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ABSTRACT

Raplp is a context-dependent regulatory protein in yeast that functions as a transcriptional activator
of many essential genes, including those encoding ribosomal proteins and glycolytic enzymes. Raplp
also participates in transcriptional silencing at HM mating-type loci and telomeres. Overexpression of
RAPI strongly inhibits cell growth, perhaps by interfering with essential transcriptional activation func-
tions within the cell. Here we report a molecular and genetic analysis of the toxic effect of RAPI
overexpression. We show that toxicity does not require the previously defined Raplp activation and
silencing domains, but instead is dependent upon the DNA-binding domain and an adjacent region of
unknown function. Point mutations were identified in the DNA-binding domain that relieve the toxic
effect of overexpression. Two of these mutations can complement a RAPI deletion yet cause growth
defects and altered DNA-binding properties in vitro. However, a small deletion of the adjacent (down-
stream) region that abolishes overexpression toxicity has, by itself, no apparent effect on growth or DNA
binding. SKOI1/ACRI, which encodes a CREB-like repressor protein in yeast, was isolated as a high copy
suppressor of the toxicity caused by RAPI overexpression. Models related to the regulation of Raplp

activity are discussed.

HE transcriptional regulator Raplp is an essential
sequence-specific DNA-binding protein (SHORE
and NasMyTH 1987). Rap1p-binding sites that behave as
upstream activating sequences (UASs) are found within
the promoters of the majority of ribosomal protein and
glycolytic enzyme genes, and at many other genes, in-
cluding the MATa mating-type genes (ROTENBERG and
WOOLFORD 1986; SILICIANO and TATCHELL 1986; CHAM-
BERS ¢f al. 1989; NISHIZAWA et al. 1989). Studies of tem-
perature-sensitive (ts) rapl mutants provide direct
proof that Raplp functions as an activator, at least at
the MATw locus (GIESMAN ¢t al. 1991; KURTZ and SHORE
1991). Raplp-binding sites are also found within the
silencer elements at the HM mating-type loci (SHORE
and NasmyTH 1987; SHORE et al. 1987; BUCHMAN et al.
1988a) and within the C,_;A repeats at telomeres (BER-
MAN ¢t al. 1986; BUCHMAN e¢f al. 1988a; LONGTINE ¢t al.
1989; GILSON et al. 1993), where Raplp plays a role in
the repression of transcription (KURTZ and SHORE 1991;
SusseL and SHORE 1991; KYRION et al. 1993).

The specific sequence of a Raplp-binding site does
not determine its function, since a site taken from a
UAS element will participate in repression when placed
at a silencer, and vice versa (BRAND ¢t al.1987; SHORE
and NasMYTH 1987; BUCHMAN ez al. 1988b). Based upon
these and other data it has been proposed that the
context within which Raplp binds DNA determines its
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function, via interactions with nearby DNA-binding pro-
teins and other specific transacting regulators (SHORE
1994). For example, Raplp and another DNA-binding
protein, Gerlp, act synergistically to activate transcrip-
tion of many glycolytic enzyme genes (BAKER 1986; TOR-
NOW and SANTANGELO 1990; BAKER 1991). At HM loci
a Raplp site is found in conjunction with an origin
recognition complex (ORC)-binding site that is proba-
bly essential for the ability of Raplp, in this context, to
promote silencing (MAHONEY ¢t al. 1991; RIVIER and
RINE 1992; BELL ¢t al. 1993; Foss et al. 1993; MICKLEM
et al. 1993). At silencers and telomeres Raplp appears
to function by recruiting a complex of Sir proteins to
the chromosome through direct protein-protein inter-
actions (MORETTI et al. 1994).

Three functional domains have been mapped in
Raplp by studies of mutant proteins and fusions of
Raplp to the Gal4p DNA-binding domain (SEE SHORE
1994) (Figure 1A). The first 279 amino acids of the
protein can be deleted without affecting any known
function of Raplp (MORETTI ¢t al. 1994). The DNA-
binding domain has been mapped between amino acids
361 and 596 (HENRY et al. 1990; D. BALDERES and D.
SHORE, unpublished results). The C-terminal portion
of Raplp contains both activation and silencing func-
tions. An activation domain lies between amino acids
630 and 695, and a silencing domain maps to a partially
overlapping region from amino acid 678 to the C-termi-
nus of the protein, amino acid 827 (HARDY et al. 1992;
Buck and SHORE 1995). Isolation and characterization
of a number of missense and truncation mutations in



1254 K. Freeman, M. Gwadz and D. Shore

this C-terminal region confirmed that it plays an im-
portant role in AM locus silencing and is essential for
telomere position effect (SUSSEL and SHORE 1991; Kv-
RION et al. 1992; LIU et al. 1994; MORETTI et al. 1994).
It is important to note that the activation and silencing
domains of Raplp are genetically separable and that
mutations have been isolated that abolish silencing but
have no effect on activation (SUSSEL and SHORE 1991).

