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ABSTRACT

Ribosome biogenesis in Saccharomyces cerevisiae
involves a regulon of >200 genes (Ribi genes) co-
ordinately regulated in response to nutrient avail-
ability and cellular growth rate. Two cis-acting el-
ements called PAC and RRPE are known to medi-
ate Ribi gene repression in response to nutritional
downshift. Here, we show that most Ribi gene pro-
moters also contain binding sites for one or more
General Regulatory Factors (GRFs), most frequently
Abf1 and Reb1, and that these factors are enriched in
vivo at Ribi promoters. Abf1/Reb1/Tbf1 promoter as-
sociation was required for full Ribi gene expression
in rich medium and for its modulation in response
to glucose starvation, characterized by a rapid drop
followed by slow recovery. Such a response did not
entail changes in Abf1 occupancy, but it was paral-
leled by a quick increase, followed by slow decrease,
in Rpd3L histone deacetylase occupancy. Remark-
ably, Abf1 site disruption also abolished Rpd3L com-
plex recruitment in response to starvation. Extensive
mutational analysis of the DBP7 promoter revealed a
complex interplay of Tbf1 sites, PAC and RRPE in
the transcriptional regulation of this Ribi gene. Our
observations point to GRFs as new multifaceted play-
ers in Ribi gene regulation both during exponential
growth and under repressive conditions.

INTRODUCTION

In eukaryotic cells, ribosome biogenesis is a large scale,
highly complex process that requires the activity of hun-

dreds of genes transcribed by all three nuclear RNA poly-
merases (1–3). In rapidly dividing cells, four ribosomal
RNAs (rRNAs) and ∼80 ribosomal proteins (RPs) are re-
quired as building blocks for the production of thousands
of ribosomes every minute (3). Moreover, building the cy-
toplasmic 60S and 40S ribosomal particles involves the
sequential, orchestrated action of small nucleolar RNAs
(snoRNAs), one of the most important families of nuclear
non-protein-coding (nc) RNAs (4), and over 200 proteins
involved in rRNA maturation, ribosomal particle assembly
and export from the nucleus (2).

At the transcriptional level, ribosome biogenesis has been
best characterized in Saccharomyces cerevisiae, where it in-
volves at least 750 individual transcription units. These in-
clude both homogeneous and well-defined families, such as
the ∼150 active copies of large rRNA and 5S rRNA genes,
the 138 genes for cytoplasmic RPs and the 77 snoRNA
genes, and the more composite group of protein-coding
genes whose products contribute to ribosome production
without being a structural part of it (1). Genes of the lat-
ter group are most commonly referred to as Ribi genes
or, collectively, as the Ribi regulon, to indicate that their
expression is tightly co-regulated in response to environ-
mental or genetic perturbations (5,6). Many (∼150) Ribi
genes code for rRNA modification and ribosome assem-
bly factors, but the regulon also includes RNA polymerase
(Pol) I and Pol III subunits, nucleotide metabolism enzymes,
aminoacyl-tRNA synthetases, as well as translation and
tRNA metabolism factors (6). A different term, ‘RRB reg-
ulon’, was initially used to define a set of 65 transcription-
ally coregulated genes required for ribosome and rRNA
biosynthesis. Later, the RRB regulon was expanded to in-
clude other yeast genes based on their conformity to the fea-
tures of the first defined set. This was done through a com-
prehensive system-level analysis integrating transcriptional
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response profiles, functional gene annotations and compu-
tational analysis of transcriptional control regions (7,8).
The RRB and Ribi regulons largely overlap, even though
it is often difficult to distinguish unambiguously between
RRB/Ribi genes and other yeast genes (8).

In terms of gene structure, the most distinctive feature of
a Ribi gene is the presence in its promoter region of two
regulatory elements, called PAC and RRPE, generally lo-
cated within the first 200 base pairs (bp) upstream of the
transcription start site (TSS) (1,6,8,9). The two Myb-like,
helix-turn-helix transcription factors Dot6 and Tod6 have
been identified as the cognate factors of the PAC element
(10–12), while the RRPE is recognized by Stb3 (13). Motif
recognition by these factors mediates transcriptional repres-
sion through recruitment of Rpd3L histone deacetylase, in
a process antagonized by signals from TORC1, Sch9 and
protein kinase A (PKA), with the Sch9 protein kinase di-
rectly phosphorylating both Dot6/Tod6 and Stb3 (5,14,15).
Both RRPE and PAC thus seem to mediate transcriptional
repression, even though the RRPE has previously been as-
sociated with the activation of Ribi gene transcription me-
diated by the zinc finger protein Sfp1 (16).

Based on current knowledge, Ribi gene promoters are
generally perceived as differing from typical yeast promot-
ers (17), in particular from those of RP genes, in that they
have been best characterized with respect to repressive reg-
ulatory elements, while the presence of common activator-
binding regulatory elements (UAS) has not been empha-
sized nor systematically addressed. Sparse previous obser-
vations suggested that the promoter regions of some genes
involved in ribosome biogenesis are associated with tran-
scription factors (TF) like Tbf1 and Abf1, known to bind
large sets of promoters (1,18–21). With the aim of under-
standing how general is the presence of activator-binding
sites in Ribi gene control regions, we carried out a sys-
tematic analysis of evolutionarily conserved motifs in Ribi
promoter of Saccharomyces using phylogenetic footprint-
ing (22). We found that the vast majority of Ribi gene pro-
moters contain, at positions typical of upstream activat-
ing sequences (UASs), binding sites for Abf1, Reb1 and,
less frequently, Rap1 and Tbf1 proteins, collectively referred
to as General Regulatory Factors (GRFs) because of their
widespread presence as multipurpose DNA binding pro-
teins in yeast (23,24). These TFs were found to associate
with and to be required for full expression of target Ribi
gene promoters under rich medium growth conditions. The
transcriptional response to glucose starvation was also pro-
foundly altered at Ribi genes unable to bind the cognate
GRFs, and in the case of the DBP7 gene it was found to
rely on the simultaneous presence of GRF, PAC and RRPE
recognition elements. Taken together our data support the
idea that GRFs are key players in the regulation of Ribi
genes as previously observed also for snoRNA and RP
genes.

MATERIALS AND METHODS

Computational analysis

The list of 236 Ribi genes analyzed was obtained from
Supplementary Table S1 of (6). Coding sequences were
recovered from the Saccharomyces Genome Database

(SGD). Orthologous sequences from Saccharomyces para-
doxus, S. mikatae, S. bayanus and S. kudriavzevii were
identified through a BLASTN search at SGD (http://
seq.yeastgenome.org/cgi-bin/blast-fungal.pl). Upstream se-
quences of each Ribi gene (600 bp upstream of ATG) in the
different genomes were obtained from NCBI. Upstream se-
quences of orthologous genes were aligned with ClustalX,
and the alignments visualized with GeneDoc (available
upon request). The identification of potential binding sites
for transcription factors (TFs) was based on visualization
of conserved sequence blocks and integration with informa-
tion reported in the SGD and in the Yeast Promoter Atlas
(YPA) (25). The promoter characterization was then com-
pleted with the help of the Jaspar database (26), MatInspec-
tor (http://www.genomatix.de) and literature to identify and
label known cis-regulatory sequences.

