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In Saccharomyces cerevisiae, TRKI and TRK2 encode the high- and low-affinity K+ transporters, respectively.
In cells containing a deletion of TRKI, transcription levels of TRK2 are extremely low and are limiting for growth
in media containing low levels of K+ (Trk- phenotype). Recessive mutations in RPDI and RPD3 suppress the
Trk- phenotype of tr*IA cells. We show here that 7pd3 mutations derepress TRK2, conferring an approximately
fourfold increase in transcription. rpd3 mutations confer pleiotropic phenotypes, induding (i) mating defects, (ii)
hypersensitivity to cycloheximide, (ill) inability to sporulate as homozygous diploids, and (iv) constitutive
derepression of acid phosphatase. RPD3 was cloned and is predicted to encode a 48-kDa protein with no extensive
imilarity to proteins contained in current data bases. Deletion of RPD3 is not lethal but confers phenotypes
identical to those caused by spontaneous mutations. RPD3 is required for both full repression and fufl activation
of transcription of target genes including PHOS, STE6, and TY2. RPD3 is the second gene required for this
function, since RPDI is also required. The effects of mutations in RPDI and RPD3 are not additive, suggesting
that these genes are involved in the same transcriptional regulatory function or pathway.

Genetic selections and screenings for yeast mutants that
exhibit increased expression of a structural gene have
proven successful in the identification of transcription fac-
tors. The selection schemes described thus far have used as
model systems structural genes required for growth in de-
fined media. In the starting wild-type strain, transcription of
the structural gene is limiting for growth and therefore
mutations that increase its transcription can be selected.
Some of these mutational studies have identified genes

that encode proteins whose role in transcription is known or
readily determined. Genetic mapping of the sitl and sit2
mutations demonstrated that they reside in the genes that
encode the two largest subunits of RNA polymerase II (1).
SPT15 (8, 47) was shown to encode TATA-binding factor
TFIID (7, 13). SPTIJ and SPT12 (8) are allelic to structural
genes HTAI and HTBI, which encode histone proteins H2A
and H2B (6, 15, 29). It was recently shown that SPT2 (31) is
allelic to SIN) (30, 36), whose sequence reveals a protein
with significant similarity to nonhistone chromatin compo-
nent HMG1 (2, 12). Finally, GALI1 (SPT13) (9, 28, 39) has
recently been shown to function by establishing or maintain-
ing phosphorylation of transactivator GAL4 (24). The roles
of a large number of other genes, identified through similar
genetic selections, remain to be determined and are likely to
define new functions required for transcriptional regulation.
We have used as a model system transcription of TRK2, a

yeast gene that encodes the low-affinity K+ transporter. In
cells deleted for TRKI, the high-affinity K+ transporter
gene, expression of TRK2 is limiting for growth on media
containing low levels of K+ (Trk- phenotype; 11). We have
isolated recessive mutations in two genes, RPDJ and RPD3
(reduced potassium dependency), that confer a Trk+ pheno-
type to trklA TRK2 cells but not to trklA trk2A cells (42). We
have now shown that rpdl mutations increase TRK2 tran-
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scription and that RPDI is a global transcriptional regulator
required for both full repression and full activation of many
yeast genes (43). In rpdl mutants, the regulated genes
exhibit increased levels of transcription under repression
conditions and decreased levels of transcription under acti-
vation conditions. RPDJ regulates a wide spectrum of genes,
including cell type-specific and cell differentiation-specific
genes, as well as genes regulated by external signals. Not
surprisingly, given their global effect on gene expression in
this organism, mutations in this gene have also been identi-
fied by other laboratories; hence, RPDJ is also known as
SIN3 (27, 36) and UME4 (37). RPDJ is required for accurate
binding of specific activators and repressors to the promot-
ers of RPDI-regulated genes (45, 46), although the mecha-
nism involved remains unknown.

In this report, we describe molecular and genetic analyses
ofRPD3. Our results show that RPD3, like RPDI, is a global
regulator required for target genes to achieve maximal
transcriptional states. RPD3 is not essential and is capable of
encoding a 48-kDa protein that shows little, if any, sequence
similarity to other proteins. Mutations in RPD3 confer
pleiotropic phenotypes indistinguishable from those exhib-
ited by rpdl mutants. Phenotypic analysis and gene expres-
sion assays performed on rpdl rpd3 double mutants suggest
that these genes are involved in the same transcriptional
regulatory function or pathway.

MATERIALS AND METHODS

Media. The genetic techniques and standard media used
were previously described (34). Synthetic low-salt (LS) and
low-phosphate media were prepared essentially as previ-
ously described (11, 43). LS medium contained less than 2
,uM Na+ and virtually no potassium prior to addition.
Desired potassium levels were added as KCl and are indi-
cated in millimolar concentrations; for example, LS(0.2K) is
LS plus 0.2 mM KCl. Sporulation medium was prepared as
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TABLE 1. Strains used in this study