We were interested in identifying proteins that deter-
mine the ability of Raplp to function as an activator.
The essential nature of Raplp is presumably due, at
least in part, to its role in the activation of ribosomal
protein and glycolytic genes, which makes a standard
genetic analysis of its activation properties difficult.
Since the dominant-negative phenotype resulting from
RAPI overexpression (D. SHORE, unpublished results;
CONRAD ¢f al. 1990) could be related to its normal essen-
tial functions, we decided to analyze this effect in some
detail. Growth inhibition by excess Raplp could be
caused by a number of different mechanisms. (1) In-
creased expression of the Raplp activation domain may
cause squelching, or titration of essential general tran-
scription factors, a phenomenon observed when strong
activators such as Gal4p or VP16 are overexpressed
(GILL and PTASHNE 1988; PTASHNE 1988; BERGER ¢t al.
1990). (2) Increased Raplp concentration could titrate
a specific (and essential) Raplp-interacting factor. (3)
Excess Raplp mightlead to inappropriate DNA binding
at low-affinity sites, which could interfere with normal
promoter function. (4) Excess Raplp could result in
increased activation of a gene whose product blocks
growth or is toxic, or it could cause inappropriate silenc-
ing of an essential gene.

MATERIALS AND METHODS

Media and strains: Yeast strains were grown according to
standard procedures in media containing either 2% glucose
or 2% galactose (ROSE et al. 1990). All strains were derived
from W308-1A (THOMAS and ROTHSTEIN 1989). Nontoxic rapi
alleles were selected in YKT124, a MATa haploid with the N-
terminal RAPI deletion, rapl-6 (MORETTI ¢t al. 1994), and a
Raplp UAS(5G)-HIS3 reporter integrated at the URA3 locus
(M. Gwapz and D. SHORE, unpublished results). The Raplp
UAS(5G) is a derivative of a “‘consensus’’ Raplp binding site
(GCACCCACACATT) (BUCHMAN et al. 1988b) from the TEF2
promoter in which the C at position 5 is replaced by a G.
This mutation abolishes expression of the linked HIS$3 gene
as measured by the ability to grow in the absence of histidine
(M. Gwapz and D. SHORE, unpublished results). Strains con-
taining the nontoxic RAPI alleles, rapl-32 and rapl-34, were
constructed by plasmid shuffle of YKT126. YKT126 is a MATa
haploid in which the chromosomal copy of RAPI is replaced
with LEU2, removing all RAPI coding sequences up to amino
acid 760, and that carries the Raplp UAS(5G)-HIS3 reporter
at URA3 and wild-type RAPI on a sup4-0 CEN plasmid. For
selection of suppressors of toxicity, pGALI:RAPI was inte-
grated at the URA3 locus and pGALI:lacZ (YOCUM et al. 1984)
at the LEU2 locus of W303-1A (YKT37). For growth assays,
cells were grown in 2% glucose to midlog phase. Tenfold
serial dilutions were spotted onto plates containing either 2%
glucose or 2% galactose, as indicated.

Plasmids: pGALI:RAPI plasmids were constructed by join-

ing an EcoRI-BamHI fragment carrying the GALI-10 promoter
(JoHunsTON and Davis 1984) to RAPI, using a Xhol linker
placed 20 nucleotides upstream of the RAPI ATG. This pro-
moter fusion was then moved to the integrating plasmid
pRS306 for strain constructions, the high copy plasmid
pRS425 (D1260) for toxicity assays, or pRS423 (K643) for
selection of nontoxic mutations (SIKORSKI and HIETER 1989).
RAPI deletions were constructed by joining 5" and 3’ exo-
nuclease deletions (constructed by D. BALDERES) with a Xhol
linker, thereby inserting four amino acids. These were intro-
duced into the pGALI:RAPI plasmid as Psfl/ Xbal fragments.
For selection of nontoxic RAPI alleles, the rapl-35 allele was
moved to the pGALI:RAPI plasmid on a Pstl/ BglIl fragment
(K475). The rapl-35 allele was selected as one that allows the
activation of the Raplp UAS(5G)-HIS3 reporter and will be
described elsewhere (M. GWADZ and D. SHORE, unpublished
results). Restriction fragments carrying the mutant alleles
were used to replace the wild-type sequences in the plasmid
pMG400, a pRS316-based plasmid carrying the RAPI Bglll-
Xbal fragment with an Nhel site introduced at nucleotide 1651.
The exchanges were confirmed by DNA sequencing. The
pADHI:RAP] plasmid was constructed as a gene fusion joining
ADH1, from the plasmid AH10 (AMMERER 1983) to nucleotide
88 of RAPI. This fusion construct was then moved to the high
copy vector, pRS425.