Strain construction and cultures

Saccharomyces cerevisiae strains carrying mutations in the
promoter regions of selected Ribi genes were obtained with
two subsequent steps of homologous recombination in or-
der to introduce a URA3 selection marker at the Ribi
gene locus, and then replace URA3 with mutated ver-
sions of the gene. URA3 cassettes were PCR-synthesized
as previously described (18), in two PCR rounds to in-
crease the length of the flanking homology regions, using
the oligonucleotide primers listed in Supplementary Ta-
ble S1. Each deletion cassette (1–2 �g) was then used to
transform ABF1, REB1 or TBF1 TAP-tagged strains from
the Yeast TAP-fusion library (Open Biosystems). Second
step replacements with mutated gene cassettes were car-
ried out as described (18). Mutant gene replacement cas-
settes were constructed through mutagenic PCR using the
oligonucleotide primers listed in Supplementary Table S1.
The SDS3-13xMyc tagged strains were created by a sin-
gle step of transformation with a PCR-synthesized frag-
ment. In this case, PCR cassette was produced by a one-
step PCR with Phusion DNA Polymerase on the pFA6a-
13Myc-KanMX6 vector (27) using specific primers listed in
Supplementary Table S1. A list of S. cerevisiae strains used
throughout this work is reported in Supplementary Table
S2. All strains were grown in YPD medium (1% yeast ex-
tract, 2% peptone, 2% dextrose). For ChIP and expression
analysis overnight cell cultures pre-grown in YPD medium
were diluted into fresh medium to a cell density of 4 × 106

cells/ml and grown at 30◦C until they reached a density of
1.5–2 × 107 cells/ml before being collected for further anal-
ysis.

For glucose starvation experiments, overnight cell cul-
tures in YPD were diluted into fresh medium to a cell den-
sity of 4 × 106 cells/ml and grown at 30◦C to a density
of 1.5 × 107 cells/ml. Samples were collected, representing
the 0 min time point; the remaining cultures were then cen-
trifuged at 3000 rpm for 3′ at room temperature and sus-
pended in YP medium (1% yeast extract, 2% peptone) pre-
warmed at 30◦C. Cells were collected at various time points
(generally 10, 20 and 30 min) after the shift.

http://seq.yeastgenome.org/cgi-bin/blast-fungal.pl
http://www.genomatix.de
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Gene expression analysis

Total RNA was extracted from yeast cells using the RNeasy
mini kit (Qiagen) with DNase I treatment according to the
manufacturer’s suggestions. Total RNA (500 ng per sam-
ple) was reverse-transcribed using the iScript cDNA syn-
thesis kit (Bio-Rad Laboratories) with the hexamer ran-
dom priming protocol. The cDNA samples were diluted
1:5 and used as templates in quantitative (q) PCR reac-
tions with Applied Biosystems 7300 Real-Time PCR Sys-
tem and SYBR® Green Master Mix (Life Technologies).
The oligonucleotide primers we used are listed in Supple-
mentary Table S1. The concentration of each primer pair
was optimized as described for ChIP-qPCR (see below). In
all experiments, expression levels of the analyzed genes were
normalized to those of HHT2 (used as an internal stan-
dard). For the analyses in Figure 3, the expression levels
upon promoter mutation were then expressed as 2−��CT

(with ��CT = �CT mutant strain – �CT wt strain). In Fig-
ures 4 and 6 the expression levels were calculated as 2–��CT

with ��CT = �CT mutant strain – �CT wt strain at t0.

Chromatin immunoprecipitation assays

Yeast strains used for ChIP either were from the yeast TAP-
tagged collection or they were generated in this study start-
ing from TAP-tagged strains. ChIP of TAP-tagged strains
was performed essentially as reported (28). Input and im-
munoprecipitated (IP) DNA samples were analyzed by
qPCR using Applied Biosystems 7300 Real-Time PCR Sys-
tem and SYBR® Green Master Mix (Life Technologies).
Oligonucleotides for qPCR (listed in Supplementary Ta-
ble S1) were designed with Primer Express or Primer3 soft-
ware, in order to produce 100–150 bp amplicons. Reaction
conditions, in particular the concentration of each primer
pair, were optimized in order to satisfy the requirements
for quantification according to the Livak method (29). �CT
was first calculated as the difference between IP and input
CT values (after correcting for input sample dilution), for
both the target gene and the internal standard gene (HHT2
in the ChIP experiments shown in Figures 3 and 5; ADH4 in
the experiments of Figure 6). The enrichment of the target
gene in IP DNA was then calculated as ��CT = �CT tar-
get – �CT standard. The resulting fold-enrichment values
were normalized either to the -fold enrichment of the WT
strain with which promoter mutants were compared (for the
ChIP experiments reported in Figure 3) or to the -fold en-
richment of the t0 sample (for the experiments reported in
Figure 5).

ChIP-seq analysis

To map Abf1 and Reb1 genome-wide, ChIP on Abf1
and Reb1 TAP-tagged strains was carried out as de-
scribed above. Then 10 ng of immunoprecipitated dsDNA
were used for library preparation with the Ovation® SP
Ultralow Library Systems (NuGEN). Libraries were se-
quenced with Illumina HIseq-2500 to obtain single end 50
bp-long reads. Analysis was carried out as in (30) with some
variation. Reads were mapped to the S. cerevisiae (SacCer3)
genome using Bowtie software. Only reads that aligned to

a unique position in the genome with no more than two se-
quence mismatches were retained for further analysis. Du-
plicate reads that mapped to the same exact location in the
genome were counted only once to reduce clonal amplifica-
tion effects. The genome was tiled into 10-bp windows. Each
read was extended by 150 bases (we refer to tags as the ex-
tend read counts within a bin) and was counted as one read
to each window to which it partially or fully matched. The
total counts of the input and ChIP samples were normal-
ized to each other. The input sample was used to estimate
the expected counts in a window; the average value for all
windows was assigned to windows with zero counts. Finally,
we used the Poisson distribution to estimate the probabil-
ity of observing the ChIP counts within a window given
the expected counts in the input sample window. We con-
sidered all windows with P-values less than 1.0E–8 to have
significant peaks. P-value ≤1.0E–8 was chosen to give False
Discovery Rate (FDR) <1%. Normalization of IP tags was
done by combining the total number of tags of the two in-
puts of the two different strains. ChIP-seq analysis was per-
formed in a single experiment for each TAP-tagged strain.

