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Abstract CPC2/ASC1 is one of the most abundantly
transcribed genes in Saccharomyces cerevisiae. It en-
codes a ribosome-associated Gb-like WD protein,
which is highly conserved from yeast to man. Here, we
show that CPC2 transcription depends on the carbon
source and is induced during utilization of the sugar
glucose. CPC2 promoter deletion and insertion analy-
ses identified two upstream activation sequence ele-
ments for CPC2, which are required for basal
expression and regulation. One of these upstream
activation sequence elements has an AT-
GTACGGATGT motif, which has previously been
described as a putative binding site for the forkhead-
like transcription factor Fhl1p. Deletion of FHL1 re-
duces CPC2 transcription significantly in presence of
glucose, but has no effect when the non-fermentable
carbon source ethanol is provided. Increased amounts
of the Fhl1p co-regulator Ifh1p induce CPC2 tran-
scription even when ethanol is utilized. These data
suggest that the interaction between Fhl1p and Ifh1p is
critical for the regulation of CPC2 transcription during
utilization of different carbon sources.
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Introduction

Ribosome biogenesis is a major consumer of cell energy,
and therefore, tightly controlled in response to the

environmental conditions and the physiological state of
the cell. The number of ribosomes is adjusted to the
overall protein synthetic capacity of the cell and requires
a co-ordinate regulation of all ribosome components.

In Saccharomyces cerevisiae transcription of 137
ribosomal protein genes is co-ordinately regulated under
different environmental growth conditions (Warner
1999). This co-regulation is controlled by the conserved
RAS/protein kinase A, TOR and protein kinase C sig-
nalling pathways as response to the growth conditions
(Warner 1999). During the nutritional up-shift from a
non-fermentable carbon source, such as ethanol, to a
fermentable carbon source, such as glucose, transcrip-
tion of ribosomal protein genes is strongly induced
(Herruer et al. 1987; Kief and Warner 1981; Kraakman
et al. 1993). In contrast, several environmental insults,
such as heat shock, amino acid starvation, nitrogen
limitation or osmotic stress, lead to down-regulation of
ribosomal protein genes (Causton et al. 2001; Gasch
et al. 2000; Natarajan et al. 2001).

The CPC2 (also known as ASC1) gene of S. cere-
visiae encodes a highly conserved Gb-like WD-protein
of 319 amino acids (Chantrel et al. 1998; Hoffmann
et al. 1999) and is a homologue of the cpc-2 gene of
Neurospora crassa (Müller et al. 1995), CPC2 of
Schizosaccharomyces pombe (McLeod et al. 2000) and
of the human RACK1 encoding a receptor of activated
protein kinase C (Ron et al. 1994), respectively. The
open reading frame of CPC2 is interrupted by an in-
tron between the corresponding amino acids 179 and
180. This intron is located close to the 3¢-end, which is
unusual in comparison to other introns in yeast. It has
been characterized as containing the U24 small nucle-
olar RNA (SNR24) coding region, which is required
for site-specific 2¢-o-methylation of rRNA (Kiss-Laszlo
et al. 1996; Qu et al. 1995). Genome-wide expression
analyses described the CPC2 open reading frame as a
highly transcribed gene (Velculescu et al. 1997), finally
resulting in an estimated 330,000 Cpc2p molecules per
cell (Ghaemmaghami et al. 2003; Velculescu et al.
1997). This high transcription rate was also observed
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when cells were starved for amino acids (Hoffmann
et al. 1999).

Polysome profile analyses and mass-spectrometry
identified an association of Cpc2p to the 40S-ribosomal
subunit (Chantrel et al. 1998; Gerbasi et al. 2004; Link
et al. 1999). Thereby, Cpc2p seems to be present at a 1:1
ratio with ribosomal proteins. In addition to this ribo-
some bound form, a non-ribosome bound form of
Cpc2p was identified (Baum et al. 2004). In cells in a
stationary growth phase, the non-ribosome bound form
of Cpc2p seems to increase suggesting that association
of Cpc2p to the 40S-ribosomes probably depends on the
yeast cell activity. Recent experiments showed an in-
creased translation efficiency of specific mRNAs in the
absence of Cpc2p. These data suggest a regulatory role
for Cpc2p in translation (Gerbasi et al. 2004). A possible
role of Cpc2p in translation has also been suggested for
the corresponding proteins Cpc2 in S. pombe (Shor et al.
2003) and the human RACK1 (Ceci et al. 2003). In
human cells, RACK1 acts as signalling platform for
several signalling molecules and recruits activated pro-
tein kinase C to the ribosome to regulate translation in
response to stimuli (Ceci et al. 2003; Nilsson et al. 2004).