Selection of nontoxic RAP1 alleles: The pGALI:rapl-35
plasmid (K475) was mutagenized by passage through a mutD5
bacterial strain (ECHOLS et al. 1983). Mutagenized plasmids
were introduced into strain YKT124 and plated on glucose
—Trp medium. Transformants were replica plated to glucose
—His and galactose —His media. Those colonies that grew
only on galactose —His were selected for further analysis.
These strains were subjected to Western blot analysis, and
plasmids were isolated from strains that maintained a high
level of galactose-inducible Raplp. The mutation on the plas-
mid was mapped by restriction fragment swaps with a wild-
type plasmid, and the DNA sequence of the fragment confer-
ring the mutant phenotype was determined. The nontoxic
mutations were separated from the original HIS3activating
mutation by exchanging fragments with the wild-type plasmid,
pMG400. These were expressed from either the GALI pro-
moter in K643 or the native RAPI promoter in pMG400. To
create strains carrying only the mutant allele of RAPI, the
strain YKT126 was transformed with mutant pMG400 plas-
mids, and the wild-type plasmid was removed by growth on
medium containing canavanine (KURTZ and SHORE 1991).

Electrophoretic mobility shift assays: Electrophoretic mo-
bility shift assays (band shift assays) were performed as pre-
viously described (KURTz and SHORE 1991). The probe was an
end-abeled HindI-EcoRI fragment carrying 2 Raplp-binding
site from the TEF2 promoter (TGTTGCACCCACACATTTA)
(BUCHMAN e al. 1988b). The competitor DNA was the unla-
beled parent pUC plasmid carrying this HindIII-EcoRI frag-
ment. In each reaction the total amount of pUC DNA was
kept constant at 450 ng by decreasing the amount of pUC
vector without insert as the amount of specific (insert-con-
taining) competitor DNA was increased. Each reaction also
included 450 ng poly(dIdC), except in Figure 3A, where
poly(dIdC) concentration decreases as competitor DNA
increases and no pUC DNA is added to the reactions. Protein
concentration was measured by the Bradford assay (BRADFORD
1976) and 2.5 pug of extract was used in each reaction.

Identification of high-copy number suppressors of Raplp
toxicity: A YEp24-based Saccharomyces cerevisiae genomic DNA
library (CARLSON and BOTSTEIN 1982) was introduced into
YKT37, and transformants were selected on plates containing
glucose. Transformants were replica plated to galactose me-
dium and colonies were identified that showed increased
growth. Plasmid dependence for growth on galactose was as-
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certained by removal of the library plasmid using 5-fluorooro-
tic acid selection (BOEKE et al. 1984). Finally, the expression
level of the pGAL1:lacZ reporter was assayed in cells induced
in galactose liquid medium (BREEDEN and NASMYTH 1987).
Plasmids were isolated from cells that showed plasmid-depen-
dent growth on galactose and no decrease in pGALI:lacZ ex-
pression.

Western blot analysis: Cell extracts were prepared as for
band shift assays. Fifty micrograms of extract were separated
on 8% polyacrylamide, transferred to nitrocellulose and
probed with a polyclonal antibody to Raplp (SHORE and Nas-
MYTH 1987). Amersham ECL was used, following manufactur-
er’s directions, to detect the Raplp-bound antibody.

RESULTS

Growth inhibition is caused by overexpression of the
Raplp DNA-binding domain and adjacent C-terminal
sequences: As Raplp is a multifunctional protein, able
to either activate or repress transcription, it was of inter-
est to determine if overexpression of one particular
functional domain of Rap1p was associated with growth
inhibition. We therefore constructed internal deletions
within RAP] coding sequences fused to the GALI pro-
moter and assayed the ability of the resulting mutant
proteins to inhibit cell growth on galactose plates,
where their expression is induced to high levels (see
MATERIALS AND METHODS). Deletion of the N-terminus,
removing amino acids 43-345 (A43-345), had no ef-
fect on toxicity since overexpression of this deletion
protein still inhibits cell growth (Figure 1B, rows 2 and
3). However, deletion of more C-terminal sequences,
which infringe upon the DNA-binding domain (e.g.,
A208-440), produced a nontoxic protein (Figure 1B,
rows 4-6). Deletions within the C-terminus (from
amino acids 670 to 806), which remove the silencing
domain, had little, if any, effect on toxicity (Figure 1B,
row 7). Surprisingly, larger C-terminal deletions, from
amino acid 610, that removed both the activation and
silencing domains or deletions that removed only the
activation domain (e.g., A610-669 and A622-701) also
had no effect on growth inhibition (Figure 1B, rows 9-
11). Thus, it would appear that neither the silencing
nor the activation functions of Raplp are required to
mediate the toxic effect of overexpression. One excep-
tion to this generalization is the A619-806 mutant,
which resulted in a nontoxic protein. As larger C-termi-
nal deletions retain toxicity (A610-806), it is likely that
the lack of toxicity of the A619-806 mutant is due
either to a folding defect or to the masking of a toxic
domain still present in the deletion.

