction was relatively specific
to stationary phase entry as no significant increase in
expression was observed in response to a variety of other
stresses, including heat shock and increased osmolarity
(CHANG et al. 2001). In the ryel-1 mutant, the log phase
level of this YGPI reporter was 57 times higher than
that seen in an isogenic wild-type strain (Figure 1, A
and B). This elevated expression of YGPI-SUC2 allowed
ryel mutants to grow on sucrose-containing media,
whereas RYE strains were phenotypically Suc™ (Figure
1C). The ryel mutations also resulted in elevated levels
of expression from the endogenous YGPI locus (CHANG
et al. 2001). Therefore, the RYEI gene was required for
the normal regulation of YGPI expression.

The ryel mutants exhibited a number of additional
phenotypes, including temperature-sensitive (Zs) growth
defects, a severe propensity to flocculate, and a partial
inositol auxotrophy. The wild-type RYEI locus was
cloned by complementation of this flocculation defect
(see MATERIALS AND METHODS) and the identified gene
was found to complement all of the phenotypes ascribed
to 1yel mutations. Interestingly, DNA sequence analysis
revealed that RYE was identical to the previously identi-
fied gene, SIN4. The SIN4 gene encodes a protein that
functions as both a positive and negative regulator of
RNA pol II transcription (JIANG and STILLMAN 1992;
CHEN et al. 1993; JIANG et al. 1995). Previous work has
shown that Sin4p is associated with the RNA pol II holo-
enzyme and that Sin4p may exert its effects by altering
chromatin structure (JIANG and STILLMAN 1992; L1 et
al. 1995). We constructed a null allele of the RYE1/SIN4
locus and found that this deletion resulted in a spectrum
of phenotypes similar to that observed with other ryel
alleles (Figure 1; data not shown). Since the SIN4 gene
has been extensively characterized, we refer to the
RYE1/SIN4 locus as SIN4 for the remainder of this re-
port.

Sin4p is part of a complex within the Mediator that
contains Galllp, Hrslp, and Med2p (L1 et al. 1995;
MYERS et al. 1999). Mutations in the genes encoding
these proteins typically have overlapping but distinct
defects in RNA pol II transcription (MYERS and KORN-
BERG 2000). Therefore, the expression of the YGPI-
SUC2 reporter was examined in gallIA, hrsIA, and
med2A mutants. We found that the reporter levels were
significantly elevated in gallIA and hrsIA mutants but
not in med2A mutants (Figure 2A). In addition, reporter
levels were not elevated in cells lacking Med1p, a Media-
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F1GURE 1.—RYE1/SIN4 was required for the proper regula-
tion of the YGPI-SUC2 reporter and related genes. (A) The
YGPI expression defect in ryel mutants was complemented
by the presence of a SIN4 plasmid. Yeast strains carrying the
pYGP1-SUC2 reporter were grown to mid-log phase at 30° in
YM-glucose minimal medium and assayed for invertase activity.
The strains analyzed were wild type (PHY1184), 1yel (PHY1264),
and sin4A (PHY1575). The 1yel strain was analyzed with and
without the pSIN4 plasmid. The level of invertase activity
found in wild-type stationary phase cultures that were grown
for 7 days in minimal medium is shown for comparison (SP).
Each value represents the average of three independent exper-
iments. (B) mRNA levels in ryel mutants. The steady-state
levels of YGPI-SUC2, HSP12, and ACTI mRNA in mid-log
cultures of wild-type (PHY1184) and ryel (PHY1264) strains
were measured by Northern RNA blot analysis. Twenty micro-
grams of total RNA were loaded for each sample. (C) The
sin4A mutant exhibited a Rye™ growth phenotype. The indi-
cated strains were grown for 2 to 3 days at 30° on either YPAD
(Glc) or BCP-sucrose (Suc) media. The strains analyzed were
wild type (PHY1184), ryel (PHY1264), and sin4A (PHY1575).
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FiGURE 2.—Other components of the Sin4p module of the
Mediator complex were required for proper regulation of
YGPI expression. (A) Several components of the Sin4p mod-
ule of the Mediator were required for the normal regulation
of the YGPI-SUC2 reporter. The steady-state levels of YGPI-
SUC2 and ACTI mRNA in mid-log cultures of the indicated
strains were measured by Northern RNA blot analysis. Twenty
micrograms of total RNA were loaded for each sample. The
strains analyzed were wild type (PHY1220), sin4 (PHY1455),
gallIA (PHY1669), hrsIA (PHY2533), med1A (PHY2129), and
med2A (PHY2130). Each strain was carrying the pYGP1-SUC2
plasmid. Note that for each mutant, the reporter levels were
compared to those in an isogenic wild-type control. (B) Nei-
ther Tuplp nor Ure2p was required for the repression of the
YGPI-SUC2 reporter. The indicated strains carrying the pYGP1-
SUC2 reporter plasmid were grown for 2 to 3 days at 30° on
either YPAD (Glc) or BCP-sucrose (Suc) media. The strains
analyzed were wild type (PHY1184), sind (PHY1264), tuplA
(PHY1570), and ure2A (PHY1605).

