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The divergently transcribed DIT1 and DIT2 genes of Saccharomyces cerevisiae, which belong to the mid-late
class of sporulation-specific genes, are subject to Ssn6-Tup1-mediated repression in mitotic cells. The Ssn6-
Tup1 complex, which is required for repression of diverse sets of coordinately regulated genes, is known to be
recruited to target genes by promoter-specific DNA-binding proteins. In this study, we show that a 42-bp
negative regulatory element (NRE) present in the DIT1-DIT2 intergenic region consists of two distinct subsites
and that a multimer of each subsite supports efficient Ssn6-Tup1-dependent repression of a CYC1-lacZ reporter
gene. By genetic screening procedures, we identified DFG16, YGR122w, VPS36, and the DNA-binding proteins
Rim101 and Nrg1 as potential mediators of NRE-directed repression. We show that Nrg1 and Rim101 bind
simultaneously to adjacent target sites within the NRE in vitro and act as corepressors in vivo. We have found
that the ability of Rim101 to be proteolytically processed to its active form and mediate NRE-directed
repression not only depends on the previously characterized RIM signaling pathway but also requires Dfg16,
Ygr122w, and components of the ESCRT trafficking pathway. Interestingly, Rim101 was processed in bro1 and
doa4 strains but was unable to mediate efficient repression.

The yeast Saccharomyces cerevisiae can respond to changes
in nutrient availability and environmental conditions by switch-
ing from one growth form to another. Extracellular cues are
interpreted by various signal transduction pathways that act by
both independent and convergent mechanisms to coordinate
morphogenetic events. The different regulatory cascades
and the interplay between them ultimately modulate the
activity of target transcription factors and progression
through the cell cycle. Haploid cells that are starved for
glucose and diploid cells that are starved for nitrogen switch
from growth as single budding cells to growth as long fila-
ments of connected cells, with haploid cells becoming par-
ticularly adept at invasive growth and penetration into solid
agar medium (reviewed in reference 63). Starvation of a
diploid MATa/MAT� cell for an essential nutrient in the
absence of glucose and in the presence of a nonfermentable
carbon source directs the cell into the pathway for spore
formation (reviewed in reference 40). The nutritional sig-
naling leads to arrest of the starved cell at G1 and contrib-
utes in a diploid to the expression of two key regulatory
genes, IME1 and IME2, which encode a transcriptional ac-
tivator and a protein kinase, respectively (reviewed in ref-
erence 43). These regulators set in motion the sporulation

program that consists of meiotic DNA replication, recom-
bination, the two meiotic divisions, and encapsulation of
each haploid nucleus within a multilayered spore wall (re-
viewed in reference 48). This coordinated series of genetic
and morphological events depends on the sequential expres-
sion of temporally distinct classes of sporulation-specific
genes (18, 68).

The regulated expression of some classes of sporulation-
specific genes is mediated, at least in part, by their repression
in mitotic cells. For example, Ume6 binds to the promoter
region of many early meiotic genes and prevents their ex-
pression in mitotic cells by recruitment of the Sin3-Rpd3
histone deacetylase complex and the Isw2 chromatin remod-
eling complex (reviewed in reference 43). Similarly, the
DNA-binding protein Sum1 prevents expression of a middle
class of sporulation-specific genes in mitotic cells by recruit-
ment of Hst1, a NAD-dependent histone deacetylase (57,
95). The DIT1 and DIT2 genes, which belong to the mid-late
class of sporulation-specific genes (15), are subject to Ssn6-
Tup1-mediated repression in mitotic cells (27). The Ssn6-
Tup1 complex, which is required for repression of diverse
sets of coordinately regulated genes, is recruited to target
genes by promoter-specific DNA-binding proteins (reviewed
in reference 78). Multiple mechanisms, including recruit-
ment of histone deacetylases, repositioning of nucleosomes,
and interference with the transcriptional machinery, con-
tribute to Ssn6-Tup1-mediated repression (for an example,
see references 35 and 99).

We previously identified a 76-bp transcriptional regulatory
element, termed NREDIT, that mediates Ssn6-Tup1-dependent
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repression of the DIT1 and DIT2 genes in mitotic cells (27).
In this study, we show that NREDIT is a bipartite operator
that depends on Rim101 and Nrg1 as mediators of repres-
sion. Both of these C2H2 Zn-finger-containing, DNA-bind-
ing proteins have been shown to depend on Tup1-Ssn6 for
repression (50, 64). Rim101 is the S. cerevisiae homolog of
PacC, which has been extensively characterized in Aspergil-
lus nidulans as a DNA-binding transcriptional activator and
repressor of alkaline- and acid-induced genes, respectively
(reviewed in references 65 and 66). RIM101 was first iden-
tified in S. cerevisiae on the basis of its mutant phenotype as
a positive regulator of early meiotic gene expression (80)
and subsequently shown to behave as a positive regulator of
haploid invasive growth (52) and of alkaline-pH-induced
gene expression (51). More recently, Lamb and Mitchell
(50) have shown that Rim101 mediates repression of two
genes that encode the transcription factors Nrg1 and Smp1.
Nrg1, which had been previously characterized as a negative
regulator of glucose-repressed genes and genes involved in
filamentous growth (47, 64, 92, 100), was shown to be a
negative regulator of genes involved in ion homeostasis (50).
Smp1, a MEF2-like transcription factor, which has been
recently identified as a target of the stress-activated Hog1
kinase (20), was implicated as a negative regulator of genes
involved in invasive growth and sporulation (50). It is clear
that there is a complex interplay among signaling pathways
that regulate the activity of transcription factors in response
to environmental signals. In this study, we also show that the
ability of Rim101 to be proteolytically processed to its active
form and act as a repressor at the negative regulatory ele-
ment (NRE) not only depends the previously characterized
pH-responsive RIM signaling pathway (reviewed in refer-
ences 2, 65, and 66) but also requires Dfg16, Ygr122w, and
components of the ESCRT trafficking pathway.

MATERIALS AND METHODS

Media, growth conditions, and genetic methods. Rich medium contained 1%
yeast extract, 2% Bacto-peptone, and 2% glucose. Minimal medium contained
0.7% yeast nitrogen base without amino acids and auxotrophic supplements as
required. Yeast strains were grown at 30°C. Mating, sporulation, and tetrad
analysis were carried out using standard methods (76). The lithium acetate
method (33) was used for yeast transformations.

Plasmids. For these studies, we used pLG312Bgl and pLG312n, which were
derived from pLG�312 (37), as the parental plasmids for assaying DNA frag-
ments for operator function. pLG�312 is a high-copy URA3-containing plasmid
that contains a CYC1-lacZ reporter gene. pLG312Bgl (27, 37) and pLG312n
contain an XhoI-SalI-BglII-SalI-XhoI polylinker sequence and an XhoI-BglII-
KpnI-SalI polylinker sequence, respectively, between the CYC1 upstream acti-
vation sequences (UASs) and the TATA box of the reporter gene. pLG312n was
constructed by annealing the synthetic oligonucleotides MCS TOP (5�-TCGAG
AGATCTGGTACCGTCGAC-3�) and MCS BOT (5�-TCGAGTCGACGGTAC
CAGATCTC-3�) (XhoI overhangs are indicated in boldface type) after the 5�
ends had been phosphorylated and then cloning the double-stranded oligonu-
cleotide between the XhoI sites of pLG312(Bgl). Sequencing of the region
spanning the polylinker revealed that the downstream insert/vector junction,
expected to be TCGA, was 5�-CCCA-3�. The pLG312Bgl- and pLG312n-derived
plasmids are referred to as pLG and pLGn, respectively.

pLG�NRE76, pLG�NRE44, pLG�NRE53, pLG�SS, which contains a
CYC1-lacZ reporter gene lacking its UASs, and p(�537)DIT1-lacZ, which con-
tains a DIT1-lacZ translational fusion gene, have been described previously (27,
28). pLG�SS�NREXX plasmids, which contain NREXX-lacZ fusion genes lack-
ing the CYC1 UASs, were obtained from the corresponding pLGn�NREXX
plasmids by removal of the SmaI-to-XhoI fragment that spans the UASs.
pLG�NRE30(�), pLG�NRE30(�), and pLG � 3�NRE30 were constructed

by annealing the synthetic oligonucleotides PAC-T (5�-GATCCGGGTTCTC
TTGCCAAGAAAAAATAAAAAGG-3�) and PAC-B (5�-GATCCCTTTTTA
TTTTTTCTTGGCAAGAGAACCCG-3�) (BglII overhangs are indicated in
boldface type) after their 5� termini had been phosphorylated and then clon-
ing the double-stranded oligonucleotide into the BglII site of pLG312Bgl.
pLG�NRE30m and pLG�3�NRE30m were constructed in a similar manner
with the synthetic oligonucleotides T19T (5�-GATCCGGGTTCTCTTGCCTA
GAAAAAATAAAAAGG-3�) and B21A (5�-GATCCCTTTTTATTTTTTCTA
GGCAAGAGAACCCG-3�). The following plasmids were constructed in a sim-
ilar manner with pLGn312 as vector. The synthetic oligonucleotides NRE42T
(5�-GATCCCATAAATAAAAGGGTTCTCTTGCCAAGAAAAAATAAAAA
GG-3�) and NRE42B (5�-GATCCCTTTTTATTTTTTCTTGGCAAGAGAAC
CCTTTTATTTATGG-3�) were used to make pLGn�NRE42. The synthetic
oligonucleotides NRE25-T (5�-GATCCATAAATAAAAGGGTTCTCTTGCC-
3�) and NRE25-B (5�-GATCGGCAAGAGAACCCTTTTATTTATG-3�) were
used to make pLGn�NRE25, pLGn�2�NRE25, and pLG�3�NRE25. The
synthetic oligonucleotides NRE22D-T (5�-GATCCTTGCCAAGAAAAAATA
AAAAG-3�) and NRE22D-B (5�-GATCCTTTTTATTTTTTCTTGGCAAG-3�)
were used to make pLGn�NRE22D, pLGn�2�NRE22D, pLGn�
3�NRE22D, and pLGn�4�NRE22D. pLG�NRE42m-1 was made with
NRE42m-1-T (5�-GATCCCCATAAATAAACTGTATCTCTTGCCAAGAAA
AAATAAAAAGG-3�) and NRE42m-1-B (5�-GATCCCCCTTTTTATTTTTTC
TTGGCAAGAGATACAGTTTATTTATGG-3�). The region spanning the in-
sert and polylinker sequence was sequenced in all plasmids to verify the sequence
of the insert and to determine the orientation and number of inserts present.

pRIM101 was constructed by subcloning a 3.5-kb EcoRV fragment from
pCF5, a genomic library plasmid that complemented the frd5-1 mutant, into
pRS313. pKR41 was constructed to allow replacement of the RIM101 gene with
the RIM101.HA3 allele (52), which encodes a version of Rim101 that contains
three hemagglutinin (HA) epitopes after codon 473. This plasmid was con-
structed in two steps. First, a 4.8-kb PstI-KpnI fragment containing the
RIM101.HA3 allele with 500 bp of upstream and 2.3 kbp of downstream sequence
was purified from plasmid pWL41 (52) and cloned between the same sites in pBS
SK(�) to yield plasmid pKR39. A PCR-generated 2.9-kbp fragment spanning
the LEU2 gene with NheI sites at its ends was then cloned into the unique NheI
site of pKR39 to generate pKR41. This places the LEU2 gene within the genomic
sequence downstream of the RIM101.HA3 gene. A 7.3-kbp DNA fragment pu-
rified from pKR41 that had been digested with PstI and NcoI and that contained
the RIM101.HA3::LEU2 sequence was used for integrative transformation of
various yeast strains.