Removal of C-terminal sequences past the defined
activation domain (A599-806 and A570-806) pro-
duced proteins that were nontoxic when overexpressed
(Figure 1B, rows 12, 13). Because a lack of toxicity could
be caused by the absence of high levels of protein, each
deletion construct was analyzed by Western blotting to
confirm that the mutant Raplp was present at the ex-
pected high levels and that the protein product was
of the correct size (data not shown). Those deletion

constructs that produced unstable proteins were dis-
carded from the analysis and are not included in Figure
1. A number of internal deletions that mapped within
the DNA-binding domain produced proteins that were
not toxic when overexpressed, suggesting that overex-
pression of the DNA-binding domain is required for
toxicity (Figure 1B rows 5, 6, 13, and 16). Interestingly,
deletions removing a short region between the activa-
tion domain and DNA-binding domain (A595-616 and
AB98-616) and truncation of the C-terminus to amino
acid 599 also resulted in proteins that were not toxic
when overexpressed (Figure 1B, rows 14, 15, and 12).
The smaller of these deletions (A598-616), which has
a completely nontoxic phenotype, was also expressed
from the RAPI promoter. This allele, rapI-31, was able
to completely rescue a RAPI deletion strain, implying
that all of its essential properties remain intact (data
not shown). All three of these nontoxic proteins retain
the ability to bind DNA in vitro, as assayed by band shift
analysis (data not shown and Figure 3A). Row 18 shows
that overexpression of a Raplp protein with deletions
of both the N-terminus (43-193 and 273-303) and the
C-terminus (610-806) is sufficient to confer the toxic
phenotype.

This series of RAPI deletions suggests that overex-
pression of the DNA-binding domain of Raplp is neces-
sary, but not sufficient, for growth inhibition, and thata
domain adjacent to and possibly overlapping the DNA-
binding domain is also required. Although one cannot
rule out the possibility that the deletions adjacent to the
DNA-binding domain have in some way altered protein
folding, this would seem unlikely since the mutants can
complement a deletion of RAPI and must therefore
produce functional protein. These sequences could de-
fine a protein interaction domain, overlapping the
DNA binding domain, through which the function of
Raplp is modulated. Alternatively, binding of Raplp to
DNA may be required to exert the toxic effect.

Isolation of nontoxic RAPI point mutations: In an
attempt to define further the relationship between DNA
binding and toxicity of overexpression, we sought to
isolate point mutations in Raplp that are capable of
binding DNA but are no longer toxic. To avoid selec-
tion of mutants that destroy Raplp, we used a strain
containing a HIS3 reporter gene whose expression is
dependent upon an upstream Raplp-binding site (M.
Gwapz and D. SHORE, unpublished results). By select-
ing for expression of this HIS3 reporter gene, we in-
sured that some level of functional Raplp protein was
being produced. As RAPI is essential for viability, we
needed to distinguish the overexpressed gene from the
native RAPI gene. This was accomplished by using a
mutant Raplp-binding site upstream of the HIS3 re-
porter gene [UAS(5G)], which results in a His™ pheno-
type in a RAPI wild-type strain, and a corresponding
RAP] allele that is able to activate the mutant reporter
gene, rapl-35 (D to A change at position 543) (M.
Gwapz and D. SHORE, unpublished results). Although
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FIGURE 1.—Definition of a minimal toxicity domain. (A) Schematic showing Raplp protein domains. (B) Amino acid deletions

=

of Raplp, created by joining 5" and 3’ deletions with a Xhol linker, were expressed from the GALI promoter carried on a 2-um
LEU2 vector. Cells were grown to midlog phase in selective media containing glucose. Sets of 10-fold serial dilutions were spotted
onto selective plates containing either galactose or glucose. DNA binding reflects the ability of each deletion construct to bind
a Raplp UAS based upon our results and previously published data (Figure 3A) (HENRY et al. 1990).

the rapl-35 allele is able to activate the HIS3 reporter
construct, it still binds effectively to a wild-type Raplp-
binding site and is able to complement a RAPI deletion
strain. When expressed at normal levels, the rapl-35
mutant allele results in a His™ phenotype in the re-
porter strain. However, when this mutant is overex-
pressed from the GALI promoter, a toxic Raplp prod-
uct is produced and cells are therefore unable to grow
on media lacking histidine and containing galactose as
the sole carbon source (see Figure 2A).

Nontoxic pGALI:rap1-35 mutants were selected from
a pool of mutagenized plasmids by their ability to grow
on galactose plates lacking histidine but not on glucose
plates without histidine (the inability to grow on glucose
—His assures that the His™ phenotype is plasmid
linked). Potential nontoxic rap-35 mutants were exam-
ined by Western blot analysis to determine if the mutant
proteins were in fact being overexpressed upon galac-
tose induction. In most candidate mutant strains Raplp
protein levels were lower than that of the starting strain.

These strains were therefore discarded from the analy-
sis. Mapping and sequencing of the four remaining mu-
tants, all of which contained high levels of the overex-
pressed protein, showed that they encoded single
amino acid missense changes, all within the DNA-bind-
ing domain (Figure 2B).