Strain Relevant characteristic Source or reference

JY383 MATa ura3-52 trplAl his6 Iys2A201 sstl-3 J. Trueheart
M186 MATa ura3-52 trplAI trklA rpdl41 42
M209 MATa ura3-52 trpJAl his4-15 trkiA rpd34 42
M211 MATa ura3-52 Iys9 trklA rpdl41 rpd34 42
M398 MATa ura3-52 trplAl his3-200 Ieu2-1 trklA 42
M445 MATa ura3-52 trpJAI his3-200 leu2-1 trklA rpd3-72 This work
M517 Diploid strain obtained by mating strains M537 and M398 42
M537 MATa ura3-52 trplAl his3-200 leu2-1 trklA 42
M613 MATa ura3-52 trplAl his3-200 leu2-1 trklA rpdlA: :TRPI 42
M771 MATa ura3-52 trpJlA his3-200 leu2-1 trklA rpd3A::HIS3 This work
M774 MATa ura3-52 trplAJ his3-200 leu2-1 trklA rpd3A::URA3 This work
M778 MATa ura3-52 trplAl his3-200 leu2-1 trklA rpd3A::HIS3 This work
M798 Diploid strain obtained by mating strains M771 and M778 This work
M833 MATa ura3-52 trplAl his3-200 leu2-1 trkiA rpd3A::HIS3 This work
M834 MATa ura3-52 trplAl his3-200 leu2-1 trklA rpdlA::TRPI This work
M835 MATa ura3-52 trplAl his3-200 leu2-1 trkiA This work
M836 MATa ura3-52 trplAl his3-200 leu2-1 trklA rpd3A::HIS3 rpdlA::TRPI This work
M850 Diploid strain obtained by mating strains M771 and M613 This work
Mx134 Diploid strain obtained by mating strains R1624 and R1155 42
R757 MATa ura3-52 his4-15 lys9 11
R1155 MATo ura3-52 his4-15 Iys9 trklA 11
R1174 MATa ura3-52 trplAJ trkl/ 11
R1624 MATa ura3-52 trplA& Iys9 trklA rpd3-1 42
R1680 MATa ura3-52 his4-15 Iys9 trklA rpd3-4 42
R1689 MATa ura3-52 his4-15 Iys9 trklA rpdl-41 42

previously described (20). Cycloheximide medium was pre-
pared as previously described (10). Ethidium bromide was
added to YEP medium (34) containing 4% glycerol to a final
concentration of 1 ,ug/ml.

Plasmids. pCB3 and pCB4 are primary clones from a yeast
genomic library constructed in YCp5O (32) and were isolated
on the basis of the ability to confer normal levels of cyclo-
heximide resistance on rpd3 mutants. Different RPD3 sub-
clones (see Fig. 3) were used to delimit the borders of the
gene. To construct pMV29-11, pCB3 was digested with
BamHI and the largest fragment was recircularized by
ligation. To construct pMV29-21, pCB3 was digested with
SphI and the largest fragment was recircularized by ligation.
To construct pMV34, pMV29-21 was digested with ClaI and
the largest fragment was recircularized. To construct
pMV28-33, the 2-kb EcoRI-EcoRI fragment from pCB3 was
inserted into pRG415 (11) linearized with EcoRI. To con-
struct pMV59, the 1.3-kb HindIII-SphI fragment from
pMV29-21 was inserted into YCp50 (32) linearized with
HindIlI and SphI.
A complete deletion of RPD3 (rpd3A) was constructed in

vitro by the gamma deletion method (35). To facilitate
further genetic analysis, the same deletion allele was con-
structed in two pRS integrative plasmids containing different
selectable markers (HIS3 and URA3) (35). (i) The 3.4-kb
ClaI-SphI fragment from pMV34 was inserted into pGEM4Z
(Promega) linearized with ClaI and SphI to generate pMV107.
The 550-bp EcoRV-HindIII fragment from pMV34 was in-
serted into pGEM7Z (Promega) linearized with HindIII and
SmaI to generate pMV42-51. (ii) The 450-bp EcoRI-down-
stream BglII fragment from pMV107 was inserted into
plasmids pRS303 and pRS306 (35) such that the BglII site
located in RPD3 (see Fig. 3 and 4) was located near the T3
promoter ofpRS303 and pRS306 to generate pMV127 (HIS3-
containing plasmid) and pMV128 (URA3-containing plas-
mid), respectively. (iii) The 500-bp EcoRV-HindIII fragment
was obtained by SacI-XbaI digestion of plasmid pMV42-51

and subsequently inserted into pMV127 and pMV128 linear-
ized with SacI-XbaI with the XbaI site near the T7 promoter.
The plasmids containing rpd3A deletion alleles are pMV129
(rpd3A::HIS3) and pMV130 (rpd3A::URA3).
The promoter-lacZ fusion plasmids used as reporters in

transcription assays were the following: TRK2: :lacZ integra-
tive plasmid pAB138 (contains the entire promoter and the
first 1.4 kb of the TRK2 open reading frame [22]); TRK2::
lacZ multicopy plasmid pAB137 (the TRK2::lacZ construct
is identical to pAB138); SPOJ3:: URA3 multicopy plasmid
pBW2 (38); STE6::lacZ multicopy plasmid pAHA (for con-
struction details, see reference 43); HO::lacZ multicopy
plasmid YEpHO::lacZ (gift of P. Dorhmann and D. Still-
man); TY2::lacZ centromeric plasmid p1033 (for construc-
tion details, see reference 43); and PHO5::lacZ centromeric
plasmid pMH313 (14).

Sequencing of RPD3. A series of small (300- to 400-bp)
overlapping subclones were constructed encompassing the
region between the EcoRV and the downstream BglII sites
of RPD3 (see Fig. 3). Dideoxy sequencing of double-
stranded plasmid DNA (33) was carried out by using the
Sequenase Sequencing Kit from United States Biochemical
Co. Gradient gel electrophoresis was performed as previ-
ously described (33). All DNA sequences were read from
both strands. DNA sequence data were stored and analyzed
by using the DNA Inspector IIe program from Textco, Inc.

Strains. The genotypes of the Saccharomyces cerevisiae
strains used in this study are listed in Table 1. Isogenic rpd3A
strains were constructed in the M398 strain background (43)
by transformation of plasmids pMV129 and pMV130 into
M398 (MATa) to generate strains M771 and M774, respec-
tively, and into M537 (MATa) to generate strains M778 and
M777, respectively. The M445 strain is a spontaneous rever-
tant of M398 isolated on LS(0.2K) plates and contains the
rpd3-72 allele. The homozygous rpd3A/rpd3A M798 diploid
was obtained by crossing M771 with M778. Heterozygous
RPD31rpd3A rpdlAIRPDJ strain M850 was obtained by
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crossing M613 with M778, and strains M833, M834, M835,
and M836 are spores of a tetratype of that cross.