The pGAD424 (6) derivative pGAD424-RIM101(1289), which allows expres-
sion in yeast of a chimeric protein containing the activation domain of GAL4 and
the DNA-binding region of Rim101, was constructed as follows. A DNA frag-
ment containing the Rim101 coding region from residues 1 to 289 was amplified
by PCR from a RIM101-containing plasmid template with a forward primer that
added an EcoRI recognition site just upstream of the initiator ATG and a reverse
primer that added a stop codon and a SalI recognition site just after codon 289.
The gel-purified PCR product was digested with EcoRI and SalI and cloned
between the corresponding sites of pGAD424 to generate an in-frame fusion
gene. The pET21a derivative, pET21a-RIM101(1-289), which can be used to
direct in vitro synthesis and bacterial expression of Rim101(1-289), was con-
structed by purifying the RIM101-containing EcoRI-to-SalI fragment from
pGAD424-RIM101(1-289) and cloning this fragment between the corresponding
sites of pET21a. pMAL-c2-Nrg1 for bacterial expression of an MBP-Nrg1 fusion
protein was constructed as follows. An NdeI-BamHI fragment containing the
Nrg1 coding region with an NdeI recognition site embedded in its initiator ATG
codon and a BamHI recognition site just after its stop codon was recovered from
pET16b-Nrg1. The NdeI-BamHI fragment was then cloned between the EcoRI
and BamHI sites of pMAL-c2 after the NdeI and EcoRI sites of the insert and
the vector, respectively, had been filled in.

Yeast strains. Y102, Y104, Y108, Y170, KRY302, KRY308, and KRY318
were derived from the W303 strains described previously (39). Y102, a MATa
rim101�::URA3 strain, was obtained by transformation of W303-1A with a 1.8-kb
BglII-SalI, rim101�::URA3-containing fragment that had been purified from
pSS179C (provided by A. Mitchell). Replacement of the wild-type RIM101 locus
with the rim101�::URA3 allele was confirmed in Ura� transformants by South-
ern blot and PCR analyses. Y104 is a rim101�::ura3 derivative of Y102 that was
obtained by growing Y102 to saturation in liquid yeast extract-peptone-dextrose
medium and then selecting for cells that could grow in the presence of 5-fluo-
roorotic acid (10). Y104 retained the same physical map as Y102 through the
RIM101 locus as assessed by Southern blot and PCR analyses. Y108 is a MATa
frd5-1 strain that was recovered by phenotypic analysis of the haploid progeny
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obtained on sporulation of the diploid created by mating Yfrd5-1 (28) with
W303-1A.

Y170, a MATa tup1-�1::TRP1 strain, was obtained by transformation of yeast
cells with a PCR-generated DNA fragment containing the tup1-�1::TRP1 allele
of strain RTY148 (provided by R. Trumbly) (93). The primers were TUP1F2
(5�-TTCAGCTCCTTGACTTGTGC-3�) and TUP1R (5�-GAAACACAGGAA
AAGGAGGG-3�). A Trp� transformant of the diploid strain LP112, which had
been confirmed by PCR analysis to contain the tup1-�1::TRP1 allele, was sporu-
lated, and Y170 was derived from a MATa Trp� spore whose progeny had a
slow-growth and flocculent phenotype (93). Y169 is the corresponding MAT�
tup1-�1::TRP1 strain.

KRY302, a MAT� nrg1::kanMX4 strain, was obtained by transformation of
W303-1B with a PCR-generated fragment containing the nrg1�::kanMX4 allele
from the S288c deletion array strain. The rim101�::natMX4 allele in strain
KRY308 (MATa rim101�::natMX4) was generated by PCR with a derivative of
pAG25 as template and F1 and R1 primers with RIM101-specific sequence
upstream of the start codon and downstream of the stop codon, respectively (34,
53). KRY318, a MATa rim101�::natMX4 nrg1�::kanMX4 strain, was derived as a
haploid progenitor obtained by mating KRY302 with KRY308.

Strains from the Saccharomyces cerevisiae deletion collection were obtained
from Brenda Andrews (Department of Medical Genetics and Microbiology,
University of Toronto) and are derivatives of the S288c strain BY4741 (MATa
LYS2 ura3� his3� leu2� met15�o). In some experiments, BY4742 (MAT� lys2�
ura3� his3� leu2�; obtained from Brenda Andrews) was used as the wild-type
strain. These strains contain a Ty insertion in the HAP1 gene that results in
reduced activity of the CYC1 UAS (30). We found, however, that a colony
overlay assay (see below) provided sufficient sensitivity to monitor expression of
a CYC1-lacZ reporter gene. The presence of the designated deletion allele and
the absence of the corresponding wild-type allele were confirmed for strains from
the deletion collection containing the following alleles: nrg1�::kanMX4,
rim101�::kanMX4, dfg16�::kanMX4, ygr122w�::kanMX4, vps27�::kanMX4,
vps23�::kanMX4, vps28�::kanMX4, vps37�::kanMX4, vps22�::kanMX4, vps25�::
kanMX4, vps36�::kanMX4, snf7�::kanMX4, vps20�::kanMX4, vps2�::kanMX4,
vps24�::kanMX4, vps4�::kanMX4, doa4�::kanMX4, bro1�::kanMX4, and rim13�::
kanMX4.

KRY111, a BY4741-derived strain that contains the RIM101(1-531).3HA-
HIS3MX6 allele, was constructed by transformation of BY4741 with a PCR
product generated with plasmid pFA6-3HA-kanMX6 as template and an F2
primer with RIM101-specific sequence ending at codon 531 and an R1 primer
with gene-specific sequence downstream of the RIM101 stop codon (53).
KRY114, a MAT� strain containing the RIM101(1-531).3HA-HIS3MX6 allele,
was obtained from a haploid spore segregant of a diploid obtained by mating
KRY111 and BY4742. xxx::kanMX4 strains containing the RIM101(1-531).3HA-
HIS3MX6 allele were isolated as haploid spore segregants of diploid strains
obtained by mating KRY114 and the corresponding MATa xxx::kanMX4 strain
from the deletion array. Strains expressing a full-length version of RIM101
tagged with three HA epitopes after codon 473 were constructed by transforming
the appropriate MATa xxx::kanMX4 strain from the deletion array with a 7.3-kb
PstI-NcoI fragment of plasmid pKR41 (see above) and selecting Leu� transfor-
mants. The genotype of all strains was confirmed by PCR at both the RIM101
locus and the appropriate kanMX4 loci.

�-Galactosidase assays. Liquid �-galactosidase assays were carried out as
described previously (39), with some minor changes. Modifications included
washing cells of flocculent strains such as Y169 with a solution containing 20 mM
Tris-HCl (pH 7.5) and 10 mM EDTA. For some experiments, cells were broken
by vortexing in the presence of glass beads with an Eppendorf shaker (model
5432) for 15 min at 4°C, and for some experiments, the cell lysates were clarified
by centrifugation for 5 min at 10,000 � g at 4°C. �-Galactosidase activity is
expressed as nanomoles of o-nitrophenyl-�-D-galactopyranoside (ONPG)
cleaved per minute per milligram of protein at 28°C.

A colony overlay assay was used as a qualitative measure of reporter gene
activity. For this assay, colonies that had grown on agar-containing medium were
overlaid with a solution containing 0.5 M potassium phosphate (pH 7.0), 0.1%
sodium dodecyl sulfate (SDS), 6% dimethyl formamide, 0.5% agar, and 0.3 to 0.5
mg of 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal) per ml. After
the agar had solidified, the plates were incubated at 30°C. The images of the
plates are scans acquired with an Espon Perfection 610 scanner and transferred
into Adobe Photoshop.

Cloning and identification of FRDX genes. Cloning of FRD1, FRD2, FRD4,
and FRD5 was performed essentially as described previously (28). In brief, each
of the mutant strains Yfrd1-1, Yfrd2-1, Yfrd4-1, and Yfrd5-1 (28) containing the
pLG�NRE76 reporter plasmid was transformed with a p366-based (CEN4
ARS1) yeast genomic library (American Type Culture Collection; a gift of Neil

Macpherson and B. Andrews; [described in reference 71]). Colonies derived
from �2 � 104 to 3 � 104 transformants were overlaid with X-Gal-containing
agar, and cells were recovered from those colonies that remained white after
18 h of incubation at 30°C. Plasmid DNA was then recovered from these
strains in MC1066, a leuB strain of Escherichia coli (16), and reintroduced
into the mutant strains carrying pLG�NRE76. The region spanned by the
inserts of plasmids that maintained repression of the reporter gene was
deduced by comparison of sequence obtained at the vector-insert junctions
with the Saccharomyces Genome Database. The open reading frame (ORF)
within each insert that was responsible for complementation was then iden-
tified by a combination of Tn1000 (	
) transposon-mediated mutagenesis and
subcloning procedures.

Screen of yeast deletion array for strains defective in NRE-mediated repres-
sion. A variation of the synthetic genetic array method (84) was used to identify
mutant strains that were defective in NRE-mediated repression. A MAT� strain
containing either the plasmid-borne CYC1-NRE42-lacZ reporter gene or the
CYC1-3�NRE25-lacZ reporter gene was mated with each strain in the gene
deletion array by robotic pinning. The resulting diploids were carried through
appropriate sporulation and selection steps as described previously (84) to iso-
late haploid progeny containing both the reporter gene and a deletion allele.
These strains were then tested by an X-Gal colony overlay assay for their ability
to mediate NRE-dependent repression of the lacZ reporter gene. The single
screen of the deletion array with the CYC1-NRE42-lacZ reporter gene identified
293 strains as potentially having a defect in NRE-mediated repression; the two
screens with the CYC1-3�NRE25-lacZ reporter gene identified 879 mutant
strains. Of these potential positives, 58 strains were selected as candidates for
retesting. These included the 11 strains that were identified in all three screens
and an additional 14 strains that were identified in both screens with the CYC1-
3�NRE25-lacZ reporter gene. The remaining 33 strains were chosen based on
the phenotype of the mutant strain or because the deletion was in a gene that
encoded a known or predicted transcription factor or had an appropriate ex-
pression pattern as listed in the Saccharomyces Genome Database. Upon retest-
ing, the strain with a deletion of NRG1 was the only strain to show a significant
loss of repression of the CYC1-3�NRE25-lacZ reporter; strains with a deletion
of DGF16 or YGR122w were the best candidates for having defects in repression
of the CYC1-NRE42-lacZ reporter gene.