tor component not thought to be associated with the
Sin4p module (Figure 2A). Finally, strains defective in
both the Srb complex and the Sin4p module, such as
sind srb10 mutants, did not exhibit any additional YGPI
expression defects (data not shown). Thus, as observed
with other promoters, individual Mediator components
appeared to make distinct contributions to the normal
expression pattern of the YGPI-SUC2 reporter (HAN et
al. 1999; MALIK and RoOEDER 2000; MYERS and KORN-
BERG 2000).

The above data indicated that Sin4p and associated
proteins were required for the efficient repression of
YGPI during the log phase of growth. We also examined
the roles of two additional transcriptional regulators,
Tuplp and Ure2p, in the regulation of YGPI. Tuplp is
a negative regulator of the transcription of many genes
in yeast, and mutations in SIN4 often weaken Tupl-
mediated repression (WaHI and JOHNSON 1995; FRIESEN
et al. 1998; LEE et al. 2000). Ure2p is required for the full
repression of many genes important for Ny metabolism
(MAGASANIK 1992). These genes include a family of
asparaginase enzymes that exhibit sequence similarity
to Ygplp (Bon et al. 1997). We found that deletion of
either TUPI or URE2did notresultin a Rye™ phenotype,
and thus neither gene product was required for the
repression of the YGPI-SUC2 reporter (Figure 2B).

ryel /sin4 mutants did not enter a normal stationary
phase upon nutrient deprivation: The entry into station-
ary phase appears to involve a tightly regulated program
of gene expression (CHODER 1991; WERNER-WASH-
BURNE et al. 1993, 1996). Whereas some genes are in-
duced at the earliest stages of nutrient deprivation, the
expression of others increases at later stages. Moreover,
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FiGure 3.—SIN4 func-
tion was required for the en-
try into a normal stationary
phase. (A) The ryel mutants
exhibited decreased viabil-
ity following an extended
period of nutrient depriva-
tion. Wild-type (PHY1184)
and ryel (PHY1264) strains
were grown at 30° for either
2 or 8 days in YM-glucose
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and resuspended in distilled
water at a concentration of 1 ODygy unit/ml. Fivefold serial dilutions of these suspensions were then plated to YPAD medium
and incubated for 3 days at 30°. The number of colonies formed was a measure of the number of survivors in the original
cultures. (B) Stationary phase cultures of sin4/ryel mutants were sensitive to a brief heat shock. The indicated strains were grown
at 30° for 4 days in YM-glucose minimal medium and then subjected to a 50° heat shock for 20 min. The percentage of cells
surviving this treatment are shown. The strains analyzed were wild type (PHY1184), ryel (PHY1264), and sin4A (PHY1575). The
RAS2" control is the wild-type strain (PHY1220) carrying a plasmid with the dominant RAS2"" allele. The standard errors
were typically <10% and each value represents the average of three independent experiments. (C) sin4 mutants exhibited defects
in the stationary phase repression of ACTI. The steady-state level of ACTI mRNA in stationary phase cultures of wild-type
(PHY1184) and sin4 (PHY1264) strains was measured by Northern blot analysis. Total RNA was prepared from cultures grown
for 1, 4, or 6 days at 30° in minimal medium. Twenty micrograms of total RNA was loaded for each sample. As a control for

loading, rRNA levels were assessed by visual inspection after staining the gel with ethidium bromide.

disruptions of this transcriptional program result in a
failure to enter into a normal stationary phase (CHANG
et al. 2001). The above data with YGPI clearly indicated
that such a disruption might be associated with a loss
of SIN4 function. Indeed, sin4 mutations also affected
the expression patterns of other genes normally ex-
pressed during nutrient limitation. For example, the
CTTI and HSPI2 genes are normally expressed at very
low levels during log phase but are significantly induced
during the diauxic shift (PRAEKELT and MEAcOCK 1990;
DERist e al. 1997). In sin4 mutants, the log phase level
of each of these mRNAs was elevated more than fivefold
(Figure 1B; data not shown). Therefore, we tested whether
sind mutants were able to enter into a normal stationary
phase upon nutrient deprivation.