Accession numbers

The Abf1 and Reb1 ChIP-seq data have been de-
posited at the Gene Expression Omnibus database (record
GSE81112).

RESULTS

Phylogenetic footprinting analysis reveals that Ribi gene pro-
moters are demarcated by Abf1, Reb1 and other GRF binding
sites upstream of PAC and RRPE

The PAC and RRPE control elements have long been
known to be landmarks of the Ribi gene promoters (9,31),
and are now generally considered as cis-acting repressor el-
ements (5,14). In contrast with the general notion that all
protein-coding genes contain one or more Upstream Acti-
vating Sequences (UASs), which require binding of the as-
sociated TFs to induce expression (17), no UAS associated
with the Ribi regulon have been identified to date. To iden-
tify potential UAS elements in Ribi gene promoter regions
we implemented a bioinformatic approach based on the
detection of conserved sequence motifs in the aligned or-
thologous Ribi promoter sequences of five Saccharomyces
species: S. cerevisiae, S. paradoxus, S. bayanus, S. mikatae
and S. kudriavzevii (32). The analysis was conducted on
a set of 236 protein-coding genes which, based on strin-
gent annotation and expression criteria, were considered to
compose the Ribi regulon in a previous study (6). Starting
from the S. cerevisiae sequence of each gene, the orthologs
in the other four hemiascomycetes were identified (Supple-
mentary Table S3). The upstream sequences from the dif-
ferent genomes were then aligned. Out of 236 promoter re-
gions, 231 could be successfully aligned. For the majority
of Ribi genes, the alignments revealed upstream sequence
tracts conserved among the orthologs, recurring at similar
positions upstream of several different genes (Supplemen-
tary Table S4). As expected based on previous studies, no
conserved TATA box was detected in most cases. In con-
trast, the PAC and RRPE motifs were found in 67% and
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79% of Ribi gene promoters, respectively, with ∼56% of all
promoters containing both elements. These results were ex-
pected on the basis of previous studies. By comparing our
results with those reported in (6), focusing on the same set
of promoters, we noticed that we identified a higher number
of PAC- and/or RRPE-containing promoters. This discrep-
ancy can be explained by our use of alignments among or-
thologs, instead of a simple motif search in S. cerevisiae up-
stream regions, allowing us to recognize also non-canonical
PAC and RRPE as conserved sequence blocks. As shown
in Figure 1, the positions of these two motifs with respect
to the ATG were consistent with previous studies (8). The
RRPE was mainly found 100–150 bp upstream of the ATG
(roughly corresponding to positions –75 and –125 from the
transcription start site, TSS), while the PAC tends to be lo-
cated slightly more downstream, at positions ranging from
75 to 125 bp upstream of ATG (corresponding to positions
–50 to –100 upstream of TSS).

Intriguingly, the majority of Ribi gene promoter re-
gion alignments clearly displayed well-conserved sequence
blocks upstream of the RRPE that corresponded to mo-
tifs recognized by the GRFs Abf1 (98 Ribi promoters),
Reb1 (78 Ribi promoters), Rap1 and Tbf1 (19 and 15 Ribi
gene promoters, respectively) (Figure 1; Supplementary Ta-
ble S4). Globally, a large majority (close to 80%) of the 231
successfully aligned Ribi promoter regions was found to
contain at least one binding site for one of the four GRFs.
Most of the promoters with binding sites for either Abf1 or
Reb1 had a single binding site for the cognate TF (double
Abf1 binding sites were observed in only six promoters; only
a few promoters contained more than one Reb1- or Rap1-
binding sites). In contrast, Tbf1-marked promoters tend to
display multiple binding sites for this GRF, a previously
noted general trend for Tbf1-bound non-snoRNA promot-
ers (18). Notably, 31 Ribi gene promoters had binding sites
for more than one GRF protein. In a few promoters, bind-
ing sites for three different GRFs were also observed (e.g.
YPL126W, which displays two Tbf1 binding sites together
with an Abf1 and a Reb1 site within a ∼60 bp region; see
Supplementary Table S4). Noteworthy, of the 134 promot-
ers with both RRPE and PAC, 107 (80%) also had a GRF
binding motif. These observations suggest that Ribi gene
transcription might be regulated through a complex inter-
play of positively and negatively acting cis elements.

As schematically illustrated in Figure 1, both Abf1 and
Reb1 sites are predominantly located at positions ranging
from 150 to 100 bp upstream of the TSS (typically ∼25
bp upstream of the RRPE, which in turn tends to be lo-
cated ∼25 bp upstream of the PAC element). Rap1 and Tbf1
recognition motifs are found at more variable distances
from the TSS, with a tendency towards more upstream
placements with respect to Abf1 and Reb1. There is no
significant orientation preference of the evolutionarily con-
served Abf1-binding nor of the Reb1 binding motifs found
in Ribi promoter regions. Rap1 and Tbf1 binding sites are
also equally represented in the two possible orientations,
in agreement with the notion that UAS function is gener-
ally orientation-independent (17). The relative position of
genes on the chromosome (e.g. adjacent genes with diver-
gent, convergent or tandemly oriented promoter regions)
has been recognized as an additional level of transcrip-

tional control influencing coregulation of genes belonging
to the same regulon (33). For simplicity, however, in our
study divergent/convergent Ribi gene promoter pairs were
not considered differently from tandemly oriented pairs, be-
cause previous analyses have revealed that gene pair co- or
differential regulation can be achieved through a diverse
range of mechanisms (34,35).

Inspection of the alignments also revealed potential bind-
ing sites for other TFs in addition to GRFs. One of them,
Sfp1, is reported to recognize a sequence motif closely re-
sembling the RRPE (1); it is thus not surprising to find it
among the candidate TFs binding to Ribi gene promoters.
However, even though Sfp1 has been strongly implicated in
Ribi gene regulation, its physical interaction with their pro-
moters could not be demonstrated, and it was proposed to
act indirectly (16,36).

Abf1, Reb1 and other GRFs bind to the majority of Ribi gene
upstream regions

To test whether the predicted GRF binding sites in Ribi
gene promoter regions are actually bound by the cognate
transcription factors in yeast cells, we performed ChIP ex-
periments with strains carrying a TAP-tagged allele of ei-
ther ABF1 or REB1, and identified precipitated DNA by
high-throughput sequencing (ChIP-seq). This analysis was
conducted on exponentially growing yeast cultures in rich
medium, a condition under which Ribi genes are expected
to be fully active (6). Approximately, a thousand binding
sites for both Abf1 and Reb1 were identified (of which ∼270
were associated with both proteins). Such sites were spread
throughout the entire genome, with most of them located
within intergenic regions.

