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Transcriptional Regulation of Ribosomal
Protein Genes in Yeast and Metazoan Cells

Abstract

Several cellular processes are regulated through coordinated mechanisms including
those related to the expression of gene regulatory networks or transcriptional
modules. The identification of these transcriptional modules is essential to
understand how different genes are coordinately expressed in response to both
positive or negative stimulus. In eukaryotic cells, due to the large number of
genes, the identification of transcriptional modules is difficult. However, during
the last years several studies have been performed to understand the coordinated
expression of ribosomal protein genes (RPGs). Those genes form a gene regulatory
network and contain in their promoter sequences one or more common cis DNA
elements which can control and regulate their expression. Such is the case of the
yeast Saccharomyces cerevisiae, where the conserved Rap1l sequence is the key
element in the recruiting of the RNA polymerase Il transcriptional machinery. This
element binds the transcription factor Rap1l. However, Rap1 sequence is absent in
the yeast Schizosaccharomyces pombe, where this element was replaced by the
HomolD-box sequence, which binds the transcription factor Rrn7. Interestingly,
neither of both elements have been identified in metazoan RPGs promoters.
However, analyses in Drosophila have shown the presence of the TCT element in
the RPGs promoters, which may be recognized by the factor M1PB. The study of
each of these elements and the transcription factors which are able to bind them,
is essential to understand the coordination of the expression of RPGs, which are
fundamental in ribosome biogenesis and in the cellular response to environmental
cues.
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Introduction

Perhaps, the construction and understanding of gene regulatory
networks (transcriptional modules) is one of the most important
and difficult task to perform. However, it is necessary to decipher
how different genes in an organism can be regulated and
coordinately expressed in response to both positive and negative
signals. Since the eukaryotic cells contain several thousands of
genes, the identification of such transcriptional modules is a
challenging event.

The ribosome is the protein-synthesizing organella in all living
cells and in the yeast Saccharomyces cerevisiae is composed for 4
rRNA and 79 ribosomal proteins (RP) encoded by 138 ribosomal
protein genes (RPGs) [1], which accounts for nearly 50% of all
RNA polymerase Il (RNAPII) transcriptional initiations [2,3]. In
this yeast, the transcription of RPGs is tightly controlled and

coordinated forming a transcriptional module [2,3]. It is assumed
that RPGs transcription in all species is coordinately regulated
forming a gene regulatory network. Since this transcriptional
module is rather small and the aminoacidic sequences of RPs
are highly conserved, the understanding of the mechanisms that
coordinate and regulates this transcriptional module might be
useful to understand other transcriptional networks.

The RPGs transcriptional module in S.cerevisiae has been well
studied at the cellular level [2,3]. However, although the coding
sequences of RPGs are conserved through the eukaryotic
kingdom, the promoter sequences controlling their expression are
not conserved in different species. For this reason, it is necessary
to compare different genomes and identify the cis-elements
associated withthemin each species. Itis also necessary to identify
the molecular mechanisms of transcription associated with their
expression. Another model organism used to study biological
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process is the fission yeast Schizosaccharomyces pombe, where a
RPG transcriptional module has also been described and details
of the molecular mechanisms of RPG gene expression have
been described. Recently, mechanistic studies using the RPGs
promoters from Drosophila have been also performed at some
level. In this review, we will summarize and describe the most
recent advances in RPGs transcriptional regulation in the above
mentioned model organisms.