Rapl alleles were constructed that contained the non-
toxic mutations separated from the initial rap1-35 muta-
tion. These mutant proteins were still nontoxic when
expressed at high levels from the GALI promoter but
had lost the ability to activate the HIS3reporter, indicat-
ing that the selected nontoxic phenotype was indepen-
dent of the HIS3activating mutation. The nontoxic
RAPI mutant alleles were then expressed from the na-
tive RAPI promoter and assayed for their ability to sup-
port growth in the absence of a wild-type chromosomal
copy of RAPI (see MATERIALS AND METHODS for details).
Two mutant alleles (rapl-32 and rapl-34) were able to
support growth, rescuing a RAPI deletion strain,
whereas a third (rap1-33), which was isolated twice, pro-
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A
RAP1 UAS(5G) HIS3
GLUCQOSE -HIS  GALACTOSE - HIS
RAP1 - -
rap1-35 + +
PGAL1:RAP1 - -
pGAL1:rap1-35 - -
pGAL1:rap1-35* - +
B
ALLELE MUTATION VIABILITY
RAP1 NONE +4++
rap1-32 TYR 455 CYS +++ s
rap1-33 LEU 549 PRO +/-
rap1-34 MET 574 LYS +

FIGURE 2.—Nontoxic RAPI mutations map within the
DNA-binding domain. (A) Selection scheme: rapl-35 activates
the Raplp UAS(5G)-HIS3 reporter. When expressed from the
GALI promoter, no growth is observed on glucose plates due
to glucose repression of the GALI promoter or on galactose
plates due to toxicity. Nontoxic mutations, pGALI:rapl-35%
were selected by their ability to restore growth on galactose
—His. (B) Nontoxic mutations were mapped and sequenced;
the amino acid change is listed for each isolate. RAPI deletion
strains were rescued with rapl, URA3, CEN plasmids. rapl-32-
rescued strains are temperature sensitive; rapl-34-containing
strains grow slowly, and rapI-33, which was isolated twice, sup-
ports only very slow growth and exhibits high reversion rates.

duced only very small colonies that were prone to rever-
sion. Strains rescued with the rapI-32allele are tempera-
ture sensitive and those rescued with rapl-34 exhibit a
growth rate somewhat slower than that of wild type.
The ability to rescue a RAPI null strain strongly suggests
that the mutant alleles (rapl-32 and rapl-34) retain the
ability to bind DNA and to promote transcription of
Raplp-activated genes. As shown in Figure 3B, band
shift analysis confirmed that these mutants produce a
protein capable of binding to a high affinity Raplp
binding site (referred to as the Raplp UAS) oligonucle-
otide probe. However, both Rap1-32p and Rapl-34p
bound less probe than did the wild-type protein (ap-
proximately nine- and fivefold less, respectively). The
Rapl-34p mutant also behaved differently in that its
binding to the radiolabeled probe was not competed by
the same level of unlabeled probe that could efficiently
compete for binding by the wild-type protein (Figure
3B). Western blot analysis showed that equal amounts
of wild-type and Rap1-32p were present, while the level
of Rapl-34p was slightly higher (data not shown).

To quantify more accurately the efficiency with which

the mutant Raplp proteins bound the Raplp UAS, cells
carrying a chromosomal copy of RAPI containing an
N-terminal deletion (rapl-6) (MORETTI et al. 1994) were
transformed with a single copy plasmid containing the
nontoxic rapl alleles. In the resulting strains the bind-
ing efficiency of the mutant protein could be directly
compared to that of the Rapl-6p since this truncated
protein produces a protein-DNA complex of higher mo-
bility on polyacrylamide gels (Figure 3A). We were sur-
prised to find that the nontoxic mutant proteins showed
a further decrease in their ability to bind the Raplp
UAS probe when they were expressed in cells con-
taining the rapl-6 truncation allele (Figure 3C), despite
the fact that the binding was carried out in the presence
of excess radiolabeled probe DNA. One explanation for
these results is that there is a limiting Raplp-interacting
factor or modification that is required for Raplp to
efficiently bind DNA. Since the toxicity assay is per-
formed in the presence of wild-type Raplp, the non-
toxic phenotype of these rapl alleles could be due to
this decrease in DNA binding in the presence of wild-
type Raplp.

Increased levels of SKO1/ACRI suppress Raplp tox-
icity: If the growth inhibition observed when RAPI is
overexpressed were due to the titration of a protein
that interacts with Raplp, it should be possible to sup-
press this toxicity by increasing the level of the titrated
protein. This suppression assay could provide a method
for identifying factors that interact with Raplp and
modulate its function. Suppressors were isolated by
transforming YKT37, a pGALI1:RAPI-containing strain,
with a high copy yeast genomic library (CARLSON and
BOTSTEIN 1982) and selecting transformants that were
able to grow on galactose. These transformants were
tested further by ascertaining that growth on galactose
was dependent upon the addition of the 2-um plasmid
and by checking that expression of an integrated
pGALI:lacZ reporter gene was not decreased (YOCUM et
al. 1984). From ~10,000 transformants screened, three
plasmids containing overlapping inserts were identified
that satisfied all of these criteria. The minimal comple-
menting fragment contained a previously identified
gene, called SKOI or ACRI, that was identified as a
suppressor of toxicity caused by the overexpression of
a cAMP dependent protein kinase (NEHLIN et al. 1992)
and as a repressor in yeast that binds to (mammalian)
cAMP response elements (CREs) (VINCENT and STRUHL
1992). SKOI1/ACRI encodes a basic leucine-zipper
(bZIP) protein similar to the mammalian CREB pro-
tein. However, there is as yet no direct evidence that
CREs or SKO1/ACRI play a role in responding to cAMP
in S. cerevisiae.