Phenotypic characterization. The colony-staining overlay
assay used to observe acid phosphatase (APase) activity
qualitatively was previously reported (40). APase activity
was quantified by the method of Torriani as described by
Toh-e et al. (40). The values obtained are averages of six
assays. One enzymatic unit is defined as the amount of
enzyme necessary to liberate 1 jxmol of p-nitrophenyl-
phosphate per h; one specific unit is the number of enzy-
matic units per unit of optical density of cells at 660 nm
(OD660).
Mating assays were performed essentially as described by

Trueheart et al. (41). Mid-log-phase MATa and MATot cells
were mixed onto a nitrocellulose filter at a density of 3 x 10W
cells per parent. The filter was then transferred to a plate
containing YEPD medium (34) and incubated for 3 h at 30°C
to allow mating. The cells were then removed from the filters
and diluted, and for each cross, the same cell concentration
was plated on medium selective for diploids. Some dilutions
were used to count the number of diploids over the number
of cells present in the assay.
The halo assay was performed as described by Herskowitz

(16 and references therein). About 104 cells of a-factor-
hypersensitive tester strain RC634 (sstl) were spread onto a
YEPD (34) plate, and subsequently, 105 exponentially grow-
ing cells to be tested were spotted onto this lawn. Halos were
zones of inhibition visible after 2 days of incubation at 30°C.

I-Galactosidase assays. For each promoter tested, the lacZ
fusion-containing plasmids were introduced into the appro-
priate wild-type and rpdlA isogenic recipients by the method
of Ito et al. (18). A minimum of four independent transfor-
mants were purified and subsequently grown to the station-
ary phase in synthetic medium lacking the appropriate amino
acid or purine. The cultures were diluted in the same
medium and, after overnight incubation, harvested in the
late exponential phase. For assay of PH05 expression, cells
were grown in LS(100K) medium (42) containing low levels
of phosphate (0.015 g of KH2PO4 per ml) for derepression
conditions or high levels of phosphate (0.9 g of KH2PO4 per
ml) for repression conditions. For CYCI, cells were grown in
glucose- or glycerol-containing medium for conditions of
repression or activation, respectively. The cells were
washed twice with Z buffer and resuspended at various cell
densities, depending on the basal activities of the different
promoters tested. After resuspension, the final OD6. was
measured in a Beckman 25 spectrophotometer. At least two
different dilutions were assayed for P-galactosidase activity
in permeabilized cells as described previously (26, 48).
Specific activities were defined as (1,000 x OD420)/(time
[minutes] x volume [milliliters] x cell density [OD6.]). No
differences in cell size, clumpiness, or correlation between
OD6. and actual cell concentrations were detected between
RPD3 and rpd3A cells. Therefore, since the global effect of
rpd3 mutations on transcription could alter total cellular
protein concentrations, we normalized the expression assays
to OD60.

RESULTS

Transcriptional repression of TRK2 by RPD3. Yeast cells
deleted for TRKI, the gene that encodes the high-affinity K+
transporter, exhibit a Trk- phenotype; i.e., they are unable
to grow on media containing low concentrations of potas-
sium (11). We previously showed that recessive rpd3 muta-
tions restore the ability of trkl cells to grow on low-

TABLE 2. Repression of TRK2 by RPD3

Mean 0-galactosidase unitsa ± SD
Strain

Single" Multiplec

M398 (RPD3) 0.6 ± 0.1 4.3 ± 1.3
M445 (rpd3-75) 1.2 ± 0.2 22.2 ± 4.3
M778 (rpd3A::HIS3) 1.2 ± 0.3 19.6 ± 3.5

a Enzyme activity units are defined in Materials and Methods.
b Chromosomal integration of TRK2::1acZ.
' TRK2::lacZ carried on multicopy plasmid.

potassium medium (Trk+) (42). The Trk+ phenotype of trkl
rpd3 cells requires the presence of low-affinity K+ trans-
porter gene TRK2, suggesting that RPD3 is a negative
regulator of TRK2 (21, 22, 42). To determine what effect rpd3
mutations have on the expression of TRK2, we measured
P-galactosidase activity expressed from constructs contain-
ing TRK2::lacZ fusions. The results showed that rpd3 mu-
tations confer a two- to fivefold increase in TRK2 expression
(Table 2). Similar results were obtained whether the
TRK2::lacZ fusion was present as a single copy within the
yeast chromosome or on a multicopy plasmid. The rpd3-
dependent increase in TRK2 expression was not allele spe-
cific, since similar effects were observed in cells that con-
tained either the spontaneous rpd3-75 mutation or a null
allele (rpd3A; see below). Both the basal and derepressed
levels of ,-galactosidase activity driven by the TRK2 pro-
moter indicated that TRK2 is expressed at extremely low
levels. This was consistent with previous observations (43),
and consequently, detection of TRK2 RNA was not per-
formed.