EMSA. Proteins for use in electrophoretic mobility shift assays (EMSAs) were
either synthesized in vitro or expressed in E. coli. Bacterial expression of
Rim101(1-289), MBP, and MBP-Nrg1 was carried out essentially as described
previously (73). In brief, pET21a-RIM101(1-289), pMal-c2, and pMal-c2-Nrg1
were transformed into the Escherichia coli strain BL21(DE3), and 1 ml of a
culture grown overnight was used to inoculate 100 ml of LBA medium (1% NaCl,
1% tryptone, 0.5% yeast extract with 100 �g of ampicillin per ml) containing 0.05
mM ZnSO4 and also supplemented with 2% glucose for the pMAL-c2- and
pMAL-c2-Nrg1-containing cells. Mid-log-phase cells were incubated for 4 h at
37° after the addition of isopropyl-�-D-thiogalactopyranoside to 1 mM. The cells
were then harvested and resuspended in 4 ml of buffer A (20 mM HEPES, pH
7.4, 5 mM MgCl2, 0.05 mM ZnSO4, 10% glycerol, 250 mM NaCl, 10 mM
�-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride) plus protease inhibi-
tors (Mini-complete minus EDTA; supplied by Roche and used as suggested by
the manufacturer). Cells were broken by sonication, and the soluble fraction was
used to provide Rim101(1-289). MBP and MBP-Nrg1 were affinity purified from
the soluble fraction by batch absorption to 12 ml of an amylose-Sepharose slurry
for 2 h at 4°. The resin was then packed into a column, and the bound protein was
eluted with buffer containing 50 mM maltose. Aliquots of the eluate fractions
were subjected to SDS-polyacrylamide gel electrophoresis (PAGE) analysis to
identify the MBP- and MPB-Nrg1-containing fractions. Rim101(1-289) was also
synthesized in vitro with the use of the TnT coupled transcription-translation
system (Promega) programmed with pET21a-RIM101(1-289) DNA as a tem-
plate for transcription.

The standard 20-�l reaction mixture for EMSAs contained 10 mM HEPES
(pH 7.9), 125 mM NaCl, 2.5 mM MgCl2, 25 �M ZnSO4, 5% glycerol, 2 �g of
bovine serum albumin, 2 �g of poly(dI-dC) · poly(dI-dC), and 4 �g of salmon
sperm DNA. The indicated radiolabeled DNA, nonlabeled competitor DNAs,
and protein samples were added and the reaction mixtures were incubated for 10
min at room temperature before being applied to a 6% polyacrylamide gel.
Probes were made by annealing complementary oligonucleotides that generated
a 5� overhang(s) and filling in the resulting 5� overhang(s) with the Klenow form
of DNA polymerase in the presence of [�-32P]dCTP. The 5� overhangs of an-
nealed competitor DNAs were filled in with cold XTPs.

MBP-Nrg1 affinity purification of Rim101(1-531).3HA from yeast lysates.
Cells of strain KRY114, which contains the RIM101(1-531).3HA allele, were
grown in 250 ml yeast extract-peptone-dextrose medium to mid-log phase, har-
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vested, and resuspended in 1 ml lysis buffer (30 mM HEPES, pH 7.5, 150 mM
NaCl, 1 mM dithiothreitol, 0.1% NP-40, and 1 mM phenylmethylsulfonyl fluo-
ride plus protease inhibitors). Cells were broken open by vortexing in the pres-
ence of 300 �l of glass beads for eight 1-min bursts separated by 1 min on ice.
Samples were spun at 4°C for 20 min at 23,500 � g, and the supernatant was
transferred to a new tube and respun for an additional 20 min. Protein concen-
tration was determined using the Bradford assay (13) with bovine serum albumin
as the standard. Extracts were stored at �70°C.

Preparation of bacterial lysates containing MBP and MBP-Nrg1 and batch
binding of these proteins to amylose-Sepharose were carried out as described
above for purification of proteins for use in EMSA reactions. The resin was then
packed into columns, and the columns were washed with 15 ml of buffer A and
then equilibrated with 15 ml of lysis buffer. KRY114-derived extract (see above)
containing 5 mg of protein was loaded over each column in a total volume of 10
ml of lysis buffer. The columns were then washed with 15 ml of lysis buffer, and
bound protein was eluted with 15 ml lysis buffer containing 50 mM maltose.
SDS-PAGE was used to identify MBP- and MBP-Nrg1-containing fractions.
Aliquots of these fractions were again subjected to SDS-PAGE and transferred
to nitrocellulose for Western blotting with a horseradish peroxidase (HRP)-
conjugated anti-HA monoclonal antibody (Santa Cruz) as described previously
(72). An ECL chemiluminescence system (New England Biolabs) was used for
detection. The filters were then stripped and reprobed with anti-MBP (New
England Biolabs) as the primary antibody and an HRP-conjugated secondary
antibody.

Lysate preparation and Western blot analysis to monitor in vivo processing of
Rim101.HA3. Strains containing the RIM101.HA3::LEU2 allele, which encodes a
full-length, internally HA-tagged Rim101 protein, were grown in yeast extract-
peptone-dextrose medium to mid-log phase. Cells were fixed by adding 1 ml
ice-cold 100% trichloroacetic acid to 9 ml of culture. Following a 20-min incu-
bation on ice, the cells were pelleted, washed with 1 ml ice-cold 1 M Tris-HCl,
pH 8.0, and resuspended in 50 �l 2� SDS-PAGE sample buffer. The samples
were vortexed in the presence of 50 �l glass beads for six 30-second bursts
interrupted by chilling on ice. An additional 50 �l 2� sample buffer was added
to the samples after they had been boiled for 5 min, and the samples were again
vortexed for two 15-s bursts. After a brief centrifugation of these cell lysates, the
protein in 4- to 10-�l aliquots of the supernatants was fractionated on a 9-cm-
long, 8% SDS-polyacrylamide gel and transferred to nitrocellulose. Western
blotting was performed with an HRP-conjugated anti-HA monoclonal antibody
as described above.

RESULTS

FRD5 is identical to RIM101. We previously carried out a
classic genetic screen to identify genes that are required for
NREDIT-mediated mitotic repression. This study defined five
function in repression of DIT (FRD) complementation groups,
referred to as FRD1 through FRD5, that appeared to contrib-
ute specifically to NREDIT-mediated repression of a heterolo-
gous reporter gene (28). We identified FRD3 as SPE3, the gene
encoding spermidine synthase, and showed that spermidine
contributes to NREDIT-mediated repression (28). With the
goal of identifying a direct regulator of NREDIT-mediated re-
pression, we have recovered candidate genes for FRD1, FRD2,
FRD4, and FRD5 by following the same approach (28). Briefly,
we first introduced the reporter plasmid pLG�NRE76 into
cells of strains containing the frd1-1, frd2-1, frd4-1, or frd5-1
allele. This plasmid contains a CYC1-NREDIT-lacZ reporter
gene which has the 76-bp NREDIT sequence inserted between
the UASs and the TATA box of the parental CYC1-lacZ gene
(27). Thus, lacZ is not expressed in wild-type FRDX strains due
to NRE-mediated repression but is expressed in mutant frdX
strains. We then transformed each mutant strain with a CEN-
based yeast genomic library and screened for restoration of
repression of the reporter gene by an X-Gal overlay assay of
colonies (see Materials and Methods). Complementing plas-
mids were recovered, and the sequences at the junctions of the
genomic inserts were compared with the Saccharomyces Ge-

nome Database to identify the cloned region that potentially
contained the wild-type FRDX gene. To determine which of
the several ORFs within each insert was responsible for
complementation, we used a combination of transposon-me-
diated mutagenesis and subcloning procedures (see Materials
and Methods). This led to the tentative identification of FRD1
as DFG16, FRD2 as the ORF YGR122w, FRD4 as VPS36, and
FRD5 as RIM101. DFG16, which encodes a predicted 619-
residue protein with multiple putative transmembrane do-
mains, is implicated in cell wall assembly (56) and filamentous
growth (59). YGR122w encodes a predicted 412-residue
protein with no known homolog. Vps36 is a component of
the ESCRT II endosomal membrane-associated complex
that is involved in trafficking of proteins to the vacuole (4).
Rim101 is the S. cerevisiae homolog of PacC, which has been
extensively characterized in Aspergillus nidulans as a DNA-
binding transcriptional activator and repressor of genes in-
duced under alkaline and acidic conditions, respectively (re-
viewed in reference 66). Frd5/Rim101 appeared to be the
best candidate among the FRDX-encoded products to be a
direct regulator of DIT gene expression. Indeed, inspection
of NREDIT for the sequence 5�-TGCCAAGA-3�, which has
been shown to be a high-affinity recognition sequence for
PacC (25, 83), revealed an identical sequence, which we
refer to as PacCDIT, extending from nucleotide (nt) �484 to
nt �477 within NREDIT (Fig. 1A; �1 is the start site of
transcription of the DIT1 gene).

To confirm that RIM101 was indeed FRD5 and not a low-
copy suppressor, we constructed and sporulated a diploid
MATa/MAT� rim101�::URA3/frd5-1 ura3/ura3 strain. After
testing the spore progeny of tetrads to confirm that the Ura
phenotype segregated 2 Ura�:2 Ura�, we introduced
pLG�NRE76 into the Ura� progeny and assayed for expres-
sion of �-galactosidase by a colony overlay assay. In all but 1 of
20 tetrads analyzed, the two Ura� spores gave colonies in
which expression of the CYC1-NREDIT-lacZ reporter gene was
derepressed. On the basis of this low frequency of Frd� Ura�

progeny, we concluded that frd5-1 was an allele of RIM101.
Potential target site for Rim101 within NRE30. We next

compared the repression activity of various segments of
NREDIT in wild-type, frd5-1, and rim101�::ura3 strains. These
sequences included NRE76, NRE53, NRE44, and NRE30
(Fig. 1A) (27, 28). The putative Rim101 target site, PacCDIT, is
present in NRE76, NRE44, and NRE30 but not in NRE53. As
observed previously, NRE76 and NRE44 directed potent re-
pression when inserted into the CYC1-lacZ reporter gene,
NRE30 served as a modest operator, and NRE53 was ineffec-
tive in repression (27, 28) (Fig. 1B). NRE76- and NRE30-
mediated repression was reduced to almost background levels
in strains containing either the frd5-1 or the rim101�::ura3
allele of RIM101, whereas NRE44 retained a low level of
repression in the mutant strains (Fig. 1B).