Budding Yeast Saccharomyces
Ribosomal Protein Gene Transcription

Cerevisiae

It is known that Saccharomyces cerevisiae contains 79 ribosomal
proteins encoded by 138 RPGs which are scattered through
the genome, and probably is the most coordinately regulated
transcriptional module. The large majority of RPGs promoter
contains a cis-element which is able to bind the Repressor-
activator-protein 1 (Rapl) [4,5] and it was thought that the
coordinated regulation lies on this interaction. However, Rap1 is
responsible for the transcription of many other genes including
glycolytic and translation factor genes [6,7]. Moreover, Rapl
is required to nucleate complexes to repress transcription of
genes adjacent at the telomeres and at the MAT loci [8]. For
those reasons, the binding of Rapl by itself cannot explain the
coordinate regulation of RPGs and additional cofactors must
specify this specific coregulation. It is known that the cofactors
Ifhl and Fhll are critical for RPGs transcription [9,10]. It is
currently thought that the first step in RPGs transcription is the
binding of Rap1 to its DNA element and clear nucleosomes from
the promoter [11]. A second step is the recruitment of Fhil
(forkhead-like) which in turns is able to recruit Ifh1 through the
forkhead (FH)-associated (FHA) domain of Fhl1 and Ifh1 might be
able to bind a IFHL DNA motif in some RPGs promoters [9, 10].
Thus, the interaction Fhl1-Ifh1 is the responsible to activate RPGs
transcription. However, these observations do not explain how
the rest of the RNAPII transcriptional machinery is recruited to
the RPGs promoters to form a pre-initiation complex (PIC) able to
transcribe the gene. Studies from P. Anthony Weil and coworkers
[12,13] have demonstrated that Rap1l directly interacts with the
general transcription factor TFIID, specifically with Taf4 and Taf5
subunits through the Rapl binding domains (RBD) which are
fundamental for RPGs transcription. Moreover, recently it has
been demonstrated that the general transcription factor TFIIA
makes essential contributions to the transcription of those genes
through contacts with TFIID in the RBD of Taf4 with the N-terminal
domain of the Toa2 subunit of TFIIA [14]. Those observations
suggest that the binding of Rap1 to the RPGs promoters provides
a docking site for the binding of TFIID and TFIIA and that event
might serve to recruit RNAPII and the rest of the transcription
machinery. That model is outlined in (Figure 1) (A- G).

Transcription of the RPGs in the fission Yeast
Schizosaccharomyces pombe

The initial characterization of the promoter sequences of 14
RPGs from the fission yeast Schizosaccharomyces pombe showed
discrete conserved modules, which were named Homol A, B, C,
D and E [15,16,17]. These homology regions were completely
different from those described in promoters of genes from
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other yeasts and mammals, such as Rapl binding sites, TATA-
box, Initiator (Inr) or Downstream Promoter Element (DPE).
The function of each Homol element was studied out using a
promoter-deletion mutants approach [16]. This work showed
that the role of Homol A, B, C and E is associated to the function
of regulation of transcription initiation, and might have a UAS-like
function. Only the HomolD sequence was able to function as an
element that could direct transcription initiation in the same way
as the TATA-box [15]. The conserved sequence of the HomolD-
box is the octamer CAGTCACA/G, however, in several sequences,
this element is found in the inverted form as TGTGACTG. The
HomolD box is located 39-52 bp upstream transcription start site
in the same position as locates the TATA-box in the fission yeast
promoters. In an in vivo approach, using reporter-gene assays in
S. pombe cells, it was shown that the HomolD-box is necessary
to direct and initiate transcription from the RPGs and was
postulated to act as a TATA-box analogue and in the same work,
using an electrophoretic mobility shift assay (EMSA), a novel
protein complex that binds to HomolD-box was identified [15].
In other studies using and in vitro approach, it was shown that
point mutations in the HomolD-box sequence abolish completely
the ability of this element to direct transcription initiation from
the RPGs [18].