Mutations at RPD3 confer pleiotropic phenotypes. The
derepression of TRK2 caused by mutations in RPD3 mim-
icked the effect we observed for mutations in RPDJ (43). To
determine the extent to which RPD3 and RPDJ might play
similar roles in the regulation of transcription, we compared
wild-type, rpdl, rpd3, and rpdl rpd3 cells for phenotypes
known to be altered in rpdl mutants, including sensitivity
to cycloheximide, acriflavin, and ethidium; production of
APase; mating efficiency; and the ability to sporulate. Com-
pared with isogenic wild-type cells, rpd3 cells were found to
be hypersensitive to acriflavin (data not shown), ethidium,
and cycloheximide (Fig. 1). Acid phosphatase overlay as-
says suggested that under conditions of repression (high
phosphate concentration) rpd3 mutants produce more APase
(Pho+ phenotype) than do wild-type cells (Fig. 1). Quantita-
tion of the Pho phenotype revealed that rpd3 mutants
exhibited a threefold increase in total APase activity com-
pared with the wild type (Table 3).
The ability of rpd3 cells to mate with wild-type cells was

also diminished (Fig. 1). Quantitation of this phenotype
showed that although mating ability was defective in rpd3 x
RPD crosses, the phenotype was more obvious in rpd3 x
rpdl crosses and most severe in homozygous rpd3 x rpd3
(and rpdl x rpdl) crosses, where a greater than 10-fold
decrease in the frequency of diploid formation was observed
(Table 4). The mating defect in rpd3 mutants is due, at least
in part, to decreased a-factor production in MATa rpd3 cells
compared with that of MATa RPD cells (Fig. 2). In the
accompanying report (43), we show that decreased a-factor
production in rpdl MATa cells is due to aberrant expression
of a-specific gene BAR), which encodes an a-factor protease
(17. 25).

Finally, homozygous rpd3/rpd3 diploid cells failed to
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1 2 3 4 5 6

TRK1 RPD1 RPD3

trklA RPD1 RPD3

trklA rpdl-41 RPD3

trklA RPD1 rpd3-4

trklA rpdl-41 rpd3-4
,rm .- .I-

LS(O.2K) LS(1OOK) YNB(1OOK) YPGE(1OOK) YNB(1OOK) Diploid-
+ CYH + EtBr Acid Phos. selective

Assay
FIG. 1. Pleiotropic phenotypes of rpdl and rpd3 strains. rpd mutants were patched on a master plate containing YPD(100K) and then

replica plated on the next day onto the different media. Lanes: 1, LS(0.2K) plate (see Materials and Methods); 2, LS(100K) plate; 3, standard
YNB plates containing a high concentration of potassium (100 mM KCl) and a low (normally sublethal) concentration of cycloheximide (0.04
,ug/ml); 4, standard YPDGE containing a high concentration of potassium (100 mM KCl) and a low (normally sublethal) concentration of
ethidium bromide (EtBr; 1 ,ug/ml); 5, YNB(100K) plate incubated overnight and then overlaid with a low-pH buffered a-naphthylphosphate
substrate (see Materials and Methods) for 10 min (the color intensity indicates the level of APase activity); 6, master plate with the five MATa
rpd Iys9 mutants first replica plated onto a YPD(100K) plate covered by a lawn of a MATa rpd34 trplAJ tester strain (M209 [Table 1])
incubated for 4 h at 30°C and then replica plated onto diploid-selective medium (YNB containing all amino acids except Lys and Trp) to select
for diploids. The strains used were R757 (TRKI RPDJ RPD3), R1155 (trklA RPD1 RPD3), R1689 (trklA rpdl41 RPD3), R1680 (trklA& RPDJ
rpd34), and M211 (QrkiA rpdl41 rpd34). The complete genotypes of the strains are indicated in Table 1.

sporulate. Microscopic examination revealed no four-spored
asci among over 50,000 rpd3lrpd3 diploid cells examined
microscopically, whereas rpd3lRPD and rpd3lrpdl cells
yielded more than 50% four-spored asci under the same
conditions (see Materials and Methods).

In each of the cases described above, the phenotypes of
the rpd3 mutants were indistinguishable from those of rpdl
mutants (Fig. 1 and 2; Tables 3 and 4). We recently showed
that the pleiotropic phenotypes of rpdl cells are due to
aberrant transcriptional regulation of specific yeast genes
(43). rpdl mutations abolish the ability of many genes to
respond fully to repression and derepression signals. Our
observations that rpd3 mutations confer the same pheno-
types as rpdl mutations suggested that RPD3 encodes a
transcription factor required for similar transcriptional reg-
ulation in S. cerevisiae.

Isolation of the RPD3 gene. DNA fragments containing the
RPD3 gene were cloned from a yeast library (32) by the ability

TABLE 3. APase assays

Mean sp acta + SD
Mutations High phosphate concn Low phosphate

(repressed) concn (derepressed)

RPDJ RPD3 0.69 ± 0.09 6.16 ± 0.35
rpdl41 RPD3 2.98 ± 0.15 10.64 ± 0.4
RPDI rpd3-4 2.27 ± 0.08 11.80 ± 0.4

a The values reflect averages of six determinations of each culture in a
single experiment. Independent experiments were performed three times
without significant deviation from the reported values. The relatively high
APase activity measured in the case of the RPDJ RPD3 strain under
repression conditions is due to the presence of the wild-type PH03 gene in its
genetic background (40). APase specific activity units are defined in Materials
and Methods.

to suppress the cycloheximide hypersensitivity (Cyhhs) of an
rpd3 recipient strain (R1680). Among approximately 4,000
Ura+ transformants screened, 4 exhibited wild-type levels of
cycloheximide resistance (Cyh+). DNA was prepared from
each of the Ura+ Cyh+ transformants, and the correspond-
ing plasmids were retrieved by transformation of Esche-
richia coli HB101 to ampicillin resistance. Restriction maps
of the recovered plasmids indicated that they represented
two different inserts, contained in pCB3 and pCB4, that
overlapped the same region ofDNA (Fig. 3). Plasmids pCB3
and pCB4 were chosen and used to retransform ura3-52
trkiA rpd34 recipient strain R1680. All Ura+ transformants
exhibited the phosphate-dependent repression of APase ac-
tivity observed in wild-type RPD3 cells. Furthermore, they
had lost the ability to grow on media containing minimal
concentrations of potassium, suggesting that TRK2 repres-
sion was comparable to that in wild-type RPD3 cells con-
taining a trklA allele.