One of the hallmarks of a stationary phase yeast cell is
the ability to survive for extended periods of time under
nutrientlimiting conditions (WERNER-WASHBURNE ¢ al.
1993). In contrast, mutants that fail to enter into a normal
stationary phase rapidly lose viability upon nutrient depri-
vation (CANNON and TATCHELL 1987; ToDpA et al. 1987a;
WERNER-WASHBURNE ¢f al. 1993). Therefore, we assessed
the relative number of survivors in stationary phase cul-
tures of wild-type and sin4 strains. As expected, wild-
type cells remained viable after 8 days of growth in
minimal medium (Figure 3A). The number of survivors
after 8 days of growth was not significantly different
than that observed after 2 days. In contrast, after 8 days,
the sin4 cultures had at least 200-fold fewer survivors than
the wild type (Figure 3A). Thus, sin4 mutants were unable
to survive a prolonged period of nutrient limitation.

The response of sin4 mutants to nutrient deprivation
was examined further by assessing two additional prop-

erties normally associated with the stationary phase of
growth. Stationary phase cells generally exhibit an ele-
vated resistance to a number of environmental stresses,
including heat shock (WERNER-WASHBURNE et al. 1993).
Therefore, stationary phase cultures of wild-type and
sin4 cells were subjected to a 50° heat shock for 20 min.
We found that the sin4 cultures were significantly more
sensitive than wild type to this heat-shock regimen (Fig-
ure 3B). Finally, we examined the general decrease in
RNA pol II transcription that occurs upon stationary
phase entry. In general, stationary phase levels of most
mRNAs are significantly lower than that observed dur-
ing log phase growth (CHODER 1991). This repression
phenomenon has been best characterized for the ACTI
locus and hence ACTI mRNA levels were assessed in
the sin4 cultures. Once again, the sin4 mutants did not
respond normally to nutrient deprivation and contained
significantly elevated levels of ACTI mRNA after 6 days
of growth (Figure 3C). Altogether, these data indicated
that Sin4p was required for stationary phase entry in S.
cerevisiae.

Mutations that elevate the level of Ras signaling were
synthetically lethal with sin4: The Ras/PKA signaling
pathway appears to negatively regulate YGPI expression
because decreased levels of Ras activity result in in-
creased levels of the YGPI-SUC2 reporter (CHANG et al.
2001). Therefore, the rye mutants could identify targets
of the Ras pathway that are important for this transcrip-
tional control. This possibility was tested by asking
whether elevated levels of Ras signaling would suppress
ryemutant phenotypes. Indeed, the presence of a domi-
nant hyperactive allele of RAS2, known as RAS2""
(KATAOKA et al. 1984), was able to suppress the YGPI
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misexpression phenotype associated with rye4 mutants
(data not shown). However, in sin4 cells, the presence
of RAS2"" instead resulted in a severe synthetic growth
defect.

This unexpected growth defect associated with sin4
RAS2""™ mutants was demonstrated in three indepen-
dent assays. The first was a transformation-based assay
where we found that a plasmid containing RAS2""’
could not be stably introduced into sin4 cells. The fre-
quency of transformation with sin4 mutants for plasmids
with RAS2"" was 5000-fold less than that for control
plasmids. For the second assay, an inducible allele of
RAS2""”was constructed by placing the RAS2’ coding
sequences under the control of the yeast MET3 pro-
moter. This promoter is active when cells are grown
in media lacking methionine and is repressed by the
presence of methionine in the growth medium (CHER-
EST et al. 1987; MOUNTAIN ¢t al. 1991). The introduction
of this MET3-RAS2"” construct into sin4 cells resulted
in a severe growth defect specifically in media lacking
methionine (Figure 4A). Note that the growth rates of
the sin4 and RAS2"? single mutants were very similar
to that of the isogenic wild-type control (Figure 4A).
Finally, sin4 RAS2"” mutants were unable to lose a plas-
mid that contained the wild-type SIN4locus (Figure 4B).
In contrast, this SIN4 plasmid was readily lost from either
wild-type or both single mutant cells (Figure 4B). A
similar synthetic growth defect with RAS2"" was exhib-
ited by all other sin4 alleles, including the null. These
growth defects were not specific to the genetic back-
ground used for these studies because sin4 mutations
in five different backgrounds were all found to be sensi-
tive to RAS2"’. Thus, elevated levels of Ras signaling
caused a severe growth defect in sin4 cells.