Currently, we know that the genome of Schizosaccharomyces
pombe contains 141 RPGs encoding the full set of 79 ribosomal
proteins. Interestingly, the analysis of the promoter sequences
showed that 140 RPGs contained a highly conserved HomolD-box
in the region 49 to 104 bp upstream of the ATG start codon [19].
Additionally, other 59 non-RPGs also showed the presence of
the HomolD-box in their promoters. In addition, using promoter
databases, it was possible to find HomolD-box sequences in
several promoters from other eukaryotic organisms, such as
humans and plants, indicating the wide distribution of this novel
CPE. Interestingly, HomolD-boxes in RPGs promoters are broadly
distributed in the Ascomycota fungus phylum [20]. However,
in those organisms closely related to the yeast Saccharomyces
cerevisiae other CPE, in the same position as the HomolD-box,
are present in RPGs promoters. This element is named Rapl
and binds the transcription factor Rapl, which was described
previously [21]. It seems likely that Rapl replaced the HomolD-
box of Schizosaccharomyces pombe in Saccharomyces cerevisiae
during evolution. Moreover, several other yeast species share
both HomolD-box and Rapl promoter element [20]. The
HomolD-box present in the RPGs promoters of the fission yeast
is the target of a DNA-binding protein with biochemical features
different from TBP. The identification of the HomolD-box binding
protein was achieved using DNA affinity chromatography with
double-stranded tandem HomolD-boxes covalently attached to a
resin. Proteins bound to the resin were eluted and analyzed by
mass spectrometry. The result was that the transcription factor
Rrn7 was identified in the protein DNA-bound fraction [18]. This
factor is a member of the RNAPI transcriptional machinery and
its function is to transcribe rDNA in the nucleolus. In the rDNA
promoter, this factor is able to bind to a conserved box, which
is similar to a HomolD-box. Rrn7 showed a specific HomolD-box
binding activity and it is required for the specific transcription
of RPGs containing a HomolD-box [18]. Moreover, the GTFs and
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RNAPII were required for accurate transcription initiation of a
HomolD-box containing promoter. Rrn7 is part of the Zn-ribbon
protein family related to transcription factor TFIIB, including
the mammalian ortholog TAF1B [22]. It possesses a Zn-ribbon
domain in the N-terminal region and two cyclin-like domains in
the carboxy-terminal region, displaying domain conservation with
the TFIIB family members [22]. RPGs which contains a HomolD-
box are transcribed by the RNAPII transcription apparatus [18].
The formation of the PIC on a HomolD-box containing promoter
was recently described [23]. The first step in the formation of a
PIC on these promoters is the binding of Rrn7 to the HomolD-
box. As mentioned previously, this step in the PIC establishment
might be regulated by phosphorylation of Rrn7 via CK2 protein
kinase [24]. Upon binding of Rrn7 to the HomolD-box, the general
transcription factors TBP and TFIIB are able to recognize this DNA-
protein complex. After the binding of TBP/TFIIB to the complex,
the RNAPII/TFIIF complex is recruited, which in turns allows to
the TFIIE factor be incorporated into the complex [23]. Finally,
Mediator and the coactivator PC4 may be incorporated to the
PIC and might modulate basal transcription through a putative
HomolE binding factor in those promoters that contain this
DNA element. All the steps describing the pathway of complex
formation are summarized in (Figure 1) (H-N).

The expression of genes containing the HomolD-box in their
promoters is almost unknown. However, data from analysis of
the RPGs expression profiles during several biological processes
in S. pombe, e.g. the switch from vegetative to meiotic growth
and growth under stress conditions, have revealed a tightly
coordinated expression for all 141 RPGs. For example, during the
switch from vegetative to meiotic growth, transcription of RPGs is
down-regulated, but then within a short time strong reactivation
of RPG expression is observed at the beginning of meiosis [19].
The same co-regulation profile is observed in 32 of the 59 non-
RPGs that contain a HomolD-box in their core promoter [19].
Many, but not all, of these non-RPG genes encode components
whose homologues in other organisms are involved in protein
biosynthesis and signal transduction [19].