TABLE 4. Efficiency of diploid formation in crosses with rpdl
and rpd3 mutants

Mutation' Mean % diploid cells ± SDb
(mating type) RPD3 (a) rpdl41 (a) rpd34 (a)

RPD3 (a) 50.6 ± 1.5 32.8 ± 1.0 37.4 ± 1.4
rpdl-41 (a) 34.2 ± 2.0 4.0 ± 0.5 13.1 ± 1.9
rpd34 (a) 33.4 ± 1.1 4.6 ± 0.5 4.3 ± 0.7

a The strains used were R1174 and R1155 for RPD3, M186 and R1689 for
rpdl41, and M209 and R1680 for rpd34. Details of the diploid formation
assay are presented in Materials and Methods.

b The values shown were obtained after 3 h of mating and are averages of
three independent experiments.
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MATa

MA Tcx

MATa rpdl-41

MATTa rpd3-4

MATa
sstl

FIG. 2. a-Factor production defect in rpdl and rpd3 mutants. The
three MATa strains tested are isogenic, except for the respective rpd
loci; the MATa strain is congenic. The tests were performed on plates
containing YPD(100K) at pH 5.5. a-Factor production was estimated
on the basis of the sizes of the inhibition zones around the tested
strains in a lawn of a-factor-hypersensitive MATa sstl tester strain
BC161 (gift of J. Trueheart). The strains used were R1174 (MATa),
R1155 (MATa), R1689 (MATa rpdl-41), and R1680 (MATa rpd3-4).
The complete genotypes of the strains are indicated in Table 1.

We performed a directed-integration experiment to deter-
mine whether the cloned DNA fragments encode the RPD3
gene. The 3.3-kb BamHI-SalI fragment shared by pCB3 and
pCB4 was subcloned into integrative vector YIp5, resulting
in recombinant plasmid pMV19-1 (Fig. 3). pMV19-1 was
linearized by digestion with BglII to enhance the frequency
of integration and used to transform a heterozygous rpd3-11
RPD3 diploid to Ura+. After sporulation of three indepen-
dent transformants, tetrad analysis was performed on the
resulting meiotic progeny. In two diploids analyzed (13
tetrads), the Ura+ phenotype cosegregated with the Cyhhs,
Pho+, and Trk+ phenotypes. In the third diploid (eight
tetrads), the Ura+ phenotype cosegregated with the Cyh+,
Pho-, and Trk- phenotypes. The complete genetic linkage
between the integrated Ura+ plasmid and the Rpd pheno-
types confirmed that the cloned DNA fragments carried the
authentic RPD3 gene.

Subcloning experiments localized the RPD3 gene to a

E 8aw8 ' Ez 8 &

I I I I I I I I I I I

RPD3

-1/-

A

Probes: -
1 2

Rpd Plasmid

+ pCB4

+ pCB3

- pMV19-1

_ pMV29-11

+ pMV29-21

+ pMV34

- pMV59

- pMV28-33

pMV1 29

pMV130

1 kb
I -I

FIG. 3. Restriction map of the RPD3 locus. The top line represents an abbreviated restriction map of the RPD3 region. The arrow
represents the open reading frame and direction of transcription of RPD3 (see Fig. 5). The lines represent RPD3 subclone fragments that
delimit the borders of the gene. Each clone was tested for the Rpd phenotypes in a trklA rpd34 mutant strain (a plus sign indicates growth
on cycloheximide and no growth on low-K+ media). The open box represents the genomic sequence, between the HindIII and EcoRI sites,
deleted in the rpd3A allele. Plasmid constructions are described in Materials and Methods. The probes refer to the radiolabeled DNA
fragments used for Fig. 6.
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L G I I E L L R Y H P R V L Y I D I D V H H G D G V E E A F

T&AAT AAC GGGG
Y T T D R V M T C S F H K Y G E F F P G T G E L R D I G V G

A G K N Y A V N V P L R D G I D D A T Y R S V F E P V I K K

ATATGATGATACCOTGTGCTGl CATTGTGGGAC:TCCTTGTCCGGCGATCC
I M E W Y Q P S A V V L Q C G G D S L S G D R L G C F N L S

M E G H A N C V N Y V K S F G I P M M V V G G G G Y T M R N

TATCAACGGACTGGTGCTTTGAACATGTCTCCAAAGTGTIICCCTGGACGTGACTAGCAT GAAGGTAGTTA

V A R T Y C F E T G L L N N V VR I D Y SP Y N E Y Y E Y Y
AGGTCAGATTATAGTTAAGTGTITAGACTTCTGAATAITGTTCATGCCAATGATCCGAATATCGTTGACAAGGCTAATACCAGATATATT

G P D Y K L S V R P S N M F N V N T P E Y L D K V M T N I FGGCAATTTGAAAACCAAGTATCCFCGCTAATTCAGTT CGAATCA ACAGATGACCAAGGTATTGGCCGATTJGAAGATF

A N L E N T K Y A P S V Q L N H T P R D A E D L G D V E E D

TCTGCCGAGGCTAAAGATACGCAAGGGTGGTTCGCAACTGCGAGGGACCTACATGTIGAGCATGACAATGAATTCTATTGAAAAAAAGAG
S A E A K D T K G G S Q Y A R D L H V E H D N E F Y *

TTGGAAGTATAAGAAAAAGTAAAAAGAAAGTGAATAAAAGGCACTTAAGACGCTATcCAAT TGTGTATGAGAA
GTGCAAACTCAATITTITTTGCAAAA

90
180
270
17

360
47

450
77

540
107

630
137

720
167

810
297

900
227

990
257

1080
287

1170
317

1260
347

1350
377

1440
407

1530
433

1620
1645

FIG. 4. Nucleotide and predicted amino acid sequences of RPD3. Nucleotides are numbered from the first position of the putative
initiating methionine. The initiator methionine was assigned on the basis of the upstream in-frame termination codon at -180. The termination
codon is indicated by an asterisk.