To determine whether SKOI/ACRI could suppress
RAPI overexpression in a promoter-independent man-
ner, we expressed RAPI from the strong ADHI pro-
moter. Transformation efficiency with this plasmid was
very low, suggesting that the cells could not tolerate the
high level of Raplp produced from the ADHI pro-
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FIGURE 3.—Nontoxic Raplp mutants are
able to bind DNA specifically. (A) Bandshift
assay of the nontoxic deletion mutant rapl-31
using a high-affinity Raplp-binding site. Ex-
tracts from cells containing chromosomal
rapl-6 and either wild-type RAPI or rapl-31
(deletion of amino acids 598-616) on a single
copy plasmid were prepared from log-phase
cells. Competitor DNA: lane 1, probe only;
lanes 2 and 6, 0 ng pUC:TEF2, 450 ng poly(d-
1dC); lanes 3 and 7, 50 ng pUC:TEF2, 400 ng
poly(dIdC); lanes 4 and 8, 150 ng pUC:TEF2,
300 ng poly(dIdC); lanes 5 and 9, 450 ng
pUC:TEF2, 0 ng poly(dldC). (B) Bandshift
assay of nontoxic rapl mutant proteins using a
high-affinity Rap1p-binding site. Extracts from
cells containing wild-type RAPI (YKT126),
rapl-32 or rapl-34 were prepared from log-
phase cells. Competitor DNA: lanes 1, 5 and
9, 0 ng pUC:TEF2, 450 ng pUC; lanes 2, 6 and
10, 50 ng pUC:TEF2, 400 ng pUC; lanes 3, 7
and 11, 150 ng pUC:TEF2, 300 ng pUC; lanes
4, 8 and 12, 450 ng pUC:TEF2, 0 ng pUC; lane
13, probe only. (C) Gel mobility-shift assay of
nontoxic RAPI mutant alleles in a strain car-
rying the Raplp N-terminal truncation, rapl-
6 (YKT124) using the same Raplp UAS probe
as above. Extracts were prepared from cells
containing wild-type RAPI, rapl-32, or rapl-
34 on a single copy plasmid or vector only.
Competitor DNA as in B. Lane 13, 0 ng

-

pUC:TEF2, 450 ng pUC; lane 14, 50 ng
pUC:TEF2, 400 ng pUC; lane 15, probe only.
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moter. Cotransformation with the SKOI/ACRI 2-pym
plasmid resulted in an increased level of transforma-
tion, although the resulting colonies still grew at a rate
slightly slower than that of the control cells, as judged
by colony size (data not shown). Therefore, SKOI1/ACR1
is able to suppress the toxicity of Raplp when it is over-
expressed from either the GALI or ADHI promoters,
showing that suppression is not promoter specific.
Suppression by SKOI/ACRI might also result from a
decrease in the amount of Raplp present in the cell,

7 8 9 10111213 14 15

due to some effect of SKOI1/ACRI on RAPI at either a
translational or posttranslational level. To address this
possibility, we assayed Raplp levels in various RAPI de-
letion strains by Western blot analysis in the presence
or absence of increased dosage of SKOI/ACRI. As
shown in Figure 4, the level of protein from both toxic
and nontoxic deletion constructs remained the same in
the presence of the increased SKOI1/ACRI gene dosage.

Alleles of RAPI that are not suppressed by SKOI/
ACRI: To determine whether SKOI1/ACRI suppression
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pGAL:RAP1

A43-193

A273-416
A207-247
A670-806
A610-806

-+-+—-+-+ —+ 2uSKO1/ACR1

R .m.q— Full length RAP1
f--.. o

FIGURE 4.—Elevated SKOI1/ACRI dosage does not affect
Raplp protein levels. Cells transformed with the indicated
constructs carried on 2-um plasmids were grown to early log-
phase in 2% glucose, washed, and induced in 2% galactose
for 4 hr. Fifty micrograms of extract were separated on 8%
polyacrylamide, transferred to nitrocellulose, and probed with
a polyclonal Raplp antiserum. Raplp-bound antibody was de-
tected using Amersham ECL. Full-length Raplp is indicated.