Genome-wide chromatin immunoprecipitation
(ChIP) analyses revealed that the forkhead-like tran-
scription factor Fhl1p binds to nearly all promoters of
yeast ribosomal protein genes (Lee et al. 2002). Fhl1p
was originally identified as a multicopy suppressor of
RNA polymerase III mutations (Hermann-Le Denmat
et al. 1994). It has a domain similar to the forkhead
DNA-binding domain found in the developmental
forkhead protein of Drosophila melanogaster and in the
HNF-3 family of hepatocyte mammalian transcription
factors. Loss of FHL1 results in a slow-growth pheno-
type and in a defect in 35S-rRNA processing. Overex-
pression of the essential gene IFH1 (interacting with
forkhead) suppresses the slow-growth phenotype of fhl1
deletion yeast cells (Cherel and Thuriaux 1995). Recent
studies found that both Fhl1p and Ifh1p are required for
a tight co-regulation of ribosomal protein genes (Lee
et al. 2002; Martin et al. 2004; Rudra et al. 2005;
Schawalder et al. 2004; Wade et al. 2004). It was shown
that Ifh1p is recruited through the forkhead-associated
domain of Fhl1p to ribosomal protein gene promoters to
induce transcription. The level of Ifh1p association to
ribosomal gene promoters depends on environmental
conditions and thus, it is one key regulatory step for
expression of ribosomal protein genes. Beside ribosomal
protein genes, translation factors or other ribosome-
associated proteins require a distinct regulation in re-
sponse to environmental stimuli to ensure an efficient
translation of mRNAs.

In this work we show that transcription of CPC2 is
stimulated in glucose-grown cells compared to ethanol-
grown cells. The two key regulators of ribosomal pro-
teins Fh1p and Ifh1p are involved in regulation of this
transcriptional induction. These data suggest that CPC2
and ribosomal protein genes are co-ordinately regulated
under utilization of different carbon sources.

Materials and methods

Yeast strains and growth conditions

Saccharomyces cerevisiae strains used in this work are
listed in Table 1 and are derivates of S288c. For con-
struction of yeast strains RH3094 to RH3101 and
RH3269 to RH3274, each carrying a single integration
of a CYC1–lacZ reporter, plasmids pME2598 to
pME2605 were linearized by StuI and chromosomally
integrated at the URA3 locus of RH1168, YPH500 or
MW667, respectively. Yeast strains RH3102, RH3261
and RH3262 carrying single CPC2–lacZ::URA3 re-
porter cassettes were constructed by integration of
plasmid pME2614 at the URA3 locus. Yeast strains
RH3103 to RH13111 and RH3259 carrying individual
cpc2-lacZ deletion constructs were obtained by StuI
digestion and chromosomal integration of plasmids
pME2615 to pME2623 and pME2931 at the URA3 lo-
cus. The yeast strain RH3260 (CPC2–GFP) was created
by PCR-based C-terminal tagging of chromosomal
CPC2 ORF (Knop et al. 1999). Transformations were
carried out using the lithium-acetate yeast transforma-
tion method (Ito et al. 1983). All integrations were
confirmed by Southern hybridization analysis (Ausubel
et al. 1993). For measurement of CPC2 transcript
expression, yeast strains were cultivated at 30�C in liquid
synthetic minimal medium (YNB) containing appropri-
ate supplements. Cultures were diluted into fresh YNB
medium with 2% glucose or 2% ethanol as a carbon
source and cultivated for 4 h before assaying enzymatic
activities, isolation of total RNAs and fluorescence
microscopy, respectively. Functionality of the CPC2–
GFP fusion construct was tested at 15�C on YEPD
medium with 2% agar.