We found that Rim101-dependent repression mediated by
NRE30 was independent of the orientation of the insert, was
TUP1-dependent, and was dramatically enhanced by mul-
timerization (Fig. 1C, lines 2 to 4). A single copy of NRE30
led to �60-fold repression, whereas a trimer of NRE30
(3�NRE30) directed �4,000-fold repression. NRE30- and
3�NRE30-mediated repression was sensitive to mutation of
an A residue to a T residue at nt �480 within the PACDIT
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site (Fig. 1C, lines 5 and 6). This mutation was previously
shown to abolish in vitro binding of Aspergillus PacC to its
target site (25, 83).

Curiously, we found that both 3�NRE30 and 3�NRE30m
mediated significant TUP1-dependent repression, 24- and 376-
fold, respectively, in a rim101� strain (Fig. 1C, lines 4 and 6).
This observation led us to hypothesize that there was a distinct
Tup1-dependent operator site adjacent to, or partially over-
lapping, the PacCDIT site that recruited an unidentified repres-
sor, which we refer to as factor X (see below). As a possible
explanation for the observation that the level of repression
mediated by 3�NRE30m was �3-fold higher in the rim101�
strain than in the wild-type strain, we speculated that mutation
of the PacCDIT site interfered with repression mediated by the
putative Rim101–factor-X heterodimer in the wild-type strain.
This effect would be obviated in the rim101� strain. It is also
possible that the expression of factor X is enhanced on dele-
tion of RIM101. We cannot readily account for the surprisingly
high level of repression mediated by 3�NRE30m relative to
3�NRE30 in the rim101� strain; it is possible, however, that
the mutation has uncovered a cryptic binding site for an addi-
tional repressor.

NRE42 is bipartite. To further explore the notion that
NREDIT contained tandem operator elements, we tested a

series of overlapping fragments for their ability to reduce ex-
pression of the CYC1-lacZ reporter gene (data not shown).
None of the fragments that we tested provided significant op-
erator function when present in single copy; however, multiple
copies of the fragment termed NRE25, which extended from nt
�505 to nt �481, or the fragment termed NRE22D, which
extended from nt �486 to nt �464 and encompassed the
PacCDIT site, gave significant repression (Fig. 2A and B). The
observation that multimerization of operator sites enhanced
repression suggested that binding of proteins to the sites was
cooperative or that factors recruited to the sites acted cooper-
atively to mediate repression.

We next compared the effect of NRE42, which spans the
sequence represented by NRE25 and NRE22D (Fig. 2A),
3�NRE25, and 3�NRE22D on expression of the CYC1-lacZ
reporter gene in wild-type, rim101�, and tup1� strains. Re-
pression mediated by NRE42, 3�NRE25, and 3�NRE22D
was Tup1 dependent, and repression mediated by NRE42 and
3�NRE22D, which contained the PacCDIT site, was in part or
almost fully Rim101 dependent, respectively (Fig. 2C). In con-
trast, repression mediated by 3�NRE25 was significantly en-
hanced in the rim101� strain (Fig. 2C), an observation remi-
niscent of our previous finding that 3�NRE30m-mediated

FIG. 1. A RIM101-dependent operator element within NREDIT. (A) The sequence of the 76-bp NREDIT, from nt �537 to �462 upstream of
the DIT1 gene, is given in the top line and denoted as NRE76. The PacCDIT sequence is boxed and annotated to show the A-to-T mutation at nt
�480. The sequences spanned by NRE53, NRE44, and NRE30 are also shown. (B) Strains W303-1A (wild type, open bars), Y108 (frd5-1, gray
bars), and Y104 (rim101�, black bars) were separately transformed with pLG312, pLG�NRE76, pLG�NRE53, and pLG�NRE30(�). Repres-
sion (n-fold) of gene expression is given as the ratio of �-galactosidase activity measured in crude extracts of cells in which the plasmid-borne
CYC1-lacZ reporter gene had no insert to the activity measured in cells from the same strain in which the plasmid-borne CYC1-lacZ reporter gene
contained the indicated NRE site inserted between the UASCYC1 and the TATA box (see Materials and Methods). (C) Strains W303-1A (wild type
[WT]), Y104 (rim101�), and Y170 (tup1�) were separately transformed with each of the plasmids indicated in the first column and pLG312. The
arrowheads in the schematic of the inserts given in the second column denote the orientation of the inserts in the plasmid-borne CYC1-lacZ
reporter genes relative to the DIT1 gene. NRE30m and 3�NRE30m are identical to NRE30(�) and 3�NRE30, respectively, with the exception
that the A residue at nt �480 has been mutated to a T residue and the orientation of the inserts is reversed in 3�NRE30m relative to 3�NRE30.
Repression (n-fold) given in the last three columns refers to the ratio of �-galactosidase activity measured in cells containing pLG312 to the activity
measured in cells of the same strain containing the plasmid-borne CYC1-lacZ reporter with the indicated insert. The activities reported in this
figure and in Fig. 2 are the average activities obtained from three or more independent cultures analyzed at the same time. Each experiment was
repeated from one to five times; although absolute values varied between experiments, the relative levels of �-galactosidase activities were similar.
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repression was higher in the rim101� strain than in the wild-
type strain (Fig. 1C).

These data suggested that NREDIT contained at least two
distinct operator sites, one within the sequence spanned by
NRE25 and one within the sequence spanned by NRE22D. As

a test for the presence of an operator site within NRE42 that
was distinct from the PacCDIT site, we constructed a CYC1-
NRE42m-1-lacZ reporter gene that contained four base-pair
mutations in the region of NRE42 specific to the NRE25
sequence (Fig. 2A). As a qualitative test for the extent of

FIG. 2. A RIM101-independent operator site within the bipartite NREDIT. (A) The sequence of NRE76 is given in the top line with the PacCDIT

site boxed, and the four base-pair mutations present in NRE42m are indicated by arrows. The sequences spanned by NRE42 (nt �505 to nt �464),
NRE25 (nt �505 to nt �481), and NRE22D (nt �486 to nt �464) are shown. (B) Comparison of expression levels of plasmid-borne CYC1-
NRE-lacZ reporter genes in wild-type cells. Repression (n-fold) of gene expression was measured as the ratio of �-galactosidase activity in cells
in which the plasmid-borne CYC1-lacZ reporter gene had no insert to the activity in cells from the same strain in which the plasmid-borne
CYC1-lacZ reporter gene contained NRE76, 1�NRE25, 2�NRE25, 3�NRE25, 1�NRE22D, 2�NRE22D, or 3�NRE22D inserted between the
UASCYC1 and the TATA box. Relative repression is the ratio of the repression (fold) mediated by the indicated insert normalized to the repression
(fold) mediated by NRE76. (C) Comparison of expression levels of plasmid-borne CYC1-NRE-lacZ reporter genes in wild-type (W303-1A; open
bars), rim101� (Y104; gray bars), and tup1� (Y170; black bars) cells. Relative repression values were obtained as described above for panel B.
(D) Introduction of mutations upstream of the PacCDIT site reduces NRE42-mediated repression in wild-type and rim101� cells. Colonies derived
from wild-type cells and rim101� cells containing pLG312 (no insert), pLG�NRE76, pLGn�NRE42, pLGn�3�NRE25, pLGn�3�NRE22D,
pLGn�NRE42m, or pLG�SS (no UAS) were overlaid with X-Gal-containing agar (upper left panel). The image is a scan of the colonies after
incubation at 30°C. The table gives units of �-galactosidase activity in wild-type (WT) and rim101� cells containing pLG312 (no insert),
pLGn�NRE42, pLGn�NRE42m-1, or pLG�SS (no UAS). Relative repression values calculated from these data as described above are given in
the bar graph.

VOL. 25, 2005 Rim101 AND Nrg1 ACT AS COREPRESSORS AT NREDIT 6777



repression, we used an X-Gal colony overlay assay. Colonies of
control wild-type cells containing the CYC1-lacZ reporter gene
became dark blue after being overlaid with X-Gal-containing
agar (Fig. 2D). In contrast, colonies of wild-type cells that
contained NRE76, NRE42, 3�NRE22D, or 3�NRE25 in-
serted into the reporter gene remained white or became only
pale blue, and cells that contained the CYC1-NRE42m-1-lacZ
reporter gene became light blue (Fig. 2D). As expected, mu-
tation of RIM101 affected repression mediated by 3�NRE22D
but not repression mediated by 3�NRE25. The modest level
of repression that was maintained by NRE42 in the rim101�
strain was lost on the introduction of mutations into the
NRE25-specific region (Fig. 2D). To confirm that the visual
impression obtained on inspection of colonies that had been
overlaid with X-Gal-containing agar was representative of in
vivo activities of the reporter gene, we also measured �-galac-
tosidase activity in lysates of control cells and cells containing
NRE42 and NRE42m-1 inserted into the reporter gene. �-Ga-
lactosidase activities in extracts from cells containing the plas-
mid-borne CYC1-lacZ reporter gene with no insert or with
NRE42 or NRE42m-1 inserted into the reporter gene and a
reporter gene lacking a UAS showed a good correlation with
the qualitative overlay assays (Fig. 2D). Overall, these data
were consistent with the idea that NRE42 contained a RIM101-
dependent operator site within the NRE22D-specific region
and a RIM101-independent, factor X-dependent operator site
within the NRE25-specific region.

Rim101 binds to NRE30 in vitro and in vivo. We next tested
the notion that Rim101 binds directly to the PacCDIT site. First,
we monitored the ability of an in vitro-synthesized polypeptide
that spanned residues 1 to 289 of Rim101, which includes the
zinc fingers, to bind to the PacCDIT site. As assessed by an
EMSA, the Rim101(1-289) polypeptide formed a complex with
a radioactively labeled double-stranded oligonucleotide con-
taining the sequence represented by NRE22D (Fig. 3, lane 2).
Formation of this protein-DNA complex was reduced on the
addition of an increasing amount of the unlabeled double-
stranded NRE22D oligonucleotide (Fig. 3, lanes 3 to 6) but not
on addition of a mutated version of this double-stranded oli-
gonucleotide (Fig. 3, lanes 7 to 10).