functioned by modulation of any particular region of
Raplp, we assayed the ability of SKOI/ACRI to suppress
the toxic overexpression of the RAPI deletion con-
structs described previously. SKOI/ACRI was able to
suppress the toxicity of pGALI:RAPI constructs that
were deleted for the N-terminus, the activation domain,
and the silencing domain (Figure 5A). However, toxic-
ity of the altered-specificity allele, rapl-35, used in the
screen for nontoxic RAPI mutants was not suppressed
by increased dosage of SKOI1/ACRI, nor were RAPI mu-
tant alleles with other amino acid substitutions at this
position (Figure 5B). It is possible that these RAPI al-
leles have altered their ability to interact with the Raplp
UAS or with associated factors that regulate the ability
of Raplp to bind DNA. Further analysis of these mutant
alleles may help to elucidate the mechanism by which
SKOI1/ACRI is able to suppress the toxicity of RAPI
overexpression.

DISCUSSION

Overexpression of the Raplp DNA-binding domain
and an adjacent region is necessary and sufficient for
growth inhibition: We have shown that the Rap1p DNA-
binding domain, in conjunction with a short, previously
undefined domain immediately downstream of the DNA-
binding domain, is sufficient to cause dominant-nega-
tive growth inhibition when overexpressed. Our results
are in agreement with a previous report showing that
removal of a large N-terminal region (amino acids 19—
497), which disrupts the DNA-binding domain, renders
the overexpressed protein nontoxic (CONRAD et al.
1990).

It is important to point out that the mechanism of
growth inhibition by deletions containing the Raplp
DNA-binding domain and neighboring sequences
could be different from that of the full-length overex-

A GALACTOSE
SKO1/ACR1

A XHO1
RAP1

A 43-345

A 610-806

A 622-701

A 598-616

GLUCOSE

SKO1/ACR1 4 XHO1

RAP1
A 43-345
A 610-806
A 622-701
A 598-616

B GALACTOSE
SKO1/ACR1 A XHO1

RAP1

rap1-35

Z m >» O O

GLUCOSE
SKO1/ACR1

RAP1

rap1-35

Z m>» O O

FIGURE 5.— (A) Toxicity of RAPI overexpression is sup-
pressed by elevated levels of SKO1/ACRI. Wild-type cells were
transformed with pGALI:RAPI plasmids with the indicated
amino acid deletions and either SKOI/ACRI on a 2-pym plas-
mid or a Xhol deletion of this plasmid that removes the SKO1/
ACRI open reading frame (A Xhol). Cells were grown to log-
phase in glucose-containing media. Tenfold serial dilutions
were spotted onto selective media containing either galactose
or glucose as indicated. (B) Mutations at amino acid 543 of
Raplp inhibit SKOI/ACRI suppression. Wild-type cells were
transformed with pGALI:RAPI plasmids that contained differ-
ent amino acids at position 543 and either SKOI/ACRI on a
2-pum plasmid or AXhol. Native Raplp contains an aspartic
acid at this position and rap1-35p an alanine. Cells were grown
to log-phase in glucose containing media. Tenfold serial dilu-
tions were spotted onto selective media containing either ga-
lactose or glucose as indicated.

pressed protein. However, several observations suggest
that this is not the case and point to the DNA-binding
domain and adjacent region as the cause of growth
inhibition by both full-length and deletion proteins.
First, viable point mutations that abolish toxicity in the
context of full-length protein map to the DNA-binding
domain (discussed in more detail below). Second, a
deletion lacking the small region C-terminal to the
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DNA-binding domain is still functional, as judged by its
ability to restore normal growth to a RAPI deletion
strain, yet is completely nontoxic. Finally, a large num-
ber of internal deletions that contain both the C-termi-
nal activation and silencing domains, but impinge upon
the DNA-binding domain and adjacent region from ei-
ther the N-terminus or C-terminus, all result in a non-
toxic phenotype.

Viable mutations within the Raplp DNA-binding do-
main and adjacent region are nontoxic: The identifica-
tion of point mutations within the Raplp DNA-binding
domain that abolish the toxic effect of overexpression
provides further support for a direct role of this domain
in growth inhibition. The fact that two of these muta-
tions (rapl-32 and rapl-34) support cell growth, clearly
indicates that they produce proteins capable of recog-
nizing Raplp-binding sites in vivo and carrying out
Raplp’s essential functions. Therefore, these properties
are not by themselves sufficient for growth inhibition.
Nonetheless, both the rapl-32 and rapI-34 mutants dis-
play growth defects, and extracts from these strains
show clear alterations in Raplp DNA binding. One sim-
ple interpretation of these results is that a slight de-
crease in DNA-binding affinity is sufficient to relieve
growth inhibition by overexpressed protein. However,
an additional observation suggests that this explanation
may be at best incomplete. When these mutant proteins
are examined in extracts of cells that also contain a
truncated version of Raplp that can be distinguished
by its different mobility on bandshift gels, we find that
the two nontoxic proteins display a further decrease in
binding efficiency, even though binding is carried out
under conditions of probe excess. This unusual observa-
tion suggests that the mutant proteins may not be able
to compete as effectively as wild-type protein for interac-
tion with another factor(s) that modulates Raplp DNA
binding, either by directly interacting with Raplp or by
covalently modifying it.