2.4-kb ClaI-SphI fragment (Fig. 3) sufficient for complemen-
tation of the Rpd- phenotypes of rpd34 cells and cells
containing a null allele of RPD3 (rpd3A::HIS3; described
below).
Sequence of RPD3. DNA sequence analysis of the region

spanned by the EcoRV and second BglII sites (Fig. 3)
revealed a single large open reading frame capable of encod-
ing a protein of 433 amino acids with a molecular mass of 48
kDa (Fig. 4). Deletion of approximately 70% of this open
reading frame from the chromosome resulted in the Rpd-
phenotypes (see below), indicating that this region encodes
the RPD3 gene product. Comparison of the inferred RPD3
amino acid sequence with the available data bases failed to
identify other proteins with extensive similarity. Thus, al-
though RPD3 has global effects on transcription (see below),
it contains none of the known DNA-binding motifs.

Deletion of the RPD3 gene. The pleiotropic phenotypes of
rpd3 cells implied a general function for the RPD3 gene
product. To determine the effects of a null allele, a deletion
mutation that replaced most of the open reading frame of
RPD3 with integrative plasmid sequences was generated by
the method of Sikorski and Hieter (35; Materials and Meth-
ods). To facilitate further genetic analysis, the same deletion
was constructed with two different markers (URA3 in
pMV129 and HIS3 in pMV130; Fig. 3).

In separate experiments, pMV129 and pMV130 were
linearized by digestion with XbaI and used to transform
homozygous ura3-521ura3-52 his3A2001his3A200 trklAltrklA
diploids (strain M517) to Ura+ and His', respectively. After
sporulation, the transformants gave rise to tetrads in which

cosegregation of the Ura+ (or His') phenotypes with the
Rpd- phenotypes (Cyhhs and Trk+) was observed, indicat-
ing that one copy of the RPD3 gene in each diploid had been
disrupted. The viability of all four spores indicated that the
rpd3 deletion mutation is not lethal. To generate a series of
isogenic strains differing only at the RPD3 and MAT loci,
haploid cells of strains M398 and M537 were transformed
with pMV129 or pMV130. As anticipated, these transfor-
mants acquired the pleiotropic Rpd- phenotypes.
Two criteria were used to demonstrate that the Rpd-

phenotypes of cells transformed with pMV129 or pMV130
were due to a deletion in RPD3. (i) Matings with rpd34
strains produced diploids in which the rpd3A mutations
failed to complement the rpd34 mutation. (ii) Physical
evidence was obtained showing that plasmids pMV129 and
pMV130 had integrated at the RPD3 locus, replacing the
wild-type allele with the deletion construct (Fig. 5). DNA
hybridization experiments were performed with genomic
DNAs prepared from transformants M774 (rpd3A::URA3)
and M771 (rpd3A::HIS3) and from nontransformed strain
M398. Two radiolabelled probes were used to determine
the accuracy of the deletion mutation. One probe (no. 2)
was internal to the gene and demonstrated that the 0.8-kb
HindIII-EcoRI fragment within the RPD3 reading frame was
missing in the transformants; the alternate probe (no. 1)
hybridized to sequences external to the gene and confirmed
the replacement of the RPD3 coding region by the integra-
tive plasmids (Fig. 5).
RPD3 is required for maximum transcriptional responses.

To determine whether RPD3, like RPDI, is required for

MOL. CELL. BIOL.



RPD3 AND RPDI MAXIMIZE TRANSCRIPTIONAL REGULATION 6323

CIF) mIC( corr.
z :E

m 1-11 -,!I

R !.
cc & ?Q,.-

I

-4 7.0kb

-4*- 3.3kb -

Probe 1 Probe 2
FIG. 5. Southern analysis of the rpd3A strains. The radiolabelled

probes used are represented in Fig. 4. The strains used were M398
(RPD3), M774 (rpd3A::URA3), and M771 (rpd3A::HIS3). Probe 1
hybridized to sequences located outside the deleted region and gave
rise to shifted signals because of the plasmid insertion. Probe 2
hybridized to sequences within the region to be deleted and, as
expected, failed to detect any homologous sequence in rpd3A::
URA3 and rpd3A::HIS3 strains. The blots were washed under
conditions of high stringency (65°(, 0.lx SSC [lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate], 0.1% sodium dodecyl sulfate).

RPD-regulated genes to achieve their maximum transcrip-
tional responses, we measured the expression, in RPD3 and
rpd3A cells, of a variety of these genes under activation and
repression conditions. Promoter-lacZ fusion constructs were
used to determine the extent of regulation of cell type-
specific genes and genes regulated by extracellular signals.
P-Galactosidase activity measured in MATa RPD3 (M537)
and MATa rpd3A (M778) cells transformed with a cycl::lacZ
fusion in which the endogenous CYCJ upstream activating
sequences (UAS) have been replaced with the STE6 UAS
showed that activation of the a-specific UAS element was
fivefold lower in MATa rpd3A cells than in wild-type MATa
RPD3 cells (Fig. 6). In contrast, P-galactosidase activity
measured in MATa RPD3 (M398) and MATa rpd3A (M771)
cells transformed with the same reporter plasmid showed
that the level of expression of the a-specific UAS element
was increased by at least fivefold in MATa rpd3A cells
compared with that in MATa RPD3 cells (Fig. 6). lacZ

Repression (R)

transcription driven by the TY2 and PHOS promoters was
also altered in rpd3A mutants. The role of RPD3 in the
activation of some genes, e.g., PHOS, and the repression of
others, e.g., TY2, can be very small. However, the ratio of
activation levels to repression levels (A/R in Fig. 6) revealed
that the overall effect of RPD3 on transcriptional regulation
is significant. These results revealed that the decrease of
transcriptional responses in cells containing a null allele of
RPD3 is similar both qualitatively and quantitatively to that
observed in cells deleted for RPDI.