Plasmids

All constructed plasmids are listed in Table 2. Plasmids
pME2598 to pME2605 were obtained by amplification
and integration of individual 75–150 bp of CPC2
promoter fragments into pLG669Z (Guarente and
Ptashne 1981) using a XhoI restriction site introduced
at the 5¢-end of the PCR primers. For construction of
cpc2–lacZ reporter plasmids pME2614 to pME2623
and pME2931, 600 bp upstream of the CPC2 transla-
tion start site were amplified and cloned as a XhoI
fragment into pBluescript II SK+/�. A deletion set of
the CPC2 promoter was generated by whole-vector
PCR excluding individual CPC2 promoter sequences of
1/2, 75 or 150 bp. After religation by using an intro-
duced BglII restriction site, individual cpc2-lacZ dele-
tion constructs were amplified and cloned into
YIp356R (Myers et al. 1986) using the BamHI/KpnI
restriction sites introduced at the 5¢-end of PCR
primers. The plasmid pME2932 was constructed by
amplification of the IFH1 ‘open reading frame’ (ORF)



using primers containing SpeI/XhoI restriction sites at
the 5¢-end and integration into pRS425prom. (Mum-
berg et al. 1994).

Northern hybridization analysis

Total RNAs from yeast were isolated following the
protocol described by Cross and Tinkelenberg (Cross
and Tinkelenberg 1991). RNAs were separated on 1.4%
agarose gel containing 3% formaldehyde and trans-
ferred onto nylon membranes by capillarblotting. Gene-
specific probes were 32P-radiolabelled with the MBI
Fermentas HexaLable� DNA Labelling Kit. Hybrid-
ization signals were quantified using a BAS-1500 Phos-
phor-Imaging scanner (Fuji, Tokyo, Japan).

b-galactosidase assay

Assays were performed with yeast extracts derived from
cultures grown in liquid medium. Specific b-galactosi-
dase activities were normalized to total protein contents
(Bradford 1976) in each extract and equalized
(OD415 · 1.7)/(0.0045 · protein concentration · extract
volume · time) (Rose and Botstein 1983).

GFP fluorescence microscopy

The S. cerevisae strain RH3260 was grown in liquid
synthetic minimal medium (YNB + Ura, Leu) with
either 2% glucose or 2% ethanol as a carbon source.
One millilitre cells of the cultures were harvested by

Table 1 Saccharomyces cerevisiae strains used in this work

Strain Genotype Reference

RH1168 MATa, ura3-52, leu2-3 Our collection
RH2419 MATa, ura3-52, leu2-3, trp1, cpc2::LEU2 Hoffmann et al. (1999)
RH3094
to RH3100

MATa, ura3-52, leu2-3, URA3::pCPC2-CYC1-lacZ This work

RH3101 MATa, ura3-52, leu2-3, URA3::CYC1-lacZ This work
RH3102 MATa, ura3-52, leu2-3, URA3::CPC2-lacZ This work
RH3103
to RH3110

MATa, ura3-52, leu2-3, URA3::pcpc2-lacZ This work

RH3111 MATa, ura3-52, leu2-3, URA3::lacZ This work
RH3259 MATa, ura3-52, leu2-3, URA3::pcpc2-lacZ This work
RH3260 MATa, ura3-52, leu2-3, CPC2-GFP::KanR This work
YPH500 MATa, ura3-52, leu2-1, ade2-101, trp1-D1,

lys2-801, his3-D200
Sikorski and Hieter (1989)

MW667 MATa, ura3-52, ade2-101, trp1-D1, lys2-801,
his3-D200, fhl1-D1::HIS3

Hermann-Le Denmat et al. (1994)

RH3261 MATa, ura3-52, ade2-101, trp1-D1, lys2-801,
his3-D200, fhl1::HIS3, fhl1-D1::HIS3, URA3::CPC2-lacZ

This work

RH3262 MATa, ura3-52, leu2-1, ade2-101, trp1-D1, lys2-801,
his3-D200, URA3::CPC2-lacZ

This work

RH3269 MATa, ura3-52, leu2-1, ade2-101, trp1-D1, lys2-801,
his3-D200 URA3::pCPC2-375/�225- CYC1-lacZ

This work

RH3270 MATa, ura3-52, leu2-1, ade2-101, trp1-D1, lys2-801,
his3-D200 URA3::pCPC2-300/�150- CYC1-lacZ

This work

RH3271 MATa, ura3-52, leu2-1, ade2-101, trp1-D1, lys2-801,
his3-D200, URA3::CYC1-lacZ