Perhaps the most obvious model to explain growth
inhibition by excess Raplp is that increased concentra-
tion of Raplp leads to indiscriminate DNA binding with
a consequent disruption of normal gene regulation.
The identification of small deletion mutations immedi-
ately downstream of the Raplp DNA-binding domain
that abolish the toxic effect of overexpression, yet have
no apparent affect on DNA binding, seems to be incon-
sistent with this model in its simplest form. We consider
two possible explanations.for these mutants. One possi-
bility is that the mutations create a subtle defectin DNA
binding or protein stability that we are unable to detect
but that is sufficient to reduce the activity of overex-
pressed protein to a nontoxic level. Alternatively, this
region, in combination with the adjacent DNA-binding
domain, may form a specific protein-protein interaction
domain important either for optimal DNA binding or
transcriptional activation by Raplp. If this were the
case, toxicity of overexpression might be due to titration
of such a putative Raplp-interacting factor.

Suppression of Raplp toxicity by elevated gene dos-
age of SKOI/ACRI: Several models can be proposed to
explain the relief of growth inhibition by elevated gene
dosage of SKOI1/ACRI. One trivial explanation would
be that elevated levels of Skolp/Acrlp (a CREB-like
repressor in yeast) (VINCENT and STRUHL 1992) repress
the GALI promoter that is used to drive the overex-
pression of RAPI. However, we detected no effect of
SKO1/ACRI dosage either on f-galactosidase levels in
cells containing a pGALI:lacZ reporter gene or on the
levels of pGALI-driven Raplp. In addition, we showed
that increased SKO1/ACRI dosage also relieves the toxic
effect of RAPI overexpression from the unrelated ADH1
promoter. Lastly, we found that a class of RAPI alleles
in which the amino acid at position 543 is changed is
not suppressed by elevated levels of SKO1/ACRI dosage.

A second model to explain the gene dosage effect of
SKO1/ACRI is based on the proposition that Skolp/
Acrlp is a Raplp-interacting protein. In this case, ele-
vated gene dosage of SKOI/ACRI might allow for the
titration of excess Raplp in such a way that it is no
longer toxic. This model predicts that extremely high
levels of Skolp/Acrlp would itself be toxic, due to titra-
tion of Raplp, and in fact such toxicity is observed
(NEHLIN ¢t al. 1992). However, we were unable to ob-
serve a specific interaction between Skolp/Acrlp and
Raplp either in wvitro, using GST/Skolp fusions and
radiolabeled Raplp protein, or in vivo, using the two-
hybrid system (FIELDS and SONG 1989; CHIEN et al.
1991).

Possible modification of Raplp DNA binding or pro-
tein-protein interactions in response to growth condi-
tions: Previous studies have suggested that the affinity
of Raplp for specific DNA-binding sites is regulated
by growth conditions via phosphorylation (TSANG et al.
1990). When grown in glucose, conditions that induce
ribosomal protein gene (RPG) expression, Raplp was
shown to be phosphorylated and to bind DNA more
efficiently than when grown in pyruvate, a noninducing
carbon source for RPG expression. Other groups have
proposed that the DNA-binding capacity of Raplp is
not changed by upshift in carbon source but rather that
the activation potential of Raplp is induced, possibly
by interactions with additional factors (KRAAKMAN et al.
1993; KLEIN and STRUHL 1994). In addition, deletion of
the gene encoding the cAMP-dependent protein kinase
regulatory subunit, BCY1, results in a Raplp binding
site-dependent increase in RPG expression and in an
increase in Raplp transcriptional activation potential
(KLEIN and STRUHL 1994). Therefore, changes in the
levels of cAMP, which are usually associated with shifts
to glucose growth, can alter the ability of Raplp to
activate RPG transcription (THEVELEIN and BEULLENS
1985; MBONYI ef al. 1988). The majority of Raplp-bind-
ing sites found in RPG promoters are quite weak with
respect to the highest affinity Raplp-binding sites se-
lected by affinity binding (NIEUWINT ef al. 1989; GRA-
HAM and CHAMBERS 1994). Upon carbon upshift, Raplp
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may be induced to bind these sites with higher affinity,
or its transcriptional activation potential may be in-
creased. If SKOI/ACRI in fact plays a role in mediating
the cells response to cAMP, this could be a mechanism
by which it is able to suppress Raplp toxicity.

We suggest that the domain of Raplp defined here,
which overlaps the DNA-binding domain, is involved in
modulating the activity of Raplp. We speculate that this
domain is subject to reversible posttranslational modi-
fication, most likely phosphorylation/dephosphoryla-
tion, that regulates DNA binding, interactions with
other proteins, or both. Such effects may play an im-
portant role in regulating the activity of Raplp in re-
sponse to growth conditions.
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