In the above experiments, most of the sin4 cells were
likely in stationary phase before they were tested for
growth with RAS2"’. Therefore, it was a formal possibil-
ity that the double mutant growth defect was specific
to stationary phase cells and that our assays were measur-
ing a defect in stationary phase exit. However, this possi-
bility was ruled out since the induction of RAS2""* in
log phase sin4 cultures also resulted in a severe growth
arrest (Figure 5A). This arrest occurred with very rapid
kinetics as the sin4 cells did not undergo even a single
round of division following the induction of RAS2™"
expression. Moreover, the elevated levels of Ras signal-
ing caused the sin4 cells to rapidly lose viability; <0.01%
of the sin4 cells remained viable 2 hr after the induction
of RAS2™" (Figure 5B). Therefore, elevated levels of
Ras signaling caused a rapid growth arrest and subse-
quent cell death specifically in sin4 mutants.

Since Sin4p is involved in transcriptional regulation,
we tested whether the sind RAS2"" lethality was due to
a general defect in mRNA production. For this analysis,
the steady-state levels of multiple mRNAs were assessed
in wild-type and sin4 cellsat 0, 2, and 4 hr after induction
of RAS2"" expression. At these latter two time points,

A Wild

-type sind
i sind
RAS2 W19 RASZn'aH‘)

+Methionine -Methionine

B pSIN4
Genotype
SIN4 RAS2
sind RAS2
SIN4 RAS2v!®
sind  RAS2v1Y

FiGURE 4.—The presence of RAS2™" resulted in a severe
synthetic growth defect specifically in sin4 mutants. (A) sin4
RAS2"”” double mutants exhibited a synthetic growth defect.
The indicated strains were grown on YM-glucose minimal me-
dia that contained either 0 or 500 uM methionine for 3 days
at 30°. The strains analyzed were wild type (PHY1837), sind
(PHY1647), RAS2"® (PHY1834), and sin4 RAS2™" (PHY1649).
The RAS2"" strains contained RAS2"" under the control of
the methionine-repressible promoter from the yeast MET3
gene. Therefore, RAS2"was expressed only on media lacking
methionine. (B) Growth of RAS2“" sin4 double mutants re-
quired the presence of the pSIN4 plasmid. The indicated
strains containing the pSIN4 plasmid were grown for 3 days
at 30° on either YM-glucose minimal (+pSIN4) or 5-FOA
(—pSIN4) media. The 5-FOA medium selects against the
URA3marked pSIN4 plasmid; therefore, only those strains
that can be cured of this plasmid will exhibit growth on 5-FOA
medium. The strains analyzed were wild type (PHY1220 with
pRS415), sin4 (PHY1454 with pRS415), RAS2™"® (PHY1220
with pPHY453), and sin4 RAS2"" (PHY1454 with pPHY453).

the sin4 cultures contained very few, if any, viable cells
(Figure 5B). Nonetheless, the levels of each of the
mRNAs tested remained unchanged throughout the
course of this experiment (Figure 6). More importantly,
the levels in wild-type and sin4 cells were essentially
identical (Figure 6). Thus, the loss of sin4 RAS2"*viabil-
ity was not correlated with a global defect in RNA pol
IT transcription. Instead, the observed synthetic lethality
might be due to transcriptional defects at a subset of
essential genes.

The RAS2" sind4 synthetic lethality required the
cAMP /PKA pathway: The S. cerevisiae Ras proteins have
been shown to function through at least three different
effectors: the cAMP/PKA pathway, a MAP kinase path-
way important for pseudohyphal growth, and a poorly
defined third effector that is required for the exit from
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FIGURE 5.—Increased Ras signaling resulted in a rapid
growth arrest and subsequent loss of viability in sin4 cells. (A)
The expression of RAS2" in log phase sin4 cells resulted in
a rapid growth arrest. Yeast strains were grown to mid-log in
YM-glucose minimal medium containing 500 wm methionine.
The cells were then transferred to media lacking methionine
to induce expression from the MET3-RAS2"" construct. The
subsequent growth of the culture in this medium was moni-
tored by measuring the optical density of the culture at 600
nm. The strains analyzed were wild type (PHY1837; A), sin4
(PHY1647; O), RASZ” (PHY1834; <), and sind RASZ2"
(PHY1649; [). All growth was carried out at 30°. (B) The
expression of RAS2™" resulted in a rapid cell death in sin4
mutants. Yeast strains were grown as described in A. Following
the shift to media lacking methionine, cells were collected at
the indicated intervals, diluted in water, and plated to YPAD
media. These plates were incubated for 3 days at 30°. The
number of colonies present was a measure of the number of
viable cells in the original cultures. The relative number of
survivors was determined by calculating the number of colo-
nies formed per ODg, unit and normalizing these values to
that obtained for the wild-type strain at time zero.