We attempted to use a combined in vivo chromatin cross-
linking in vitro immunoprecipitation approach to test for in
vivo binding of HA-tagged Rim101 to the intergenic region of
the DIT1-DIT2 genes. However, we discovered that we could
readily detect DIT1-containing DNA in anti-HA immunopre-
cipitates from lysates of control cells that expressed
Rim101-HA but that had not been treated with a cross-linker
(data not shown). As we could not exclude the possibility that
the Rim101-DNA association occurred in vitro after lysis of
the cells, we turned to a different assay to detect in vivo DNA
binding. We constructed a chimeric gene that expressed the
activation domain of Gal4 fused to the DNA-binding region of
Rim101 and tested the ability of this protein to activate ex-
pression of a lacZ reporter gene that lacked a UAS but con-
tained the PacCDIT operator site. As assessed by an X-Gal
overlay assay of colonies, the chimeric Gal4AD-Rim101(1-289)
fusion protein directed significant expression of a 4�NRE22D-
lacZ reporter gene and a lower level of expression of a
1�NRE22D-lacZ reporter gene (Fig. 3B). The fusion protein,
however, did not promote expression of a 2�NRE25-lacZ re-

porter gene (Fig. 3B). We concluded that the zinc finger region
of Rim101 directed binding of the Gal4AD-Rim101(1-289) fu-
sion protein to the NRE22D sequence, but not to the NRE25
sequence, in vivo.

NRE22D-mediated repression requires the RIM signaling
pathway. The signal transduction pathway that regulates the
activity of PacC/Rim101 in response to environmental pH has
been extensively characterized in fungi and yeast (reviewed in
references 65 and 66). In S. cerevisiae, this pathway consists of
two transmembrane proteins, Rim9 and Rim21, which have
been postulated to be pH sensors; Rim8 of unknown func-
tion; and Rim20, which may act as an adaptor between the
protease, Rim13, and its substrate, Rim101 (96). Mutation
of any of the RIM genes results in a shared set of phenotypes
including reduced expression of IME1, reduced sporulation
efficiency, cold sensitivity, defects in haploid invasive growth
and growth at alkaline pH, and failure to proteolytically
process Rim101 (29, 52, 79, 85, 96). We found that RIM8,
RIM9, RIM13, RIM20, and RIM21 were all required for
repression of the CYC1-3�NRE22D-lacZ reporter gene
(Fig. 4A), consistent with the notion that it is the Rim13-
processed form of Rim101 that serves as a negative regula-
tor at NRE22D.

FIG. 3. Rim101 binds to the PacCDIT site in vitro and in vivo. (A) A
truncated version of Rim101 extending from residue 1 to residue 289
was synthesized in vitro and tested for its ability to bind to a radiola-
beled NRE22D-containing oligonucleotide by EMSA as described in
Materials and Methods. An equivalent amount of Rim101(1-289) pro-
tein was incubated with a radiolabeled NRE22D-containing double-
stranded oligonucleotide (5�-GATCCTTGCCAAGAAAAAATAAAA
AGGATC-3� [the PacCDIT site is shown in boldface type]) in the
absence of competitor DNA (lane 2) and in the presence of a 10-, 50-,
100-, or 250-fold excess of nonlabeled NRE22D-containing double-
stranded oligonucleotide (lanes 3 to 6) or a nonlabeled mutant version
of this double-stranded oligonucleotide (lanes 7 to 10) as specific and
nonspecific competitors, respectively. The mutant oligonucleotide had
a 1-bp change within the PacCDIT site, changing the sequence from
5�-TGCCAAGA-3� to 5�-TGCCTAGA-3�. The reaction of lane 1 con-
tained only the probe DNA. WT, wild type. (B) A Gal4AD-Rim101(1-
289) fusion protein expressed in vivo activates an NRE22D-containing
reporter gene. W303-1B was transformed with pACTII-Rim101(1-289)
(Gal4AD-Rim101DB) or pACTII (Gal4AD), as indicated at the top of
the panel. As indicated on the right of the panel, these transformants
were then transformed with pLG312 (no insert); pLG�SS (no UAS);
pLG�SS�4�NRE22D, which contains a 4�NRE22D-lacZ gene re-
porter gene; pLG�SS�1�NRE22D, which contains a 1�NRE22D-
lacZ reporter gene; or pLG�SS�2�NRE25, which contains a
2�NRE25-lacZ reporter gene. Colonies representing two distinct
transformants of each strain were grown up and overlaid with X-Gal-
containing agar to monitor �-galactosidase expression.

6778 ROTHFELS ET AL. MOL. CELL. BIOL.



Although the exact site of Rim13-directed cleavage in
Rim101 is not known, expression of a truncated version of
Rim101 that extends to residue 531 bypasses the requirement
for the RIM signaling pathway to generate active Rim101 (52).
We found that a rim13 strain in which the wild-type RIM101
gene had been replaced with a RIM101(1-531).3HA allele re-
covered the ability to repress the CYC1-3�NRE22D-lacZ re-
porter gene (Fig. 4B). We therefore concluded that proteolytic
cleavage of Rim101 under the control of the RIM signaling
pathway is required for repression through the multimerized
NRE22D element.

A screen of the array of yeast strains with deletions of
nonessential genes identifies NRG1 as a contributor to
NRE25-mediated repression. To identify additional genes that
might contribute to NREDIT-mediated repression, particularly,
candidate genes for mediating repression through the RIM101-
independent NRE25 subsite, we screened the array of viable
yeast deletion strains (32). The array was interrogated once for
genes that contribute to repression through NRE42 and twice
for genes that contribute to repression through NRE25 by
using a variation of the synthetic genetic array method (84) as
follows. A MAT� strain containing either the plasmid-borne
CYC1-NRE42-lacZ reporter gene or the CYC1-3�NRE25-lacZ
reporter gene was mated with each strain in the gene deletion
array (see Materials and Methods). The resultant diploids
were sporulated, and haploid progeny that contained the plas-
mid-borne reporter gene were selected. This new array of
plasmid-containing haploid deletion strains was then tested by
an X-Gal colony overlay assay for strains that were defective in
repression of the lacZ reporter gene. This led to the identifi-
cation of NRG1 as a potential contributor to NRE25-mediated
repression and reidentified DFG16 and YGR122w as contri-
butors to NRE42-mediated repression (see Materials and
Methods).

We next compared the effect of mutation of the genes that
we had identified in this screen and our previous screen (28)
for their roles in NRE42-, 3�NRE22D-, and 3�NRE25-me-
diated repression. As expected, efficient repression of the
CYC1-NRE42-lacZ reporter gene required all five genes:
NRG1, RIM101/FRD5, DFG16/FRD1, YGR122w/FRD2, and
VPS36/FRD4 (Fig. 5, column 1). We found that NRG1 con-
tributed specifically to repression of the CYC1-3�NRE25-lacZ
reporter gene (Fig. 5, column 2) and that DFG16/FRD1,
YGR122w/FRD2, and VPS36/FRD4 were additional contribu-
tors to RIM101/FRD5-directed repression of the CYC1-
3�NRE22D-lacZ reporter gene (Fig. 5, column 3). None of the
mutant strains led to increased expression of a control UAS-
less lacZ reporter gene (data not shown). We also tested a
strain deleted for NRG2, which encodes an Nrg1-related pro-
tein (92); this mutant strain appeared to maintain repression of
the CYC1-3�NRE25-lacZ reporter gene (data not shown).

Nrg1 binds to a target site within NRE25. Nrg1 is a DNA-
binding, Tup1-dependent repressor of transcription in both S.
cerevisiae and C. albicans (14, 60, 64), making it a good candi-
date for being a direct mediator of NRE25-dependent repres-
sion. Indeed, by comparison with the partially characterized
C4T- or C3TC-containing target site for Nrg1 from S. cerevisiae
(64) and the better-characterized target sequence (A/C)(A/C/
G)C3T for Nrg1 from C. albicans (60), NRE25 contains a
potential Nrg1-binding site, AACCCT, between nt �489 and
�494.

We tested the ability of a recombinant MBP-Nrg1 fusion
protein purified from E. coli to bind to NRE25 in vitro. As
assessed by EMSA, MBP-Nrg1 formed a specific complex with
a radioactively labeled double-stranded oligonucleotide con-
taining the NRE25 sequence (Fig. 6A). Formation of this pro-
tein-DNA complex was competed by the addition of increasing

FIG. 4. Rim101-dependent, 3�NRE22D-mediated repression re-
quires the RIM signaling pathway. (A) The wild-type (WT) strain or
the indicated rim deletion strains from the yeast deletion collection, as
denoted on the left-hand side of the panel, were transformed with
pLGn�3�NRE22D, and �-galactosidase expression was monitored by
a colony overlay assay. (B) Expression of Rim101(1-531)0.3HA re-
stores NRE22D-mediated repression to a rim13 strain. Wild-type,
rim101�, RIM101(1-531).3HA-HIS3MX6, rim13�, and rim13�
RIM101(1-531)0.3HA-HIS3MX6 strains, as denoted on the right-hand
side of the panel, were transformed with pLG312n (no insert) or
pLGn�3�NRE22D, and �-galactosidase expression was monitored by
a colony overlay assay.