For both Abf1 and Reb1, association profiles averaged
across promoters and plotted with respect to the transcrip-
tion start site displayed a maximum occupancy between po-
sitions –100 and –200, in rough agreement with the pre-
dicted location of the corresponding binding sites (Figure
2A and B). Examples of occupancy profiles of individual
Ribi genes are reported in Figure 2C and D. The compari-
son of the average occupancy profile of the 236 Ribi genes
with that of all genes revealed a modest increase of en-
richment around the expected position for both Abf1 and
Reb1. When the average profiles of Abf1 and Reb1 enrich-
ment were restricted to the subsets of Ribi genes whose in
silico analysis revealed the corresponding binding motifs,
enrichment of both factors to cognate Ribi promoters was
much increased (Figure 2A and B). Accordingly, the ma-
jority of Ribi genes containing Abf1 or/and Reb1 binding
motifs in their promoters were found to be significantly en-
riched in the cognate factors by ChIP-seq (Supplementary
Table S4). Overall, ChIP-seq analyses showed that, under
rich medium growth conditions, Abf1 and Reb1 together
occupy 103 of the 236 Ribi gene promoters (Supplemen-
tary Table S4). Compared to previously published genome-
wide location data for Abf1, ∼70% of Ribi gene promoters
found to be Abf1-associated by us were also found associ-
ated with Abf1 by both ChIP-chip (20) and ChIP-seq (37)
analyses, while ∼90% of Reb1-bound Ribi promoters ac-
cording to our analysis were shared with those previously
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Figure 1. Conserved sequence elements in Saccharomyces Ribi gene promoters. Graphical representations of promoter architecture of Ribi genes as derived
from in silico analysis. The ∼20% of Ribi genes which did not display any conserved GRF binding site is not represented in the Figure. Indicated above
each GRF box is the percentage of Ribi gene promoters in which the motif occurs. Vertical arrows pointing to the downstream end of the boxes are to
indicate their range of distances (in base pairs, above the arrows) with respect to the TSS. The consensus sequences considered for the different elements
reported are: PAC, GCGATGAGMT; RRPE, TGAAAAWTTTY; Abf1, RTCAYNNNN(N)ACGR; Reb1, RTTACCCK; Tbf1, ARCCCTAA; Rap1,
WACAYCCRTACATY (M, A or C; W, A or T; R, A or G; Y, C or T; K, G or T; N, any nucleotide). These consensus sequences are based on the following
references: PAC and RRPE (1); Abf1 (10,12,55); Reb1 (10,55); Tbf1 (10,12,18); Rap1 (56).

Figure 2. In vivo association of Abf1 and Reb1 to Ribi gene promoters. (A) Average binding profiles (normalized total counts) of Reb1 across the TSS
regions of annotated yeast promoter regions for different set of gene lists as indicated in the inset (see text and Supplementary material). (B) Average
binding profiles (normalized total counts) of Abf1 across the TSS regions of annotated yeast promoter regions for the same genes lists as in (A). (C)
Genome browser plots showing normalized tags counts (and significant peaks in blue) of Abf1 and Reb1 binding for ribi genes (EFT2, LTV1 and EBP2)
that showed significant enrichment for binding of Abf1 (but not Reb1). Bound gene is highlighted in green color. Relevant TF peaks and the corresponding
Ribi genes are boxed. (D) Genome browser plots showing normalized tags counts (and significant peaks in blue) of Abf1 and Reb1 binding for Ribi genes
(PUF6 and NOP6) that showed significant enrichment for Reb1 binding (but not Abf1) and NHP2, a Ribi gene whose promoter contains significant region
of binding for both factors. Bound gene is highlighted in green color. Relevant TF peaks and the corresponding Ribi genes are boxed.
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Figure 3. GRF requirements for Ribi gene expression. Functional analysis of six different Ribi gene promoters displaying binding sites respectively for
Abf1 (LTV1, panel A; NOP12, panel B), Reb1 (PUF6, panel C; NOP6; panel D) and Tbf1 (ARX1, panel E; DBP7, panel F). Strains carrying mutations
in the GRF binding site and a TAP-tagged allele of either ABF1 (LTV1 and NOP12), REB1 (PUF6, NOP6) or TBF1 (ARX1, DBP7) were analyzed for
GRF occupancy at promoter and mRNA expression. For each gene, a schematic representation of the promoter region and of its alteration in the mutant
construct is shown. Distances reported are with respect to TSS and mutated sequence in the GRF binding site is indicated under the corresponding wt
sequence (mutated bases are in bold). Left graph: GRF occupancy in wild type (WT; black bars) and mutated strain (gray–white bars) assessed by ChIP-
qPCR and calculated as fold-enrichment relative to HHT2. GRF enrichment at each promoter is reported as relative to the level of enrichment measured
in the wt strain. Right graph: Ribi gene expression levels in wild type (WT, gray dotted bars) and mutant strains (white bars). mRNA levels were measured
by RT-qPCR analysis of total RNA extracted from exponentially growing cells and expressed as relative to the expression level in the corresponding wt
strain. Data are represented as mean ± SEM calculated in three independent experiments. An unpaired Student’s t-test was used to compare the means of
measurements. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4. Nutrient-dependent regulation of expression from wt and mutant Ribi gene promoters. (A–F) Exponentially growing yeast strains carrying either
wild type (WT) or Abf1 site-mutated LTV1 gene (LTV1 Amut) were shifted to YP medium without glucose. Samples were collected before (0) and 10, 20
or 30 min after the shift for total RNA extraction and RT-qPCR analysis. Expression levels of LTV1 (A), EBP2 (B), NOG1 (C), RRB1 (D), TAF10 (E) and
ALG9 (F) in wt and mutant strains at each time point are reported as relative to mRNA level measured in wt cells before shift (0). (G–L) Exponentially
growing yeast strains carrying either wild type (WT) or Reb1 site-mutated NOP6 gene (NOP6 Rmut) were shifted to YP medium without glucose. Samples
were collected before and 10, 20 or 30 min after the shift for total RNA extraction and RT-qPCR analysis. Expression levels of NOP6 (G), PUF6 (H),
DRS1 (I), RRB1 (J), TAF10 (K) and ALG9 (L) in wt and mutant strains at each time point are reported as relative to mRNA level measured in wt cells
before shift (0). In all panels, data are reported as mean ± SEM of three independent replicates. A one-way ANOVA test was used to compare the means of
measurements for the mutant with respect to the corresponding wt strain at each time point. *P < 0.05; **P < 0.01; ***P < 0.001 using a Tukey post-hoc
test.
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Figure 5. Effects of glucose starvation on Abf1 association with Ribi gene promoters. An exponentially growing Abf1 TAP-tagged yeast culture was
shifted to YP medium without glucose. Samples were collected before (0) and 10, 20 or 30 min after shift for ChIP-qPCR analysis of Abf1 enrichment and
RT-qPCR analysis of LTV1 and EBP2 gene expression. (A) Abf1 enrichment for LTV1 (black bars) and EBP2 (white dotted bars); GRF occupancy level
at each time point is reported as relative to the level measured in cells before shift in YP (0). (B) Expression level of LTV1 (black line) and EBP2 (black
dotted line) reported as relative to the mRNA level measured in cells collected before shift in YP (0). Data are reported as mean ± SEM of two independent
replicates. For eacg gene, a one-way ANOVA test was used to compare the means of measurements for each time point with respect to t0. ***P < 0.001
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Figure 6. Rpd3L histone deacetylase recruitment at LTV1 promoter. In-
dicated strains expressing the Sds3-13xMyc-tagged protein were grown ex-
ponentially in YPD at 30◦C and shifted to YP medium without glucose.
Samples were collected before shift and after 10, 20 or 30 min for ChIP-
qPCR analysis of Sds3-13xMyc association with the LTV1 promoter. Fold-
enrichment relative to the control ADH4 promoter is represented in ei-
ther wild type (WT, black bars) and promoter-mutated LTV1 gene at Abf1
binding site (LTV1 Amut, white dotted bars). Data are presented as mean
± SEM of four independent replicates. For wild type, a one-way ANOVA
test was used to compare the means of measurements at each time point
respect to WT t0; for the enrichment in the mutant a one-way ANOVA test
was used to compare the means of measurements of mutants with respect
to WT at each time point. *P < 0.05, **P < 0.01, ***P < 0.001 using a
Tukey post-hoc test.