mitosis (GiBBS and MARSHALL 1989; MORISHITA et al.
1995; MoscH et al. 1996). The importance of the PKA
pathway for the sin4 RAS2"" lethality was indicated by
two independent lines of investigation. In the first, sin4
mutations were combined with null alleles of BCYI and
the viability of the double mutants was tested. BCY1
encodes the inhibitory subunit of PKA, and deletion of
BCY1 results in elevated levels of PKA activity without
affecting the Ras proteins. In this experiment, the BCY1
locus was deleted in sin4 cells that carried the wild-type
SIN4 gene on a plasmid. The resulting sin4 beyIA double

FIGURE 6.—RAS2"" sin4 double mutants did not exhibit a
global defect in mRNA production. Yeast strains were grown
at 30° to mid-log in YM-glucose minimal medium containing
500 pM methionine. The cells were then transferred to media
lacking methionine to induce the expression from the MET3-
RAS2"" construct. Cells were collected at 0, 2, and 4 hr after
the shift and total RNA was prepared as described in MATERI-
ALS AND METHODS. The steady-state levels of ACT1, ANCI,
CDCY, RAD23, and RP51A mRNA were then measured by
Northern RNA blot analysis. Twenty micrograms of total RNA
were loaded for each sample. The strains analyzed were wild
type (PHY1837), sin4 (PHY1647), RAS2"" (PHY1834), and
sind RAS2"" (PHY1649).

mutant was unable to lose the SIN4 plasmid indicating
that sin4 mutations are synthetically lethal with alter-
ations that elevate the levels of PKA activity (Figure 7A).

The second strategy used to test the importance of
the Ras/PKA pathway involved lowering the level of
cAMP produced in sin4 RAS2*" cells. This was accom-
plished by introducing two different cyrl alleles, cyri-
230 and ¢yrl-99, into the above double mutant. CYRI
encodes the yeast adenylyl cyclase, and cyr/ mutations
would be expected to lower the cellular levels of cAMP
and thus PKA activity (MaTsumoToO ef al. 1982). Indeed,
both of these ¢yrl alleles were found to restore near
normal growth rates to the sin4 RAS2"’ double mutant
(Figure 7B). Therefore, the lethal effects of RAS2™" in
sind mutants were due to the elevated levels of PKA
present.

Although PKA is likely to phosphorylate a number of
substrates important for S. cerevisiae growth, few of these
potential targets have been identified (REINDERS et al.
1998; THEVELEIN and DE WINDE 1999). However, recent
data indicate that two related transcription factors, Msn2p
and Msn4p, might be targets of the Ras/PKA signaling
pathway (GORNER et al. 1998; SM1TH et al. 1998). Msn2p
and Msn4p are required for the transcription of a num-
ber of genes induced during the cellular response to
environmental stress (MARCHLER et al. 1993; SCHMITT
and McCENTEE 1996). Interestingly, the deletion of both
MSNZ2 and MSN4 suppresses the otherwise lethal loss of
all three genes encoding catalytic subunits of the yeast
PKA (SmiTH et al. 1998). These observations led to the
proposition that Ras/PKA activity was negatively regulat-
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FIGURE 7.—The RAS2" sin4 synthetic lethality required the cAMP/PKA signaling pathway. (A) sin4 beyl double mutants
exhibited a synthetic lethal growth defect. The indicated strains containing the pSIN4 plasmid were grown for 3 days at 30° on
either YM-glucose minimal (+pSIN4) or 5-FOA (—pSIN4) media. The 5-FOA medium selects against the URA3-marked pSIN4
plasmid; therefore, only those strains that can be cured of this plasmid will exhibit growth on 5-FOA medium. The strains
analyzed were wild type (PHY1220), sin4 (PHY1454), beyl (PHY2388), and sin4 beyl (PHY2389). (B) The RAS2™" sin4 synthetic
lethality was suppressed by the presence of ¢yr! mutations that lower the level of Ras/PKA signaling. The indicated strains all
contained the MET3-RAS2" construct (pPHY446) and were grown on YM-glucose minimal medium lacking methionine for 3
days at 30°. The strains analyzed were RAS2""” (PHY1834), sin4 RAS2""” (PHY1649), and sin4 cyrl-99 RAS2"” (PHY2121). (C)
The sin4 msn2A msn4A triple mutant was viable and exhibited a normal growth rate. sin4 (PHY1722) and sin4 msn2A msn4A
(PHY2697) strains were incubated on YPAD plates for 2 days at 30°.

ing Msn2p/Msn4p function. Therefore, we tested whether
the sin4 RAS2'’ lethality observed here was mediated
by Msn2p and/or Msn4p. If these two Msn proteins are
the primary target of Ras signaling, deletion of both
MSN2 and MSN4 should also be synthetic lethal with
sind. However, the triple msn2 msn4 sin4 mutant was
viable and exhibited a wild-type growth rate (Figure
7C). In addition, the loss of MSN2 and MSN+4 did not
suppress the sin4 RAS2“" lethality (data not shown).
Therefore, the Ras effects on sind growth appear to
involve PKA targets other than these two transcription
factors.