FIG. 5. NRG1 is required for 3�NRE25- but not 3�NRE22D-
mediated repression; RIM101, DFG16, YGR122w, and VPS36 are re-
quired for 3�NR22D- but not 3�NRE25-mediated repression. Colo-
nies of the BY4741-derived deletion strains, as indicated on the right
side of the panel, that contained pLGn�NRE42, pLGn�3�NRE25,
or pLGn�3�NRE22D, as indicated at the top of the panel, were
overlaid with X-Gal-containing agar. WT, wild type.
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FIG. 6. Formation of Nrg1-NRE25 and Nrg1-Rim101-NRE42 protein-DNA complexes in vitro as assessed by EMSA and interaction of Nrg1
and Rim101 in vitro as assessed by affinity chromatography. (A) Nrg1 binds to NRE25 in vitro. Bacterially expressed MBP-Nrg1 was affinity purified
and incubated with a radiolabeled double-stranded oligonucleotide containing NRE25 (5�-CCATAAATAAAAGGGTTCTCTTGCC-3�) prior to
electrophoresis on a nondenaturing 6% polyacrylamide gel. The reactions of lanes 4 to 11 contained equivalent amounts of MBP-Nrg1; the
reactions of lanes 5 to 7 contained increasing amounts of a nonlabeled NRE25-containing double-stranded oligonucleotide as specific competitor
DNA; and the reactions of lanes 8 to 10 contained increasing amounts of a nonlabeled mutant NRE25-containing double-stranded oligonucleotide
as a nonspecific competitor (the wild-type sequence 5�-AGGGT-3� [indicated in boldface type in the sequence given above] was changed to
5�-CTGTA-3�). The reaction of lane 1 contained no protein, and the reaction of lane 11 contained bacterially expressed MBP. The reactions of
lanes 2 and 3 contained 5- and 2.5-fold of the amount of MBP-Nrg1 present in the reaction of lane 4. (B) Rim101(1-289) does not interact with
the NRE25 site, and MBP-Nrg1 does not interact with the NRE22D site. An EMSA was performed with bacterially expressed Rim101(1-289)
present in the soluble fraction of a crude cell lysate (lanes 2 and 4) or affinity-purified bacterially expressed MBP-Nrg1 (lanes 6 and 8) that had
been incubated with a radiolabeled oligonucleotide containing NRE22D (Fig. 3) (lanes 2 and 8) or NRE25 (lanes 4 and 6). The reactions of lanes
1, 3, 5, and 7 contained probe only. (C) An Nrg1-Rim101-DNA complex forms in vitro with NRE42 but not with NRE42m-2 or NRE42m-1.
Bacterially expressed MBP-Nrg1 (lanes 2, 4, 6 to 8, and 12 to 14) or bacterially expressed Rim101(1-289) (lanes 3, 4, and 9 to 14) was incubated
with a radiolabeled oligonucleotide containing NRE42 (see Materials and Methods) (lanes 1 to 4), NRE42m-2 (5�-CCATAAATAAAAGGGT-
TCTCTTGCCTAGAAAAAATAAAAAGGCC-3� [the mutation is in boldface type]) (lanes 5 to 14, upper panel) or NRE42m-1 (see Materials
and Methods) (lanes 5 to 14, lower panel). The reactions of lanes 1 and 5 contained no protein. The reactions of lanes 6 to 8 and lanes 12 to 14
(upper panel) contained increasing amounts of MBP-Nrg1; the reactions of lanes 9 to 11 and lanes 12 to 14 (lower panel) contained increasing
amounts of Rim101(1-289). Only the portions of the autoradiograms representing the protein-DNA complexes are shown. (D) Interaction between
Nrg1 and Rim101 in vitro. Western blot analysis with HRP-conjugated anti-HA antibodies of samples from an affinity chromatography experiment
(see Materials and Methods) is shown. A lysate from induced bacterial cells expressing MBP (lanes 2 to 6) or MBP-Nrg1 (lanes 10 to 14) was
incubated with amylose-Sepharose to prepare an affinity resin to capture Rim101 from a yeast cell lysate. The following samples were analyzed:
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amounts of the unlabeled double-stranded oligonucleotide
containing the wild-type NRE25 sequence but not by the ad-
dition of increasing amounts of a mutated version of this dou-
ble-stranded oligonucleotide (Fig. 6A). The observation that
an Nrg1-NRE25 protein-DNA complex formed in vitro sup-
ported the idea that Nrg1 was a direct mediator of NRE25-
directed repression in vivo.

The specificities of subsite binding by Nrg1 and Rim101
were confirmed in an EMSA experiment that demonstrated
that the MBP-Nrg1 fusion protein, which formed a protein-
DNA complex with the NRE25 probe (Fig. 6B, lane 6), did not
form a complex with the NRE22D probe (Fig. 6B, lane 8).
Similarly, the Rim101(1-289) polypeptide, which formed a pro-
tein-DNA complex with the NRE22D probe (Fig. 6B, lane 2),
did not form a protein-DNA complex with the NRE25 probe
(Fig. 6B, lane 3).

Nrg1 and Rim101 bind simultaneously to their adjacent
target sites within the NRE42 operator. To confirm that
Rim101 and Nrg1 could act as coregulators at the NRE42
operator, we tested these proteins for their ability to bind
simultaneously to NRE42 in vitro. Incubation of a radioac-
tively labeled double-stranded oligonucleotide spanning the
NRE42 sequence with bacterially expressed MBP-Nrg1 and
Rim101(1-289) generated a protein-DNA complex of slower
electrophoretic mobility (Fig. 6C, lane 4) than complexes
formed with the same NRE42 probe and either MBP-Nrg1
alone (Fig. 6C, lane 2) or Rim101(1-289) alone (Fig. 6C, lane
3). We concluded that Rim101 and Nrg1 could bind simulta-
neously to their adjacent target sites within the NRE42 oper-
ator element.

We also carried out EMSAs with radioactively labeled
NRE42 oligonucleotides that contained a mutation within the
Rim101 target site (NRE42m-2) (Fig. 6C, lanes 5 to 14, upper
panel) or mutations within the Nrg1 target site (NRE42m-1)
(Fig. 6C, lanes 5 to 14, lower panel). As expected, MBP-Nrg1
formed a complex with the NRE42m-2 probe but not with the
NRE42m-1 probe, and Rim101(1-289) formed a complex with
the NRE42m-1 probe but not with NRE42m-2 probe (Fig. 6C,
lanes 5 to 11). Incubation of the NRE42m-2 probe with both
MBP-Nrg1 and Rim101(1-289) generated an MBP-Nrg1-
NRE42m-2 complex only (Fig. 6C, lanes 12 to 14, upper
panel). Conversely, incubation of the NRE42m-1 probe with
both proteins generated a Rim101-NRE42m-1 complex only
(Fig. 6C, lanes 12 to 14, lower panel). This experiment sug-
gested that Rim101 and Nrg1 were being recruited individually
to NRE42. We note, however, that because we had found that
expression of Rim101(1-531) in bacteria was poor (data not
shown), the EMSA cobinding experiments described above
were carried with a bacterially expressed version of Rim101
that contained only its DNA-binding amino-terminal portion.

It is possible that this truncated version of Rim101 lacked a
region required for interaction with Nrg1.

As an alternative test for an interaction between Nrg1 and
Rim101, we used a pull-down assay to determine whether
bacterially expressed Nrg1 could interact with Rim101(1-531)
present in a yeast lysate. MBP and an MBP-Nrg1 fusion pro-
tein that had been expressed in E. coli were captured on amy-
lose-Sepharose beads, and these resins were used as affinity
ligands. Aliquots of yeast lysates prepared from cells express-
ing Rim101(1-531).3HA were loaded onto columns that con-
tained immobilized MBP or MBP-Nrg1. After the columns had
been washed, bound protein was eluted with maltose-contain-
ing buffer and analyzed by Western blot. Rim101(1-531).3HA
could be readily detected in the eluate of the column that
contained immobilized MBP-Nrg1 (Fig. 6C, lanes 13 and 14)
but not in the eluate of the control column that contained
immobilized MBP (Fig. 6C, lanes 5 and 6). Thus, it is possible
that binding of Rim101 and Nrg1 to their adjacent target sites
in NREDIT could be assisted by prior formation of a Rim101-
Nrg1 heterodimer.

The extracts of bacterial cells expressing MBP or MBP-Nrg1
contained proteins that cross-reacted with the anti-HA anti-
body and had mobilities similar to Rim101(1-531).3HA (Fig.
6C, lanes 1 to 3 and 9 to 11); however, these cross-reacting
proteins did not bind to the amylose-containing resin (Fig. 6C,
lanes 3 and 11). A control blot showed that MBP bound more
efficiently to amylose-Sepharose than did MBP-Nrg1 (Fig. 6D,
lanes 1, 2, 5, and 6); this accounted for the much larger amount
of MBP relative to MBP-Nrg1 that eluted from the columns
(Fig. 6D, lanes 3, 4, 7, and 8).

Nrg1 and Rim101 act as corepressors in vivo. In our initial
experiments, we used 3�NRE22D and 3�NRE25 as distinct
operator elements to define potential roles for RIM101 and
NRG1 in mediating mitotic repression of the DIT1 gene in
vivo. To test for the roles of Nrg1 and Rim101 as corepressors
at NREDIT, we compared expression of the CYC1-NRE42-lacZ
reporter gene and a (�537)DIT1-lacZ translational fusion
gene in nrg1�, rim101�, nrg1� rim101�, and tup1� strains. We
have previously shown that mitotic repression of the transla-
tional fusion gene (�537)DIT1-lacZ, which contains DIT1 se-
quence from nt �537 to nt �53, is Tup1 dependent (27) but
not necessarily Rim101 dependent (28). As assessed by a qual-
itative X-Gal colony overlay assay (Fig. 7A) and by measure-
ment of �-galactosidase activity in cell extracts (Fig. 7B), the
nrg1� and rim101� strains maintained partial repression of the
CYC1-NRE42-lacZ reporter gene, whereas the nrg1� rim101�
and tup1� strains were inefficient at maintaining repression. In
contrast, efficient repression of the (�537)DIT1-lacZ reporter
gene appeared to be maintained in the absence of either
Rim101 or Nrg1 (Fig. 7A), with significant expression occur-

an aliquot of uninduced bacterial cells (U, lanes 1 and 9) and an aliquot of the soluble fraction of a lysate prepared from induced bacterial cells
(I, lanes 2 and 10) that contained a vector for expression of MBP (lanes 1 and 2) or MBP-Nrg1 (lanes 9 and 10); an aliquot of a flowthrough fraction
after the bacterial lysate-resin (amylose-Sepharose) mixture had been loaded into a column (FT, lanes 3 and 11); an aliquot of a wash fraction from
the columns after a lysate prepared from yeast cells expressing Rim101(1-531).3HA had been run through the columns (W, lanes 4 and 12); aliquots
of resin-bound protein that had been eluted with maltose (E1 and E2, lanes 5, 6, 13, and 14); an aliquot of the lysate prepared from yeast cells
expressing Rim101(1-531).3HA (lanes 7 and 15) or Rim101 (lanes 8 and 16). The asterisks on the left denote bacterial proteins that cross-reacted
with the anti-HA antibody; the position of Rim101(1-531).3HA is denoted on the right. (E) The filter of panel C was stripped and reprobed with
anti-MBP antibodies as the primary antibody and an HRP-conjugated secondary antibody. Lanes 1 through 8 correspond to lanes 2, 3, 5, 6, 10,
11, 13, and 14, respectively, of panel D.

VOL. 25, 2005 Rim101 AND Nrg1 ACT AS COREPRESSORS AT NREDIT 6781



ring only in the nrg1� rim101� and tup1� strains (Fig. 7A).
This redundancy between Nrg1- and Rim101-mediated repres-
sion in the context of the (�537)DIT1-lacZ reporter gene may
explain why Bogengruber and coworkers concluded in a pre-
vious study that RIM101 did not contribute to mitotic repres-
sion of the DIT genes (11).