RPGs from S. pombe have been identified and it is known that
individual ribosomal proteins are encoded by two or three related
genes whose promoters containing a HomolD-box. Interestingly,
in each gene family at least one promoter possesses a tandem
repeat ACCCTACCCT or the inverted form (AGGGTAGGGT)
upstream of the HomolD-box [16]. This sequence corresponds
to the HomolE-box, which is considered a proximal UAS-like
sequence for HomolD box-containing promoters, since the
presence of this element strongly increases in vivo transcription
directed by the HomolD-box [16]. Both promoter elements
HomolD and HomolE-boxes must be in the same orientation
to be functional. The distance between the boxes is critical in
transcription modulation of RPGs and it has been described
that the smaller the distance between HomolD and HomolE,
the higher the transcription activity. This distance ranges from
0 to 32 nucleotides. Further investigations must be performed
to understand how RPGs expression is regulated and which are
the mechanisms involved in the coordination between HomolD
and HomolE-boxes during RPGs transcription. Although, despite
the fact that there are several factors and mechanisms studied
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in RNAPII-directed transcription, most of the promoters studied
possesses a TATA-box, whereas RPGs promoters are TATA-less.
Moreover, transcriptional initiation and activation from TATA-less
promoters are poorly understood both in metazoan and yeast
cells. Thus, the RPGs promoters and the arrangement HomolE-
HomolD could provide a model to study transcription in TATA-
less promoters using a promoter element such as HomolD that is
analogue to the TATA-box.

Ribosome biogenesis is one of the most complicated processes in
eukaryotic cells, requiring coordinated expression of all ribosome
components, which are essential for accurate translation activity.
The coordinated regulation and expression of the RPGs with
other ribosomal components is still poorly understood. However,
in the fission yeast Schizosaccharomyces pombe, it is known that
rRNAs, RPGs and box C/D snoRNAs (which are necessary for the
modification of rRNAs) contain in their promoters a HomolD-
box [18, 25], which might be able to control the expression of
those genes. Moreover, the Rrn7 transcription factor, which is the
HomolD-box binding protein in RPGs, was found to be responsible
for the control of the gene expression of box C/D snoRNAs and
RPGs in vivo in Schizosaccharomyces pombe cells [25]. Taking all
these results together we propose a model, in which the HomolD-
box is bound by Rrn7 and co-regulates the transcription of RPG,
box C/D snoRNA and rRNA genes in the fission yeast. This model
is summarized in (Figure 2).

Regulation of Transcription of the
Metazoan RPGs

In insects and mammals, RPGs appears to have a common
element, which is a member of the poly-pyrimidine initiator (TCT
motif). The TCT motif is present in most RPG promoters [26, 27]
and is required for transcription. The TCT motif encompasses
the transcription start site (TSS) and is situated from -2 to +6 bp
relative to the TSS, and is therefore located at the same position
as the Inr motif, but it cannot function in lieu of an Inr, and it does
not bind TFIID. Even so, a single T to A substitution converts the
TCT motifinto a functionally active Inr [27]. Thus, the TCT motifisa
novel transcriptional element which is distinct from the Inr motif.
Recently, it has been shown that the TBP-related factor TRF2,
but not TBP, is required for the transcription of TCT-dependent
RPGs in Drosophila [28]. In Drosophila cells, depletion of TRF2
decreases TCT-dependent transcription. In vitro, recombinant
human TRF [29, 30] or Drosophila TRF2 are able to activate TCT-
dependent transcription but not TATA-containing promoters
[28]. Nevertheless, TRF2 cannot bind directly to the TCT motif.
Thus, another transcription factor must recognize the promoter
elements in those RPGs. Indeed, recently a transcription factor
named M1BP has been identified as the responsible to bind the
core promoter regions of the RPGs and activates transcription of
those genes [31]. It has been suggested that M1BP is able to bind
to the promoter and recruit TRF2 to the RPGs promoters. Also,
the Tafl subunit of general transcription factor TFIID was present
at the RPGs promoters. These observations provide a mechanistic
model to envision the formation of a PIC in RPGs promoters of
Drosophila. In mammals there is no a counterpart of M1BP,
although the TCT motif is present at the RPGs promoters. Whether
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S. cerevisiae S. pombe Drosophila