Mutations that affect the Sin4p module of the Media-
tor were synthetic lethal with RAS2’: Our data indicate
that sin4 mutants have several phenotypes in common
with mutants that possess high levels of Ras signaling
activity. In addition to the stationary phase defects de-
scribed above, sin4 and RAS2""’ mutants exhibited simi-
lar ¢s growth defects, inositol auxotrophy, and floccula-
tion phenotypes. One potential explanation for these
similarities is that Sin4p is a negative regulator of some
aspect of Ras signaling. However, several observations
indicated that this possibility was unlikely. First, the lev-
els of both Ras proteins, and of intracellular cAMP, were
very similar in wild-type and sin4 cells (data not shown).
In addition, sin4 mutations were not able to suppress
the growth defects associated with mutations that lower
the level of Ras signaling, such as c¢dc25-1, ras2-23, and
cyrl-230 (data not shown). Therefore, Sin4p did not
appear to be a negative regulator of Ras protein expres-
sion or signaling activity.

To further examine the interaction between Ras/PKA
signaling activity and Sin4p, we tested whether other
mutations affecting the Mediator and RNA pol II were
influenced by the presence of elevated levels of Ras
signaling. These experiments indicated that the syn-

thetic lethality with RAS2""’ was relatively specific to
mutations affecting the Sin4p-containing module of the
Mediator. Mutations in GALI1, MED2, HRS1, and RGR1
were all synthetically lethal with RAS2"*’ (Figure 8).
RGRI1 encodes a protein thatis thought to link the Sin4p
module to the remainder of the Mediator complex (L1
et al. 1995). In contrast, mutations that affected other
Mediator components (medl and med9), the Srb complex
(sr09, srb10, and srb11), the Snf/Swi chromatin remodeling
complex (swi2), or RNA pol II (1pbl and rpb5) were
relatively insensitive to changes in Ras signaling activity
(Figure 8). SNIF2/SWI2 was tested because sind muta-
tions have been shown to suppress transcriptional de-
fects associated with the loss of this gene (JIANG and
STILLMAN 1992; SONG et al. 1996). In all, these genetic
data suggest the existence of a functional interaction
between the Ras/PKA signaling pathway and the Sin4p
module of the Mediator complex.

Some sin4 phenotypes were suppressed by mutations
that lower Ras signaling activity: The presence of ele-
vated levels of Ras signaling activity had a very dramatic
effect on cells lacking the SIN4 gene. Interestingly, we
found that lowering Ras/PKA activity also influenced
specific sin4 phenotypes. For example, the presence of
a ¢yrl mutation suppressed the flocculation phenotype
associated with particular sin4 mutants (Figure 9). More-
over, ¢yrl mutations also suppressed the CTSI expres-
sion defect caused by the loss of Sin4p. CTSI encodes
an endochitinase, and CTSI expression is decreased 2.5-
to 3-fold in sin4 mutants (KURANDA and RoBBINS 1991;
JIANG et al. 1995). This CTS1 expression defect was cor-
rected in ¢yrl sin4 double mutants (Figure 9). Thus,
both raising and lowering Ras/PKA signaling activity
had profound effects on sin4 phenotypes.

Previous work has shown that sin4 mutations affect
the expression of a number of genes in yeast (JIANG
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F1GURE 8.—Mutations that affected the Sin4p module of the
RNA pol Il holoenzyme exhibited a synthetic lethal interaction
with RAS2". Strains with the indicated genotype were trans-
formed with either a control vector, pRS416 (RAS2), or a
plasmid containing the MET3-RAS2"" construct, pPHY796
(RAS2""). The strains were plated to YM-glucose minimal
media lacking methionine and incubated for 2 to 3 days at
30°. (Top) The RAS2"" growth defect was specific to sin4/
ryel mutants. The strains analyzed were wild type (PHY1220),
sind/ryel (PHY1454), srb11/rye2 (PHY1456), srb9/rye3 (PHY1459),
rye4 (PHY1469), and sr010/rye5 (PHY1470). (Bottom) The
growth effects of RAS2™" on various mutations affecting RNA
pol II activity. The strains analyzed were wild type (PHY1220),
sindA (PHY1575), gallIA (PHY1669), med2A (PHY2130), hrsl
(PHY2533), rgrIA (PHY1829), mpbI-1 (PHY1081), 1pb5-9 (PHY-
2203), medIA (PHY2129), med9A (PHY2512), swi2A (PHY1719),
and swi2 sind (PHY1720).