found by ChIP-chip (38), ChIP-seq (37) and ChIP-exo (39)
experiments (Supplementary Table S5).

Moreover, considering previously published genome-
wide location data for Tbf1 (18), we could confirm that 9 of
the 15 Ribi genes computationally identified as Tbf1 targets
are indeed Tbf1-associated according to ChIP-seq analy-
sis. A similar comparison for Rap1 (39) showed that 8 of
the 19 Ribi genes predicted as Rap1 targets were actually
Rap1-associated. Overall, genome-wide location data indi-
cate that at least 50% of a stringent set of 236 Ribi genes are
associated to a GRF in vivo, suggesting that GRFs, in par-
ticular Abf1 and Reb1, are important players in Ribi gene
transcriptional regulation.

GRF requirement for Ribi gene expression under rich media
conditions

To verify whether Abf1 and the other GRFs are ac-
tually involved in transcription of the associated Ribi
genes, we evaluated the effect of site-specific mutations
introduced into the promoter regions of selected target
genes in the native chromosomal context. To this end, six
non-essential Ribi genes were selected: the Abf1 targets
YKL143W (LTV1) and YOL041C (NOP12), the Reb1 tar-
gets YDR496C (PUF6) and YDL213C (NOP6), and the
Tbf1 targets YKR024C (DBP7) and YDR101C (ARX1).
These genes code for: a component of the GSE complex re-
quired for efficient nuclear export of the ribosomal small
subunit (Ltv1) (40); proteins variously involved in the bio-
genesis of either 60S (Nop12, Puf6) or 40S (Nop6) ribo-
somal subunits (41–43); a putative RNA helicase (Dbp7)
required for 60S ribosomal subunit assembly (44); a nu-
clear export factor for the ribosomal pre-60S subunit (Arx1)



Nucleic Acids Research, 2017, Vol. 45, No. 8 4501

B

E

C

F

D

G

TSS

DBP7
-140

RRPE
-131

AACCCTAA
TCACATGG

-173
Tbf1Tbf1

-195

TGCCCTAA
TCACATGG

PACTbf1
-255

AACCCTAA
AAACAGAT

GCGATGAGCT
GTCAGCACCT

TGAAAAATTT
TCACCACTGA

A

WT DBP7 Tmut

0 10 20 30

2.5

2.0

1.5

1.0

0.5

0.0

3.0 WT DBP7 Rmut

0 10 20 30

2.5

2.0

1.5

1.0

0.5

0.0

3.0

WT DBP7 TRmut

0 10 20 30

2.5

2.0

1.5

1.0

0.5

0.0

3.0 WT DBP7 RPmut

0 10 20 30

2.5

2.0

1.5

1.0

0.5

0.0

3.0

0 10 20 30

2.5

2.0

1.5

1.0

0.5

0.0

3.0 WT DBP7 TPmut

***

*
** **

WT DBP7 Pmut

0 10 20 30

2.5

2.0

1.5

1.0

0.5

0.0

3.0

*

***

Figure 7. Mutational analysis of DBP7 promoter. (A) Schematic representation of DBP7 promoter region with conserved cis-regulatory element. All
positions reported are with respect to the TSS; the wt sequence and the mutated version of the regulatory element in the different mutants are indicated
below the corresponding box (mutated bases, bold character). (B–G) Exponentially growing yeast strains carrying either wild type (WT, black line) or a
promoter-mutated DBP7 gene (dashed line in each panel); (B) Tmut, mutant in the three Tbf1 binding sites; (C) Rmut, mutated in the RRPE; (D) Pmut,
mutated in the PAC element; (E) TRmut, mutated in both RRPE and all Tbf1 sites; (F) TPmut, mutated in both PAC and all Tbf1 sites; (G) RPmut,
mutated in both RRPE and PAC elements) were shifted from YPD to YP medium without glucose. Samples were collected before (0) and 10, 20 or 30 min
after the shift for total RNA extraction and RT-qPCR analysis of DBP7 expression. The DBP7 mRNA levels for wt and mutant strains reported in each
panel are expressed as relative to those observed in the corresponding wt cells before shift in YP. Data were collected from three independent replicates
and are reported as mean ± SEM. A one-way ANOVA test was used to compare the means of measurements for the mutant with respect to wt at each
time point. *P < 0.05, **P < 0.01, ***P < 0.001 using a Tukey post-hoc test. Reported data for the wt were the same for panels B and C, while they were
derived from independent measurements in panels D–G.