In summary, the experiments of Fig. 6 and 7 have demon-
strated that an Nrg1-Rim101-NRE42 ternary complex can as-
semble in vitro (Fig. 6C) and that both proteins are required to
mediate efficient repression in the context of the CYC1-
NRE42-lacZ reporter gene in vivo (Fig. 7). These data support
a model in which Nrg1 and Rim101 bind to adjacent target
sites within NREDIT and act together to efficiently recruit the
Ssn6-Tup1 corepressor complex to the DIT1 promoter.

The ESCRT pathway is involved in NRE22D-mediated re-
pression. YGR122w/FRD2 and VPS36/FRD4 contribute to

NRE22D- but not NRE25-mediated repression (Fig. 5). Both
these genes have connections with the endosomal sorting com-
plex required for transport (ESCRT), which consists of three
multicomponent complexes referred to as ESCRT I, ESCRT
II, and ESCRT III (reviewed in reference 70). The ESCRT
pathway directs biosynthetic cargo, such as vacuolar hydro-
lases, from the Golgi to their destination in the vacuole and
diverts endocytosed proteins, such as cell surface receptors and
transporters, from a recycling pathway to the vacuole for deg-
radation. Although YGR122w is an uncharacterized ORF, its
product has been shown to have a two-hybrid interaction with
Snf7 (42, 87). SNF7 was initially identified based on its role in
glucose regulation of the SUC2 gene (86, 88) and was subse-
quently found to be identical to VPS32, one of 10 class E
vacuolar protein sorting (VPS) genes that function in the ES-
CRT pathway (5, 46). Snf7/Vps32, which interacts with Vps20
to form the ESCRT IIIA subcomplex, also shows two-hybrid
interactions with Rim13 and Rim20 (12, 42, 87, 96). Although
Rim20 does not appear to have a role in the ESCRT pathway,
Bro1, which is related to Rim20 and also interacts with Snf7/
Vps32, functions in this pathway (62). Finally, VPS36/FRD4 is
a component of ESCRT II, which recruits ESCRT III to the
endosomal membrane (3, 4).

These intriguing connections between Rim101-dependent
NRE22D-mediated repression and the ESCRT trafficking
pathway led us to test additional components of the ESCRT
pathway for a possible role in NREDIT-mediated repression.
We introduced our series of reporter genes into various strains
taken from the deletion array and monitored expression of the
reporter gene by an X-Gal colony overlay assay (Fig. 8A).
Mutation of VPS23 and VPS28, two of three genes encoding
the components of the ESCRT I complex, led to a significant
loss in repression of the plasmid-borne CYC1-3�NRE22D-
lacZ reporter gene but not the CYC1-3�NRE25-lacZ reporter
gene (Fig. 8A). All three components of the ESCRT II com-
plex (Vps22, Vps25, and Vps36) and the two components of
the ESCRT IIIA subcomplex (Snf7/Vps32 and Vps20) were
also specifically required for repression of the CYC1-
3�NRE22D-lacZ reporter gene (Fig. 8A). In contrast, VPS24
and VPS2, which encode the components of the ESCRT IIIB
subcomplex; VPS27, which is required for initiating assembly
of the endosomal ESCRT pathway; and VPS4, which is re-
quired for disassembly of the ESCRT complexes, were not
required for NRE22D-mediated repression (Fig. 8A). Muta-
tion of BRO1 or DOA4, which encodes a deubiquitinating
enzyme that removes ubiquitin attached to cargo proteins, led
to defective repression of the CYC1-3�NRE22D-lacZ reporter
gene (Fig. 8A). Of several other genes that contribute to in-
tracellular trafficking that we tested, none was involved in
NRE22D-mediated repression (data not shown). These in-
cluded, for example, SLA1 and END3, which encode compo-
nents that contribute to cytoskeleton dynamics and act in a
complex with Pan1 as an endocytic targeting adaptor (41, 82);
PEP12, a class D VPS gene that encodes a multifunctional
syntaxin that is required for all known trafficking pathways into
the multivesicular body (MVB) (31); VPS34, which encodes a
phosphatidylinositol-3-kinase that is involved in Golgi-to-
MVB trafficking (77); FAB1, which encodes a phosphatidylino-
sitol-3-phosphate-5-kinase that is involved in MVB-to-vacuole
trafficking (77); and PEP4, which encodes a major vacuolar

FIG. 7. Expression of the CYC1-NRE42-lacZ reporter gene and the
(�537)DIT1-lacZ reporter gene is higher in an nrg1 rim101 strain than
in either an nrg1 strain or a rim101 strain. (A) Colonies of wild-type
(WT) (W303-B), nrg1� (KRY302), rim101� (KRY308), and nrg1�
rim101� (KRY318) cells and tup1� (Y169) cells containing pLG312n,
a plasmid with a CYC1-lacZ reporter gene (no insert); pLGn�NRE42,
a plasmid with a CYC1-NRE42-lacZ reporter gene; and p(�537)DIT1-
lacZ, a plasmid with a (�537)DIT1-lacZ reporter gene, were overlaid
with X-Gal-containing agar. (B) The table gives units of �-galactosi-
dase activity measured in extracts from cells containing pLG312 (no
insert) or pLGn�NRE42 (NRE42).
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hydrolyase, proteinase A (89). However, many trafficking pro-
teins have functional counterparts, which would necessitate the
analysis of double mutants to reveal their roles. Overall, these
results suggest that a portion of the ESCRT pathway has been
specifically coopted to regulate Rim101-mediated repression.

We next tested whether the RIM101(1-531).3HA allele
would complement the repression defects observed in dfg16,
ygr122w, and the vps mutant strains. Indeed, expression of
Rim101(1-531).3HA, whose activity is independent of Rim13-
mediated processing, restored repression of the CYC1-
3�NRE22D-lacZ reporter gene in the dfg16, ygr122w, vps23,
vps28, vps22, vps25, vps36, snf7, vps20, bro1, and doa4 strains
(Fig. 8B).

Contribution of the ESCRT pathway to proteolytic process-
ing of Rim101. To determine whether the components of the
ESCRT pathway acted before or after the processing step of
Rim101, we monitored the status of epitope-tagged Rim101 in
wild-type and mutant cells by Western blot analysis. We first
compared the ability of two integrated alleles of RIM101,
RIM101.HA2, and RIM101.HA3 to support repression of the
CYC1-3�NRE22D-lacZ reporter gene. Rim101.HA2, which
contains nine HA epitopes following codon 313, and
Rim101.HA3, which contains three HA epitopes following
codon 473, are processed and are able to complement some
aspects of Rim101 function (50, 52, 96). We found, however,
that only Rim101.HA3 could mediate repression of the CYC1-

FIG. 8. Involvement of ESCRT components, Dfg16, and Ygr122w in 3�NRE22D-mediated repression and processing of Rim101. (A) Colonies
of the BY4741-derived deletion strains, as indicated on the sides of the panels, containing pLG312n (no insert), pLGn�3�NRE25, or pLGn�
3�NRE22D, as indicated above the panels, were overlaid with X-Gal-containing agar. I, II, IIIA, and IIIB refer to ESCRT complexes.
(B) Repression of the CYC1-3�NRE22D-lacZ reporter gene can be restored in the mutant strains by expression of a truncated version of Rim101.
For each mutant strain identified on the left of the panel, the top two rows of colonies were from cells that contained the wild-type (WT) RIM101
gene, and the bottom two rows of colonies were from cells that contained the RIM101(1-531).3HA-HIS3MX6 allele, as indicated on the right. The
cells also contained pLG312n (no insert) or pLGn�3�NRE22D, as indicated above the panels. For panels A and B, composite images were
prepared from scans of plates that had been overlaid with X-Gal-containing agar after color development. Each plate had control colonies
consisting of wild-type cells and rim101� cells containing pLG312n or pLG�3�NRE22D to ensure equivalent color development. (C) Western
blot of an SDS-polyacrylamide gel containing aliquots of crude lysates prepared from the indicated BY4741-derived deletion strains that expressed
a full-length internally HA-epitope-tagged Rim101 protein. The blot was probed with HRP-conjugated anti-HA antibodies.
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3�NRE22D-lacZ reporter gene (data not shown). This sug-
gested that the HA epitopes present within Rim101.HA2 in-
terfered with the ability of Rim101 to mediate NRE22D-
directed repression without affecting some of its other
functions.

Visualization of Rim101.HA3 processing by Western blot
analysis showed that Rim101 existed as both full-length and
processed forms in the wild-type strain and, as expected, in
only the full-length form in a rim13 strain (Fig. 8C, lanes 1 and
2). The nonprocessed form of Rim101.HA3 that was present in
the rim13 strain appeared to consist of two isoforms of similar
size, and the processed Rim101.HA3 that was present in the
wild-type strain appeared to be present in three forms (see
Discussion). Rim101.HA3 was not processed in the dfg16,
ygr122w, vps23, vps28, vps22, vps25, vps36, snf7, and vps20
strains and was processed in the vps27, vps37, vps2, vps24, vps4,
bro1, and doa4 strains (Fig. 8C). Thus, the mutant strains that
failed to process Rim101.HA3 were defective in 3�NRE22D-
mediated repression, and the mutant strains that processed
Rim101.HA3 supported repression of the reporter gene, with
two exceptions. The exceptional strains, bro1 and doa4, con-
tained processed Rim101.HA3 but were nonetheless defective
in 3�NRE22D-mediated repression. Although the dispens-
ability of BRO1 for Rim101 processing has been noted previ-
ously (96), this is the first report of its requirement for Rim101-
mediated repression. Our data suggest that components of the
ESCRT pathway have a novel role, be it directly or indirectly,
in promoting Rim101 processing and activity and that they
serve this role in the absence of Vps27, ESCRT IIIB, and
Vps4.

DISCUSSION

We previously described NREDIT as a promoter element
that mediates Ssn6-Tup1-dependent repression of the DIT1
and DIT2 genes during mitotic growth as well as contributing
to their activation during sporulation (27). In this study, we
have investigated further the mechanism by which NREDIT

mediates repression. Our data show that NREDIT consists of
two subsites (Fig. 2) and that the C2H2 zinc-finger-containing
proteins Rim101 and Nrg1 bind to these adjacent sites and act
together to mediate efficient repression (Fig. 3, 6, and 7). We
have found that proteolytic processing of Rim101 to its active
repressor form not only depends on the components of the
well-characterized RIM pathway but also requires Dfg16, a
putative membrane-spanning protein implicated in cell wall
integrity, Ygr122w, and seven proteins that act in the ESCRT
trafficking pathway (Fig. 4, 5, and 8).