and STILLMAN 1992; CHEN ¢t al. 1993; CoviTz et al. 1994;
Wamnr and Jounson 1995). Therefore, we tested whether
lowering Ras signaling activity would suppress other
transcriptional defects associated with sin4 mutants. For
these experiments, three different reporter genes were
analyzed in wild-type, sin4, ¢yrl, and cyrl sin4 strains. The
expression of each of these reporter genes, PHOS::lacZ,
HIS4::lacZ, and Tyl::lacZ, is altered in sind mutants (JI1-
ANG and StiLLMAN 1992, 1995). However, in contrast
to the above results with CTS1, we found that ¢yr/ muta-
tions had no significant effect on the sin4 defects associ-
ated with these three reporters (data notshown). There-
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F1GURE 9.—Decreased signaling through the Ras/PKA path-
way suppressed the flocculation and CTSI transcription de-
fects associated with sin4 mutants. The steady-state levels of
CTSI and ACTI mRNA in mid-log cultures of the indicated
strains were measured by Northern RNA blot analysis. Twenty
micrograms of total RNA were loaded for each sample. The
strains analyzed were wild type (PHY1721), sin4 (PHY1722),
cyrl (PHY1447), and ¢yr! sin4 (PHY2115). The relative degree
of flocculation observed for the following strains is indicated
below the RNA blot: wild type (PHY1220), sin4 (PHY1454),
cyrl (PHY2121 with pSIN4), and c¢yrl sin4 (PHY2121). These
strains were grown to mid-log in YM-glucose minimal medium
containing 500 wM methionine.

fore, Ras/PKA signaling appears to affect only specific
phenotypes associated with the loss of SIN4 function.

DISCUSSION

We are interested in understanding the mechanisms
regulating stationary phase biology in S. cerevisiae. To
this end, we have identified a collection of rye mutants
that exhibit defects in the transcriptional response to
nutrient deprivation (CHANG et al. 2001). These tran-
scription defects appear to disrupt yeast cell growth as
all of the rye mutants characterized to date are unable
to enter into a normal stationary phase. In this report,
we examined the ryel mutants and found that these
mutants also exhibited multiple stationary phase de-
fects. The RYEI gene was cloned and was found to
encode Sin4p, a component of the yeast Mediator com-
plex associated with the RNA pol II holoenzyme. Sin4p
is part of asubcomplex thatalso contains Gall1p, Hrslp,
and Med2p (Lt e al. 1995; MYERS et al. 1999). Mutations
that inactivated Galllp and Hrslp also resulted in a
Rye™ phenotype, indicating that this Sin4p module is
generally important for the regulation of genes like
YGPI. Finally, a specific genetic interaction was observed
between this Sindp module of the Mediator and the
Ras/PKA signaling pathway. We found that elevated
levels of Ras/PKA signaling resulted in a synthetic lethal-
ity specifically with mutations that compromised the
Sin4p module. Mutations affecting other components
of the Mediator or RNA pol Il itself were not significantly
affected by changes in Ras/PKA signaling activity. Alto-
gether, the data presented here and in a previous study
indicate that transcriptional regulators within the RNA
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pol II holoenzyme are required for the normal control
of cell growth in S. cerevisiae (CHANG et al. 2001).

Two distinct complexes within the RNA pol II holoen-
zyme are required for proper stationary phase entry:
Wild-type cells respond to nutrient deprivation by un-
dergoing an orderly series of changes in gene expression
(CHODER 1991; DERISI ef al. 1997). Our studies with the
rye mutants suggest that the proper execution of this
transcriptional program is necessary for stationary phase
entry. Mutations in SIN4 and the other RYE genes dis-
rupt the transcriptional response to nutrient depriva-
tion and prevent cells from entering into a normal sta-
tionary phase (CHANG et al. 2001). In rye mutants, genes
normally induced upon nutrient limitation, such as
YGPI, are instead expressed at elevated levels during
log phase growth (CARLSON 1997; HOLSTEGE et al. 1998;
CHANG et al. 2001). Moreover, subsequent nutrient dep-
rivation does not appear to result in a significant induc-
tion of several of these genes (our unpublished data).
Our current model is that these transcription defects
result in a failure to undergo a normal growth arrest
during nutrient deprivation. As a result, the rye mutants
fail to assume many of those characteristics normally
associated with the stationary phase of growth.