Tests for additivity between rpdl and rd mutations. The
results described above indicate that RPD3 is required for
many genes to achieve their maximum state of transcrip-
tional regulation. The role of RPD3 thus appears to be
identical to that ofRPDI. Two possibilities could explain the
similarity of rpdl- and rpd3-determined phenotypes. RPD1
and RPD3 proteins may mediate the effects on transcrip-
tional regulation independently or function in the same
molecular pathway. The former scenario seemed unlikely,
since the amino acid sequences of RPD3 and RPD1 are
unrelated and RPD3 contains none of the putative protein-
protein interaction domains found in RPD1 (43, 44). To help
determine the functional relationship between RPDJ and
RPD3, we performed experiments to detect additivity be-
tween the effects of rpdl and rpd3 mutations.

Wild-type, rpdl, rpd3, and rpdl rpd3 cells were obtained
from a tetratype tetrad generated from heterozygous rpdll
RPDI rpd3/RPD3 congenic diploid strain M798 after sporu-
lation. The Trk, Cyh, and Pho phenotypes of these isolates
were tested under conditions that would allow detection of
additivity (Fig. 7a). For example, cells were tested for
growth on medium containing 0.08 mM KCl to test the Trk
phenotype and on medium containing 0.04 ,ug of cyclohexi-
mide per ml (incubated at 30°C) to test the Cyh phenotype.
In addition, expression of RPD-regulated genes TRK2,
SP013, and HO was measured in each of the isolates by
using the appropriate lacZ fusion plasmids (Fig. 7b). Each of
these tests demonstrated absence of additivity between the
effects rpdl and rpd3 mutations. On the basis of these
results, we conclude that the RPDI and RPD3 gene products
function in the same molecular pathway (Fig. 8).

DISCUSSION

A simplified view of the universe of transcriptional regu-
lators is one in which these factors constitute two mutually
exclusive groups: DNA-binding proteins and proteins that

Activation (A) A/R

UAS

- -
STE6 I.cz

-
TY2 lcz

PH06 IW-Z

RPD3 rpd3sl RPD3 Ipd3A RPD3 ipd3A

< 02 1.0 (±0.2) 46 (±14) (to)

0.7 (±0.15) 12 (±0.3) 30 (±0.3) 1.3 (±0.3)

11 (±1.0) 26 (±42) 151 (±15) 121 (±20)

P 2400 99

43 1.1

137 46

FIG. 6. Activation and repression in rpd3 mutants. Mean 3-galactosidase specific activities (units are defined in Materials and Methods)
exhibited by RPD3 and rpd3 cells (standard deviations shown in the parentheses). PHO5, PHOS:1acZ fusion on a centromeric plasmid under
repression (high phosphate concentration) and activation (low phosphate concentration) conditions; STE6, cycl:UAS(STE6):1acZ on a
multicopy plasmid under repression (MATa cells) and activation (MATa cells) conditions; TY2, TY2:lacZ fusion on a centromeric plasmid
under repression (diploid cells) and activation (haploid cells) conditions.
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- HIS

- TRP

LS(O.08K)

CYH (370)

CYH (300)

b) RPD1 rpdlA RPD1 rpdlA
rpd3A RPD3 RPD3 rpd3A

TRK2

SPOi3

HO

47

1.23

45

49

0.73

100

11

< 0.4

7

39

1.18

39

FIG. 7. Tests for additivity between rpdl and rpd3. The experiment was performed on a tetratype tetrad from heterozygous rpdl/RPDJ
RPD31rpd3 congenic diploid strain M850. (a) Growth tests. -HIS, medium containing YNBAA lacking histidine; -TRP, medium containing
YNBAA lacking tryptophan; CYH(37°), medium containing YNBAA supplemented with cycloheximide (0.04 ,ug/ml) and incubation at 37°C;
CYH(30°), medium containing YNBAA supplemented with cycloheximide (0.04 ,ug/ml) and incubation at 30°C. (b) P-Galactosidase specific
activities (units are defined in Materials and Methods) exhibited by wild-type, rpdl, rpd3, and rpdl rpd3 cells under repression conditions.
TRK2, TRK2:lacZ fusion in a multicopy plasmid; SP013, SPO13:IacZ fusion in a centromeric plasmid during vegetative growth; HO,
HO:1acZ fusion in a multicopy plasmid.

regulate the activity of DNA-binding proteins. Recent stud-
ies that have focused on the latter group have revealed
previously unknown mechanisms of transcriptional regula-
tion. Some of these include (i) negative regulation by inter-
actions between transcriptional activators and non-DNA-
binding proteins (e.g., MyoD-Id, [3]), (ii) modification of
transcriptional activity by phosphatases (SIT4 [38]), (iii)
positive regulation by proteins that establish or maintain the

phosphorylated level of transactivators (GAL11/SPT13
[24]), and (iv) molecular communication between transacti-
vator proteins and the transcriptional mnachinery via adaptor
proteins (4, 5, 19).

In the accompanying report, we describe a novel mecha-
nism of gene regulation that is dependent on RPDJ (43).
Under the appropriate regulatory conditions, RPDJ ensures
both full activation and full repression of transcription.

a)

RPD1
rpd3A

rpdlA
RPD3

RPD1
RPD3

rpdlA
rpd3A
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Activation

Regulatory_

Signal(s)

(RPD1, RPD3)
*30

Repression
FIG. 8. RPD1 and RPD3 are required for maximum transcrip-

tional responses. The vertical arrows represent the differences in
levels of transcriptional activity between repression and activation
conditions of a given gene. Horizontal arrows represent pathways
leading to specific regulation (left) or enhancement of regulation.
RPDI and RPD3 act in the same pathway that leads to enhanced
transcriptional regulation; the parentheses indicate that the order of
function is unknown. For details, see the text.