Figure 1 Proposed model to explain the formation of a PIC on RPGs promoters of yeast and metazoan cells. (A-G) The
transcription initiation at RPGs promoters in Saccharomyces cervisiae starts with the binding of Rap1l upstream
of the TSS (A). After that step follows the binding of Fhi1 and Ifh1 (B, C). This interaction is possible due the
presence of the FHA domain in Fhi1l where Ifh1 contact this factor (C). The general transcription factor IID
(TFIID) and TFIIA would be able to bind to Rapl to nucleate the rest of the transcription machinery (D). TFIIB
might be incorporated into the complex by interaction with TFIID and TFIIA through the RBD domain of Rapl
(E). This transcription factor would serve as a bridge to recruit RNA polymerase II-TFIIF complex (F) and the
rest of the transcription machinery (G). A competent PIC is formed on HomolD-box containing promoters of
Schizosaccharomyces pombe to initiate RNA pol llI-dependent transcription (H-N). The first step is the binding of
the transcription factor Rrn7 to the HomolD-box sequence (H). Then transcription factors TBP and TFIIB bind to
Rrn7 (1). This DNA-protein complex is recognized by RNA pol II-TFIIF (J) and TFIIE (K). This complex is competent
to initiate HomolD-box-dependent transcription. However, co-activators such as Mediator, PC4 and the HomolE
binding factor would be necessary to modulate transcription initiation (L, M and N). (O-U) PIC formation on RPGs
promoters from Drosophila would start with the binding of M1BP upstream of the TCT motif (O). Once that M1BP
has been bound, the transcription factor TRF2 enters into the complex by interaction with M1BP (P). Then, the
general transcription factors TFIID and TFIIA are recruited into the complex (Q) followed by the binding of TFIIB
by interaction with TFIID and TFIIA (R). This event enables RNA polymerase II-TFIIF to be recruited to the complex
(S). Once that RNA polymerase II-TFIIF are incorporated into the complex, the rest of the transcription apparatus
is stable associated into the PIC. We expect that the cofactor Srb/Med is necessary for transcription but the
exact step at which is incorporated into the complex is unknown. TSS: Transcription start site. PIC: Preinitiation

K complex. TF: Transcription factor. RBD: Rap1 binding domain. J

or not a similar mechanism of RPGs transcription functions in  in the RPGs of different species have evolved; however, the

mammals remains to be determined. A model describing the coding sequences have been maintained conserved during

RPGs transcription in metazoans is outlined in (Figure 1) (O-U). the evolution. Perhaps, the transcription of RPGs is controlled

. by several transcription factors instead of a single one. There
Conclusion ; . .

are still many unanswered questions about the regulation of

It seems to be clear that the promoter sequences and motifs RPGs transcriptional regulation. For instance, which are the

4 This article is available in: http://www.imedpub.com/journal-molecular-cellular-biochemistry/
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Figure 2 Role of HomolD box-containing promoters in ribosome biogenesis. It is believed that the coordinated expression
of genes that encoding ribosome components (rRNA, RPGs, box C/D snoRNA) is due to a common DNA element
(HomolD-box) which is able to bind a protein factor (Rrn7). The presence of the HomolD box in the promoters
of several genes encoding ribosome components indicates a common regulation. Until now, experiments have
demonstrated that Rrn7 binds to rRNA and RPGs promoters in Schizosaccharomyces pombe. However, binding
of Rrn7 to box C/D snoRNA promoters has not been demonstrated yet, although those promoters contain a
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K HomolD-box which is critical for in vivo transcription. J

most frequent cis DNA elements in those genes. How many
transcription factors can bind those elements which additional
transcription factors or co-activators are necessary to initiate and
regulate transcription of RPGs. Is there any crosstalk between the
different RNAP machineries that transcribe components of the
ribosome.

At least we know that exist a coordinated regulation of
transcription in ribosome components of S. pombe where Rrn7
seems to control the transcription of rRNAs, box C/D snoRNAs
and RPGs, through the binding of the HomolD box present in the
promoters of these genes. The fission yeast Schizosaccharomyces
pombe provides an excellent biological model to study the
coordinated expression of ribosome components, since the
transcriptional regulation of those components seems to be under
the control of a few transcription factors. The most immediate
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