(45). All of these genes were found to be associated in vivo
with the cognate GRF under rich medium conditions as es-
timated by genome-wide analyses, and display both PAC
and RRPE motifs downstream of GRF binding sites. For
each of these genes, a strain containing TAP-tagged GRFs
was generated in which a specific mutation disrupting the
GRF-binding site was introduced at the native locus. As
shown in Figure 3 (A, B), disruption of Abf1 binding sites
in both LTV1 and NOP12 promoter regions negatively af-
fected Abf1 binding (more markedly in the case of LTV1)
and significantly reduced gene expression levels. Similarly,
Reb1 site mutations in PUF6 and NOP6 promoter regions

led to a significant loss of Reb1 enrichment, accompanied
by a significant reduction of both PUF6 and NOP6 mRNA
levels (Figure 3C and D). The same approach was adopted
to test the role of Tbf1-promoter interactions in the tran-
scription of DBP7 and ARX1. The promoter of DBP7 con-
tains three Tbf1 binding motifs within a region from ∼250
to ∼175 bp upstream of the ATG, followed by contiguous
RRPE and PAC elements; the ARX1 promoter region has
a similar organization, with two Tbf1-binding sites only. As
shown in Figure 3E, mutation of both Tbf1 binding mo-
tifs in ARX1 promoter region resulted in loss of Tbf1 bind-
ing and a marked decrease in ARX1 expression. In the case
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of DBP7 (Figure 3F), additive effects of Tbf1 site muta-
tions were observed on both Tbf1 enrichment at the pro-
moter region and gene expression, with the triple Tbf1 site
mutant displaying DBP7 mRNA levels corresponding to
∼25% of the wt. It must be noted that considerable levels of
residual transcription were observed for all Ribi gene pro-
moter mutants, ranging from ∼20% to ∼60% of wt indicat-
ing that Abf1, Reb1 and Tbf1 are not absolutely required,
yet contribute to full expression of Ribi genes, at least in rich
medium, as we previously observed for Tbf1-dependent ex-
pression of yeast snoRNA genes (18) and Abf1-dependent
expression of RP gene promoters (46).

Abf1 and Reb1 are required for nutrient-dependent regulation
of Ribi gene expression

To address more in depth the role of GRFs in Ribi gene
expression, we asked whether GRF binding is required for
Ribi gene down-regulation upon nutrient deprivation, a
regulatory response known to involve PAC- and RRPE-
binding proteins Dot6, Tod6 and Stb3 (14,47).

We chose to focus on two Ribi genes, LTV1 and NOP6,
representative of Abf1- and Reb1-associated promoters, re-
spectively. Promoter-mutated strains for each of these two
genes (the same shown to be transcription-defective in the
previous section) were compared to the corresponding iso-
genic non-mutated strains in their response to glucose star-
vation. Expression levels of either LTV1 or NOP6 were
measured by RT-qPCR before depletion (t0, reflecting the
situation of logarithmically growing cells in rich medium)
and after 10, 20 and 30 min of glucose starvation. As shown
in Figure 4 (panels A and G), a rapid and significant down-
regulation followed by slower recovery of expression was
observed for both genes upon glucose depletion. A similar
behavior was observed for all the other Ribi genes whose
expression was measured in this experiment (EBP2, NOG1,
RRB1, PUF6 and DRS1, panels B, C, D, H, I, J). The
time-dependent response of Ribi gene expression to glu-
cose starvation resembles the one previously reported for
the same genes to other types of stress like heat shock (7).
Remarkably, this response was abolished by disruption of
the GRF binding site in both LTV1 and NOP6 promoters.
In this case, the same weak level of Ribi gene expression
observed before depletion was maintained unchanged upon
glucose starvation, indicating that nutrient-dependent tran-
scriptional repression mediated by RRPE and PAC bind-
ing proteins can only be exerted on GRF-activated promot-
ers. When the response to glucose starvation of two other
non-mutated Ribi genes was analysed in the ltv1 promoter
mutant strain, some alterations in absolute expression lev-
els and/or in time-dependent responses were observed. In
the case of EBP2 (Figure 4B), whose promoter is bound
by Abf1, the overall response profile to glucose starvation
was similar to the one observed in the wt, but the extent
of starvation-dependent down-regulation was significantly
lower (only ∼2-fold after 10 min in the ltv1 mutant strain,
compared to 6-fold in the reference non-mutated strain).
A similar behavior was displayed by NOG1, another Abf1-
associated Ribi gene (Figure 4C). Conversely in the case of
RRB1, a Ribi gene whose promoter is not associated with
Abf1, we observed (Figure 4D) higher expression levels in

the ltv1 promoter mutant with respect to wt at each time
point of the experiment but, at variance with EBP2, the re-
sponse amplitude upon starvation was similar in the two
strains. A similar tendency to higher expression levels in
the ltv1 mutant, but without significant variation in the re-
sponse profiles, was shared by two non-Ribi genes, TAF10
and ALG9, which were used as controls and displayed a less
than 2-fold down-regulation after 10 min of glucose starva-
tion (Figure 4E and F). In the case of the nop6 promoter
mutant, unable to bind Reb1, the response to glucose star-
vation of PUF6 and DRS1, two non-mutated Ribi genes
with Reb1 bound to their promoter, did not differ signifi-
cantly from their response in a reference wt strain (Figure
4H and I). A similar behaviour was observed for the other
three genes analysed (the Ribi gene RRB1 and the unrelated
TAF10 and ALG9, Figure 4J, K, L) except for a tendency to
reduced recovery in the nop6 mutant strain after 30 min of
glucose starvation.

It is clear from the above results that in rich medium the
absence of bound GRF, in mutated LTV1 and NOP6 pro-
moters, results in expression levels very similar to those ob-
tained from the corresponding non-mutated promoters af-
ter 10 min of glucose starvation and that, in this context,
glucose starvation produces no further reduction of tran-
scription levels from mutated promoters. A possible mech-
anistic frame accommodating such observations is that, un-
der starvation conditions, the GRF dissociates from pro-
moter resulting in reduced transcription. We addressed this
possibility by ChIP analysis of Abf1 association to wt LTV1
and EBP2 promoters in an ABF1 TAP-tagged strain sub-
jected to glucose starvation protocol. As shown in Figure
5, for both genes the strong expression down-regulation in
response to starvation was associated with no or modest de-
crease in Abf1 occupancy, which might contribute to some
extent to the parallel decrease in gene expression.

Since the repression of Ribi gene transcription has been
related to the recruitment of the histone deacetylase com-
plex Rpd3L (5,14), we also asked whether Abf1 binding
to promoter could affect Rpd3L recruitment upon glucose
starvation. To this end, we generated a 13xMyc-tagged ver-
sion of the Rpd3L subunit Sds3 in the ltv1-Amut strain
(whose LTV1 promoter is unable to bind Abf1) and in the
corresponding wt strain. We then repeated the glucose de-
pletion experiment monitoring by ChIP-qPCR analysis the
binding of Sds3 to LTV1 promoter in the two strains. As
shown in Figure 6, the wt LTV1 promoter displayed low, yet
detectable occupancy by Sds3 at t0, corresponding to expo-
nentially growing cells. After the shift to glucose-depleted
medium, the Sds3 occupancy increased dramatically, with a
maximum after 10 min followed by slight decrease at longer
times. By contrast, in the ltv1-Amut strain Sds3 association
was compromised at each time point of the experiment. This
result suggests that, at least for this promoter, bound Abf1
is not only required for full expression under rich media
conditions, but also for the recruitment of Rpd3L to ensure
proper transcriptional repression under glucose starvation
conditions.