Unlike the products of the RAP] and MCMJ genes, which
act as positive or negative regulators in a gene-specific
manner (23), RPDJ acts as both a positive and a negative
regulator of the same genes. Furthermore, the role of RPDJ
in transcriptional regulation is global; many diversely regu-
lated yeast genes are also subject to regulation by RPDJ (43).
Not surprisingly, several investigators have genetically iden-
tified this locus by selecting for inappropriate expression of
different genes, including HO (27, 36), SPO13 (37), and
TRK2 (42).
RPDJ maximizes the transcriptional responsiveness of

many yeast genes, including (i) cell type-specific genes, (ii)
cell differentiation-specific genes, (iii) genes that respond to
external signals, and (iv) TRK2, which encodes the low-
affinity K+ transporter. RPDJ (also known as SIN3 [36],
SDI] [27], and UME4 [37]) does not encode a DNA-binding
protein (43, 45, 46). Instead, RPDI appears to confer its
effects on transcription by altering the activities of transcrip-
tional activators and/or repressors in an unknown manner.
Given the diversity of genes under RPD regulation, it is

likely that additional factors are required for its implemen-
tation. Our search for other genes involved in this regulation
included analysis of rpd3 mutants since they were identified
in the same genetic selection scheme that gave rise to rpdl
mutants (42). In this report, we describe genetic and molec-
ular experiments that show that RPD3 encodes a second
factor required for full transcriptional response of many
genes to their regulatory stimuli.
RPD3 maximizes transcriptional states (positive and nega-

tive) of yeast genes. Mutations in RPD3 confer pleiotropic
phenotypes, including suppression of the Trk- phenotype of
trklA cells; hypersensitivity to cycloheximide, acriflavin,
and ethidium bromide; increased production of APase; in-
ability to sporulate when homozygous; and, in MATa cells,
decreased production of a-factor. These phenotypes are
identical to those exhibited by cells containing mutations in
RPDJ, suggesting that RPD3 is also involved in a mechanism
that allows diverse genes to achieve maximal transcriptional
states. To assess the role of RPD3 further, we cloned the
wild-type allele by its ability to suppress the cycloheximide
hypersensitivity phenotype of rpd3 recipient cells. The

RPD3 DNA sequence encodes a 433-amino-acid protein with
a molecular mass of 48 kDa. The RPD3 protein shows little
similarity to the sequences of other proteins contained in the
available data bases (lla). Gene disruption experiments
demonstrated that RPD3 is not essential.
The identical phenotypes of rpdlA and rpd3A cells sup-

ported the notion that RPD3 encodes a second factor re-
quired for maximal transcriptional regulation. This was
confirmed by experiments in which expression of lacZ,
driven by different yeast promoters, was measured in RPD3
and rpd3 cells. The results of these experiments demon-
strated that RPD3 is required for proper regulation of the
low-affinity K+ transporter (TRK2), cell type-specific genes
(STE6, TY2, and HO), cell differentiation-specific genes
(SPO13), and genes that are regulated by extracellular sig-
nals (PH05). Surprisingly, although we showed that rpd3
mutations lead to aberrant derepression of both HO and
SPOJ3, there is no evidence to suggest allelism between
rpd3 mutations and sin and ume mutants (36a).
We tested whether RPDI and RPD3 function in the same

or different molecular pathways by testing for additivity of
the rpdl and rpd3 mutations. If RPD1 and RPD3 function in
independent pathways, the pleiotropic phenotypes would be
expected to be more severe in rpdl rpd3 double mutants than
in either single mutant. Conversely, if RPD1 and RPD3
function in the same molecular pathway, the effects of
double mutations would not be additive. We compared the
effects on transcription and the phenotypes of cells contain-
ing the rpdlA or rpd3A single mutation with those of cells
containing the rpdlA rpd3A double mutation. Phenotypic
analysis included tests for cycloheximide hypersensitivity
and the ability to grow on potassium-limiting media (depen-
dent on derepression of TRK2). Gene expression assays
included the measurement of 3-galactosidase activity driven
by the promoters of several RPD-regulated genes (TRK2,
SPOJ3, and HO). In each of these tests, the effects of the
double mutation were essentially indistinguishable from
those of either one of the single mutations, suggesting that
RPD1 and RPD3 function either at different steps in a single
pathway or as a heterologous complex. Support for an
RPD1-RPD3 complex is inferred from our observations that
mutations in either RPDJ or RPD3 confer allele-specific
subsets of the multiple phenotypes observed in rpdlA or
rpd3A cells (unpublished data). These observations suggest
that each of the two proteins takes part in the downstream
functions that lead to the effects on transcriptional regula-
tion.
The isolation of extragenic suppressors of rpdl and rpd3

missense mutations should reveal the identity of proteins
with which RPD1 and RPD3 interact. Results from these
experiments will help to determine how RPD1 and RPD3
convey their global effects on transcriptional regulation.
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ADDENDUM IN PROOF

Two additional genes, distinct from RPDJ and RPD3,
have recently been shown to be involved in the transcrip-
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tional regulation of diverse yeast genes, including PH05 and
ST. Like the RPD genes, SPTIO and SPT21 can play both
positive and negative roles in the transcriptional regulation
of target genes (G. Natsoulis, C. Dollard, F. Winston, and
J. D. Boeke, New Biol. 3:1-9, 1991). It will be of interest to
determine whether these regulators constitute elements of
the same system.
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