Interestingly, all of the RYE genes characterized thus
far have been found to encode transcriptional regula-
tors associated with the RNA pol II holoenzyme. The
RYE2, RYE3, and RYES genes were previously shown to
encode the Srbl1p, Srb9p, and Srb10p proteins, respec-
tively (CHANG et al. 2001). These proteins are all compo-
nents of the Srb complex associated with the RNA pol
IT holoenzyme (CARLsON 1997). Like Sin4p, these SRB
gene products are also required for the proper entry
into stationary phase (CHANG et al. 2001). These results
therefore implicate two distinct complexes within the
RNA pol II holoenzyme in the control of yeast cell
growth: the Srb complex and the Sin4p module of the
Mediator. However, the key question that remains is
whether the activities of these two complexes are indeed
regulated during stationary phase entry. The answer
appears to be yes for the Srb complex as the stability
of both Srbl0p and Srbllp decreases upon nutrient
limitation (COOPER et al. 1997; HOLSTEGE et al. 1998).
Thus, the Srb complex may be inactivated by the physi-
cal removal of particular members of this complex
(HOLSTEGE et al. 1998; CHANG et al. 2001). This inactiva-
tion would result in the increased expression of those
genes required during nutrient limitation. However, it
is not yet known if either the stability or activity of
proteins within the Sin4p module are similarly influ-
enced by nutrient availability.

A novel mode of transcriptional control: The specific-
ity of the genetic interactions observed here suggests
that a functional relationship exists between the Ras/
PKA signaling pathway and the Sin4p module of the
Mediator. One interesting possibility is that Ras/PKA
signaling influences RNA pol II activity to ensure that

gene expression is properly coordinated with nutrient
availability and cell growth. Clearly, the key to under-
standing this relationship is the identification of the
PKA substrate responsible for the above genetic interac-
tions. However, the nature of this target has remained
elusive. Our genetics suggests that the relevant PKA
substrate is likely not any of the known components of
the Sin4p module. This assertion follows from observa-
tions that null alleles of SIN4, GALI11, HRSI, and MED2
are all synthetic lethal with RAS2""% deletion of the
relevant target should render the resulting strain insen-
sitive to the effects of elevated Ras/PKA activity. More-
over, none of the proteins in the Sin4p module contain
a consensus site for PKA phosphorylation. The best-
characterized consensus for the S. cerevisiae PKA enzyme
fits the format of R-R-x-S/T-B, where x indicates any
amino acid and B indicates a residue with a hydrophobic
side-chain (DENIS et al. 1991). Other potential candi-
dates for this PKA target include proteins encoded by
those genes, such as KIN28, SPT20, and SRB5, that have
been shown to exhibit a genetic interaction with sin4
mutations (VALAY et al. 1995; ROBERTS and WINSTON
1997; CHANG et al. 1999). However, none of these candi-
dates possesses an obvious PKA consensus site either.
Thus, we feel that classical genetic approaches may rep-
resent the best way to identify this PKA substrate. For
this reason, we have initiated a search for extragenic
suppressors of the sind RAS2“? synthetic lethality.

The possibility that proteins within the RNA pol II
holoenzyme might be direct targets of particular signal-
ing pathways is very intriguing. The proteins within the
Srb complex and the Sin4p module of the Mediator
appear to control the transcription of distinct subsets
of genes (CARLSON 1997; PTAsHNE and GANN 1997; HAN
et al. 1999; MYERSs and KORNBERG 2000). By directly
targeting components within these complexes, the cell
could bring about rather large changes in gene expres-
sion with a single regulatory event. For example, by
modulating Sin4p activity, the cell would be able to
coordinately control the expression of all promoters
affected by this transcriptional regulator. This type of
a control mechanism clearly would be more efficient
than one where each individual promoter was regulated
independently. The ability to effect rather global changes
in gene expression would be very useful in those instances
where cells undergo significant changes in their overall
physiology, such as during the entry into a G-like resting
state. Although no example of this regulatory mecha-
nism has yet been described, several recent reports have
hinted at this type of transcriptional control (HOLSTEGE
et al. 1998; KucHIN et al. 2000; CHANG et al. 2001). The
further characterization of the rye mutants could there-
fore provide important insights into the manner in
which signaling pathways control gene expression.
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