Nucleic Acids Research, 2017, Vol. 45, No. 8 4503

Complex interplay between UAS and other cis-acting regula-
tory elements in the control of DBP7 transcription

A more extensive promoter mutagenesis was carried out in
the case of DBP7, one of the Tbf1 targets among Ribi genes
(18). Six strains carrying different promoter-mutated alleles
of DBP7 were constructed: Tmut, with all the three Tbf1
binding sites disrupted; Rmut and Pmut, lacking RRPE
and PAC elements, respectively; TRmut and TPmut, com-
bining the triple Tbf1 site disruption with mutated RRPE or
PAC, respectively; and RPmut, combining RRPE and PAC
disruption (Figure 7). The response of these strains to glu-
cose depletion in terms of DBP7 mRNA expression levels
was analyzed as described for Abf1-dependent and Reb1-
dependent Ribi promoters in Figure 4. In the wt strain,
DBP7 expression was already strongly down-regulated af-
ter 10 min of glucose starvation, with a conspicuous recov-
ery after 30 min. The triple Tbf1 site disruption caused a
marked decrease in DBP7 expression under rich medium
conditions (t0 in Figure 7B; see also Figure 3F). The same
weak level of DBP7 gene expression observed before deple-
tion did not change significantly upon glucose starvation,
indicating that nutrient-dependent transcriptional repres-
sion mediated by RRPE- and PAC-binding proteins can be
exerted on DBP7 promoter only if it is activated by Tbf1.
The combined mutation of RRPE and PAC, the two ele-
ments mediating negative regulation of Ribi genes, resulted
in a complete loss of DBP7 response to glucose starvation
(Figure 7G). When either RRPE or PAC were individu-
ally mutated, the regulatory response of DBP7 tended to
be much less severely altered than in the case of the dou-
ble mutant (Figure 7C and D). These observations corrob-
orate previous data showing that the two motifs cooperate
to produce growth- and nutrient-dependent gene regulation
(14,48). We observed that in the dbp7-Pmut strain (panel D)
DBP7 expression was considerably increased with respect
to wt even in exponentially growing cells (t0 in Figure 7D),
and it was maintained at higher-than-wt levels at all time
points after glucose depletion (possibly suggesting a repres-
sive role for PAC element under all conditions). Somewhat
intriguing were the behaviors of mutants carrying combined
disruption of Tbf1 sites and either RRPE or PAC (Fig-
ure 7E and F). In both cases, the expression drop caused
by Tbf1 site disruption under rich medium conditions (t0)
was mitigated by mutational inactivation of either negative
cis-acting element, suggesting that negative modulation by
these elements is operating to some extent even under pro-
growth conditions. Moreover, a comparison of the behavior
of single motif mutant in the RRPE (Rmut, Figure 7C) with
the corresponding multiple motif mutant in which the Tbf1
UAS was also disrupted (TR mut, Figure 7E) is particularly
informative, because the two mutants support very similar
levels of transcription (∼70% of wt) in rich medium (t0),
but the negative modulation upon glucose depletion, which
is still observed at the Rmut promoter, is compromised in
the double RRPE/UAS mutant, as if Tbf1 played an active
role in repression in this context.

DISCUSSION

This study extends our knowledge of the coordinated tran-
scriptional regulation of ribosome biogenesis in budding

yeast, by showing that the regulated expression of Ribi
genes (i.e. genes whose products influence ribosome produc-
tion without being a structural part of it) requires promoter-
associated GRFs (Abf1, Reb1 or Tbf1). At Ribi promot-
ers these TFs interact with cognate upstream activating se-
quences (UAS), are required for full transcription in expo-
nentially growing cells and cooperate with the negative cis-
acting elements PAC and RRPE in determining the overall
transcriptional output in response to different growth con-
ditions. In the case of Abf1, the role in repression might
mechanistically involve histone deacetylase recruitment.

Until now, the commonly accepted model for Ribi gene
regulation was focused mainly on the two negatively act-
ing cis-regulatory elements as the major determinant of the
regulatory properties of Ribi genes. Nevertheless, some ev-
idence suggested that RRPE and PAC motifs could act in
concert with more upstream located, constitutively activat-
ing element(s) to control transcription in response to en-
vironmental signals (48). Moreover, a possible role for the
protein Sfp1 as a positive regulator was identified although
its mode of action remains elusive (6,16,49).

A previous study, focusing on genes differentially affected
in an abf1 conditional mutant strain, reported an enrich-
ment of Abf1 in the promoter region of genes belonging
to the functional category of ribosome biogenesis (21). We
also previously reported that a small subset of Ribi genes
display one or more Tbf1 binding sites in their promoter
region (18). Starting from these observations, we have now
extended the analysis to all the genes of the Ribi regulon
and we found that a large fraction of Ribi gene promoters
are characterized by a GRF binding site bound in vivo by
the cognate factor. The present study thus provides the first
comprehensive picture of Ribi gene promoter architecture
in budding yeast that, together with functional analysis, in-
dicates GRFs, and in particular Abf1, as pivotal TFs in Ribi
gene expression and transcriptional regulation.

When S. cerevisiae cells are logarithmically growing in
a rich medium, GRFs are required for full Ribi gene ex-
pression. Upon nutritional perturbation, exemplified in this
study by glucose depletion from growth medium, promot-
ers defective in GRF binding fail to respond appropriately,
showing that GRF-sustained gene transcription is essential
in order to produce expression levels allowing for full range
of down-regulation. We also found that GRF–UAS interac-
tions cooperate in a non–trivial manner with TF-promoter
interactions involving the PAC and RRPE cis-acting ele-
ments. While PAC is known to be recognized by Dot6/Tod6
transcriptional repressors whose main action is exerted at
Ribi promoters, the RRPE is thought to act as a binding
site for Stb3, a protein with both activator and repressor
roles, and whose nutrient-dependent regulatory action is
mainly exerted at RP genes and, to a lesser extent, Ribi
gene promoters (5,13,47). At the DBP7 promoter, whose
UAS contains multiple Tbf1 binding sites, mutating indi-
vidually each of the three cis-acting elements (Tbf1 UAS,
RRPE, PAC) resulted in slight (for RRPE, PAC) or dra-
matic (UAS) alterations of the transcriptional response to
glucose starvation. Combining mutations of two out of the
three cis-acting elements generally resulted in more severely
altered responses.
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Mechanistically, the lack of starvation-induced Ribi gene
repression at GRF-less promoters might be explained by as-
suming that the lack of GRF binding has the same molec-
ular consequences as starvation-induced repression, ulti-
mately involving recruitment of the Rpd3L histone deacety-
lase complex by dephosphorylated Dot6/Tod6/Stb3 (5). In
this scenario, the lack of promoter-bound GRFs would
favour the establishment, even under pro-growth condi-
tions, of a closed chromatin state similar to the one ac-
tively induced by PAC/RRPE-bound repressors in response
to starvation at wt promoters. Such a role was previ-
ously described for Abf1, Reb1, Rap1 and Tbf1 at many
yeast promoters, where they contribute to the genera-
tion of nucleosome-free regions favourable to transcription
(18,23,50). Alternatively, UAS-bound GRFs at Ribi gene
promoters might be mainly involved in direct recruitment of
the transcription machinery, as previously documented for
Rap1 at RP gene promoters (51). According to this view,
constitutively defective Pol II recruitment would render
the affected promoter almost unresponsive to chromatin-
mediated repression. We favour the first hypothesis because
of data presented in Figure 7, which show that transcription
levels can be dramatically increased at GRF-less promoters
by the combined mutation of either RRPE or PAC, thus
demonstrating that wt or even higher levels of transcription
machinery recruitment can be attained at promoters lacking
GRF binding sites.