Mutation of RIM101 in S. cerevisiae was initially described as
leading to poor growth of cells at low temperature, a smooth
colony morphology, inefficient sporulation of diploid strains
due to reduced expression of IME1, and inability of haploid
strains to switch to invasive growth (79). Characterization of
the pH response pathway in A. nidulans and the recognition
that the components of this pathway are conserved in S. cer-
evisiae and other fungi implicated Rim101, the homolog of A.
nidulans PacC, as a regulator of pH-inducible genes (reviewed
in references 65 and 66). Although rim101 strains grow poorly
in alkaline media (29, 51), processing of Rim101 does not
appear to be as tightly regulated by pH in S. cerevisiae as is the

case for PacC in A. nidulans, nor do pH-regulated genes ap-
pear to be direct targets of Rim101 (51, 52). In fact, profiles of
pH-regulated gene expression and the identification of genes
that contribute to growth at alkaline pH have highlighted the
role of genes involved in iron and copper homeostasis in tol-
erance to alkaline pH (17, 51, 74, 75). Copper and iron have
reduced solubility at alkaline pH and become limiting for
growth (74). Although there is no evidence at this time that
genes involved in copper and iron homeostasis or their tran-
scriptional regulators, Mac1 (49) and Atf1 (98), are directly
regulated by Rim101 in S. cerevisiae, there is a suggestion that
genes involved in the uptake of siderophores in A. nidulans are
regulated by both PacC and the iron-responsive regulator SreA
(24).

Lamb and Mitchell (50) found that SMP1 and NRG1 are
direct targets of Rim101-mediated repression and that deletion
of SMP1 restores haploid invasive growth to a rim101 mutant,
thus establishing a link between Rim101 and cell differentia-
tion. These investigators also established a link between
Rim101 and growth at alkaline pH by showing that Nrg1 con-
tributes to repression of ENA1 (50), which encodes a P-type
ATPase that contributes to ion homeostasis by exporting Na�

and Li� (38). ENA1 is also regulated by a second C2H2 Zn
finger transcription factor, the calcineurin-regulated Crz1 (58,
75, 90). Although, as noted above, Rim101 has been found to
repress NRG1 gene expression (50), this repression must be
limited in its efficiency in wild-type cells growing in rich me-
dium. We found that these cells contain sufficient Nrg1 to
mediate repression of our CYC1-3�NRE25-lacZ reporter
gene.

Our finding that Rim101 was an inefficient repressor when
acting from a single site may account for the fact that only a
few direct targets of Rim101-mediated repression have been
identified (50). Because both Rim101 and Nrg1 can individu-
ally mediate Ssn6-Tup1-directed repression (50, 64; our data),
we speculate that the two DNA-binding proteins act coopera-
tively as a heterodimer to establish a potent Ssn6-Tup1 repres-
sion complex at NREDIT. Since each protein could also medi-
ate efficient repression from a multimer of its target site, it is
possible that the proteins might also act as homodimers at
these sites. Most C2H2-type zinc finger transcription factors
have multiple zinc fingers and bind to DNA as monomers.
Engineered dimers, however, have been studied as a means to
direct cooperative DNA recognition (94). Further investiga-
tion is needed to elucidate the molecular details of the inter-
action between Nrg1 and Rim101.

Whereas processing of full-length PacC to its repressor form
in A. nidulans requires two distinct proteolytic cleavages (21),
processing of Rim101 in S. cerevisiae is thought to require only
one Rim13-dependent cleavage (96). Our Western blot anal-
yses, however, have revealed that our wild-type strain con-
tained several processed isoforms of Rim101 that differed only
slightly in mobility (Fig. 8). Rim101 that accumulated in the
mutant strains that did not generate active Rim101 appeared
as a tightly spaced doublet. Close inspection of autoradiograms
suggested that the form with the slowest mobility differed from
the form that had been considered to be residual full-length
Rim101 in the wild-type strain (Fig. 8). This raises the possi-
bility that there may be additional processing step(s) or post-
translational modification(s) of Rim101. We cannot exclude
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the possibility, however, that the multiple forms that we have
noted represent an artifact of the HA-tagged Rim101 protein
or in vitro proteolysis.

We have found that processing of Rim101 depends not only
on the previously characterized components of the RIM path-
way but also on components of the ESCRT pathway. This
pathway has been dissected into three multicomponent com-
plexes that act sequentially to deliver proteins from the late
endosome to the vacuole (reviewed in references 36 and 44).
The ESCRT I complex consists of Vps23, Vps28, and Vps37;
the ESCRT II complex consists of Vps22, Vps25, and Vps36;
and ESCRT III consists of two subcomplexes, IIIA and IIIB,
which contain Snf7 and Vps20, and Vps24 and Vps2, respec-
tively. Many cell surface proteins that are destined for inter-
nalization are tagged by monoubiquitination and packaged
into clathrin-coated vesicles for delivery to the sorting endo-
some. From this compartment, the proteins can be recycled to
the plasma membrane or routed on to the vacuole. In the latter
case, the proteins are packaged into intralumenal vesicles by
the action of the ESCRT pathway. Vps27, which serves as a
gatekeeper for entry into this pathway, is enriched at endoso-
mal membranes by virtue of its interaction with phosphatidyl-
3-phosphate (45). Membrane-associated Vps27 recruits both
monoubiquitinated cargo and the ESCRT I complex, facilitat-
ing transfer of captured cargo to ESCRT I (8, 9, 45). The cargo
is then sequentially transferred from ESCRT I to ESCRT II to
ESCRT III. At this point, debuiquitination of cargo proteins by
Doa4 (1, 22, 54) is required for their deposition into intralu-
menal vesicles formed by the invagination and budding off of
endosomal membranes to form the MVB (reviewed in refer-
ences 36 and 44). The vesicles are then delivered to the vacuole
by fusion of the MVB with the vacuole. Disassembly and re-
cycling of the ESCRT complex requires Vps4, an AAA-AT-
Pase (3, 4). Bro1, which was previously shown to act in concert
with ESCRT III and to associate with Snf7/Vps32 (12, 61, 62),
has recently been shown to recruit Doa4 to endosomes (55).
This has led to a model in which the ESCRT IIIA component
Snf7/Vps32 recruits Bro1, which in turn recruits Doa4 (55).
Deubiquitination of cargo proteins is essential for maintenance
of cellular ubiquitin levels (1, 81). In our study, we have found
that with the exception of Vps37, all components of ESCRT I,
ESCRT II, and ESCRT IIIA were required for proteolytic
processing of Rim101 and Rim101-mediated repression. In
contrast, Vps27, which is critical for assembly of the ESCRT
pathway, ESCRT IIIB, and the ESCRT disassembly compo-
nent Vps4 were not required. Interestingly, Rim101 was pro-
cessed in bro1 and doa4 strains but was unable to mediate
efficient repression. Because Rim20 and Bro1 are related pro-
teins and both interact with Snf7 (see above), it is possible that
a Bro1-Snf7 interaction is required to displace Rim20 from a
putative Snf7-Rim20-Rim13-Rim101 processing complex (96).
This exchange might be required to promote release of pro-
cessed Rim101. The requirement for Doa4 to generate active
Rim101 after it has been processed suggests that Rim101 might
be ubiquitinated and that removal of the ubiquitin by Doa4 is
required to enable Rim101-mediated repression. We note,
however, that the activity of Rim101(1-531).3HA does not
require DOA4. Future studies will lead to a better understand-
ing of the role of the ESCRT pathway in Rim101 processing

and the requirement for Bro1 and Doa4 to generate active
Rim101.

Interestingly, ion resistance has been noted previously to
depend on a portion of the ESCRT pathway. Eguez and
colleagues (23) found that resistance of cells to high levels
of Ca2� and Li2� required all components of ESCRT I,
ESCRT II, and ESCRT IIIA but did not require Vps27,
ESCRT IIIB, or Vps4. This observation was confirmed by
Bowers and colleagues (12), with the exception that in their
study, the ESCRT I component Vps37 was not required for
ion resistance. The association between a subset of compo-
nents of the endosomal sorting pathway and resistance to
high ion levels can now be explained by the observation that
the same subset of ESCRT components is required for pro-
cessing of Rim101 and full expression of ENA1 (50, 51).
While this paper was in preparation, Xu and colleagues (97)
also demonstrated a role for the ESCRT pathway in pro-
cessing of Rim101.

The ESCRT complex is notable in that it drives inward
invagination of the limiting membrane of the late endosome in
a poorly understood manner that involves enrichment for lip-
ids that promote curvature within membranes. Ultimately, ves-
icles bud off into the endosomal lumen to form the MVB. It is
intriguing that both the ESCRT machinery and Rim101-regu-
lated processes, such as filamentation and spore wall forma-
tion, involve membrane remodeling. Recent studies have re-
vealed that the human ESCRT machinery contributes to
budding of RNA viruses at the plasma membrane (reviewed in
references 67 and 91). Viral proteins that associate with the
plasma membrane serve a Vps27-like function in recruiting the
ESCRT complex to sites of viral assembly (reviewed in refer-
ence 19). This raises the intriguing possibility that a family of
membrane-associated adaptors might serve to recruit the ES-
CRT machinery to various locations. This in turn leads us to
speculate that the putative transmembrane proteins Dfg16,
identified in this study as a contributor to Rim101 processing,
Rim9, and Rim21 may assemble at the cell surface to form a
complex that promotes recruitment of a partial ESCRT
pathway. This ESCRT-derived pathway may then deliver
Rim101 to Rim13 for processing. External environmental
and nutritional cues could regulate this pathway by directly
or indirectly controlling the activity of the membrane pro-
teins. Ygr122w is an Snf7/Vps32-interacting, non-ESCRT
protein that we have identified as also being a contributor to
Rim101 processing. We speculate that it could serve this
role as an additional member of the previously postulated
Rim20-Snf7-containing scaffold that has been proposed to
regulate Rim101 processing by presenting Rim101 to Rim13
(96).

We do not yet understand how the DIT1 and DIT2 genes are
activated during sporulation. Our previous studies suggested
that several cis-acting elements, including the NRE, contribute
to activation (27). It is possible that Nrg1 and/or Rim101 is
replaced by sporulation-specific activators; alternatively, they
may be modified to serve as activators (11). Both Nrg1- and
Ssn6-containing complexes have been shown to serve in acti-
vation of transcription under certain circumstances (7, 26, 69).
Although PacC acts directly as both a transcriptional repressor
and a transcriptional activator in A. nidulans (reviewed in ref-
erence 66), it remains unclear whether Rim101 can serve as an
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activator in S. cerevisiae. Indeed, the reason for the initial
genetic identification of RIM101 as a putative activator of
IME1, a regulator of entry into the sporulation pathway, has
yet to be explained. Finally, it is not clear whether Rim101, be
it in a full-length or a processed form, has a role at late times
of sporulation.
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