Data presented in Figures 5 and 6 further contribute
to define mechanistically the regulatory scenario at Ribi
gene promoters. First, the results of the experiment in
Figure 5 show that the drop in Ribi gene transcription
upon glucose depletion is not paralleled by a significant
loss of promoter-bound Abf1. This observation points
to repressor-induced histone-deacetylation as a plausible
mechanism of Ribi gene repression that can also take place
in the presence of a bound activator. The results in Fig-
ure 6 strengthen and unexpectedly extend this conclusion,
by showing that starvation-induced Rpd3L deacetylase re-
cruitment can only occur at the LTV1 Ribi gene promoter in
the presence of bound Abf1. This GRF could be involved in
Rpd3L recruitment either directly, through protein-protein
interaction, or indirectly, by allowing for the maintenance
of a local chromatin milieu favorable to binding of repres-
sor proteins to PAC and RRPE and/or to Rpd3L recruit-
ment by bound repressors (5). It should be added, however,
that the above scenario is most likely an incomplete one.
Another transcriptional regulator, Sfp1, has been shown to
participate in the regulation of Ribi gene expression. In par-
ticular it was observed that Sfp1 is rapidly expelled from the
nucleus in response to glucose starvation and other types
of stress and that this relocalization correlates with repres-
sion of RP and Ribi regulons (6,49). The lack of starvation-
induced repression at Ribi promoters unable to bind Abf1
or Reb1 suggests the possibility that Sfp1 relocalization in
response to environmental stress requires GRF-activated
promoters in order to exert an effect on Ribi gene expres-
sion.

The constancy (or slight decrease) of Abf1 association
to Ribi gene promoters during the transcriptional response
to glucose depletion is in sharp contrast with the recently
reported increase in Abf1 occupancy at Ribi (and RP)

gene promoters in response to TORC1 inactivation by ra-
pamycin, a phenomenon which may be related to the opti-
mization of transcriptional rescue upon re-establishment of
pro-growth signalling (46). Evidently, the regulatory strate-
gies operating at Ribi genes in response to the two types of
nutritional perturbations are not identical. This is not sur-
prising, as the response of Ribi genes to glucose starvation
is thought to be mediated through the cAMP-protein kinase
A (PKA) pathway and the PAC-binding repressor Dot6,
whereas the TORC1 pathway is mainly responsive to nitro-
gen availability and was shown to act on Ribi gene tran-
scription preferentially through the PAC-binding repressor
Tod6 (14,52). Such differences in signalling pathways and
responsive TFs acting at promoters might account for the
different behaviors of Abf1 at Ribi promoters in response
to different types of nutritional stress. On the other hand,
the phosphorylation state of Abf1 has also been reported
to change according to growth medium composition (53),
thus suggesting the possibility that different nutritional cues
might differently affect Abf1 association with Ribi promot-
ers by inducing condition-specific Abf1 phosphorylation
states.

Our analysis of the transcriptional response of Ribi pro-
moters to nutritional perturbations in the context of de-
fective Ribi promoter mutants (Figure 4) led to a further
potentially interesting observation: Abf1 site mutation of
the LTV1 promoter also produced alterations in the regu-
latory response of another Abf1-bound Ribi gene, EBP2.
The influence of altered expression of one Ribi gene on the
expression of other members of the same regulon suggests
some form of regulatory cross-talk, whereby suboptimal ex-
pression of one regulon member would be compensated by
an increase in expression of other members accompanied
by an attenuation of their response to nutritional pertur-
bation. Somehow altered expression levels before and af-
ter glucose depletion in the ltv1 promoter mutant strain,
however, were also observed for a Ribi-unrelated gene, and
the same type of analysis in another Ribi promoter mutant,
nop6-Rmut, revealed an altered regulatory response at the
mutated promoter only, without any significant alteration in
the response of other Ribi or non-Ribi genes. One possible
explanation for the ensemble of these observations is that
reduced Ltv1 protein expression in the ltv1-Amut strain,
which results in a slow growth phenotype (data not shown),
specifically produces a wide spectrum effect on the ability
of cells to respond to nutritional perturbation.

In conclusion, the requirement of Abf1 and other GRFs
for proper transcriptional regulation of Ribi genes, demon-
strated by this study, reveals a composite interplay of pos-
itive and negative cis-acting elements in their promoters.
Moreover, it provides a wider perspective on the regula-
tion of yeast ribosome biogenesis in response to nutrient
availability. Under glucose limitation conditions, the reduc-
tion in PKA activity results in more efficient association of
Dot6 and Stb3 repressors to PAC and RRPE elements, re-
spectively (54). Under such conditions, as revealed by our
study, the recruitment of these repressors and/or the conse-
quent repressor-dependent recruitment of Rpd3L histone
deacetylase might generally require a UAS-bound GRF at
Ribi genes. In the case of Ribi genes, however, the out-
comes of glucose signalling by adenylyl cyclase are rein-
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forced and complicated by the response to glucose availabil-
ity of Sch9 protein kinase, acting on Dot6/Tod6 and Stb3
(5). In turn Sch9 activity is mainly regulated by its direct
TORC1-dependent phosphorylation, which responds to ni-
trogen availability. In this complex scenario, the recently de-
scribed property of Abf1 to be reversibly recruited to and
released from Ribi (and RP) gene promoters depending on
signalling through the TOR pathway (46), but not in re-
sponse to glucose starvation (this study), appears as a re-
markable feature whose further investigation could help to
clarify the fine-tuning of ribosome biogenesis in the nutri-
tional control of yeast growth.
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