This work

RH3272 MATa, ura3-52, ade2-101, trp1-D1, lys2-801, his3-D200,
fhl1-D1::HIS3, URA3::pCPC2-375/�225- CYC1-lacZ

This work

RH3273 MATa, ura3-52, ade2-101, trp1-D1, lys2-801, his3-D200,
fhl1-D1::HIS3, URA3::pCPC2�300/�150- CYC1-lacZ

This work

RH3274 MATa, ura3-52, ade2-101, trp1-D1, lys2-801, his3-D200,
fhl1-D1::HIS3, URA3::CYC1-lacZ

This work

Table 2 Plasmids used in this work

Plasmid Description Reference

pLI4 10 kb vector, CYC1-lacZ, URA3, bla Guarente and Ptashne (1981)
pME2598 to pME2604 75 or 150 bp CPC2 promoter sequence elements cloned into pLI4 This work
YIp356R 6.9 kb vector, MCS, lacZ, URA3, bla Myers et al. (1986)
pME2614 600 bp CPC2 promoter fragment in YIp356R This work
pME2615 to pME2623 75 or 150 bp CPC2 promoter deletions in pME2614 This work
pME2931 12 bp CPC2 promoter deletion in pME2614 This work
pRS425prom. 6.4 kb vector, MET25prom, MCS, CYC1term, LEU2, bla, 2 lm Mumberg et al. (1994)
pME2932 IFH1 ORF cloned into pRS425prom. This work



centrifugation and immediately viewed in vivo on a Zeiss
Axiovert microscope by either differential interference
contrast microscopy (DIC) or fluorescence microscopy
using a GFP filter set (AHF Analysentechnik AG,
Tübingen, Germany). Cells were photographed using a
Xillix Microimager digital camera and the Improvision
Openlab software (Improvision, Coventry, UK).

Results

The CPC2 expression increases twofold in
glucose-grown cells compared with ethanol-grown cells

The CPC2 gene of S. cerevisiae encodes a highly con-
served 40S-ribosomal subunit-associated protein.
Expression analyses of the whole yeast genome reveal
for CPC2 a high transcription rate (Velculescu et al.
1997), finally resulting in an estimated 330,000 Cpc2p
molecules per cell (Ghaemmaghami et al. 2003). In spite
of this high expression, CPC2 is not essential under the
analysed conditions. Therefore we asked whether this
gene is constitutively expressed in response to different
carbon sources or distinctly regulated as it has been
described for ribosomal protein genes. For instance,
expression of ribosomal protein genes is co-ordinately
induced during the switch from the carbon source eth-
anol to the source glucose (Herruer et al. 1987; Kief and
Warner 1981; Kraakman et al. 1993).

Northern hybridization experiments were performed
to analyse the amount of CPC2 mRNA in cells when
either growing with glucose or with ethanol as carbon
source. In addition, the transcript levels of the RPS26A/
B isogenes, which encode both ribosomal proteins of the
40S-ribosomal subunit, were determined to compare
transcription of CPC2 and ribosomal protein genes
under these conditions. Figure 1a shows that transcrip-
tion of CPC2 is induced by a factor of 2 under utiliza-
tion of glucose when compared to ethanol conditions.
The mRNA level of the RPS26A/B isogenes is 2.5-fold
induced in presence of glucose (Fig. 1a), which suggests
a co-regulation of CPC2 and ribosomal protein genes
during utilization of glucose.

Specific ß-galactosidase activity assays with the
CPC2–lacZ reporter strain RH3102 were performed to
verify glucose-dependent induction. As shown for the
CPC2 mRNA, specific ß-galactosidase activity of the
CPC2–lacZ reporter increases by a factor of about 2 in
presence of glucose (Fig. 1b). These data confirm that
CPC2 is predominantly induced on a transcriptional
level in response to the carbon source glucose.

The GFP open reading frame was chromosomally
integrated at the CPC2 3¢-end by homologous recom-
bination to localize Cpc2p in vivo. The functionality of
the Cpc2p–GFP fusion protein was verified by com-
parison of the growth of RH1168 (CPC2), RH2419
(cpc2) or RH3260 (CPC2–GFP) at 15�C for 5 days
(Fig. 1c). Cells of the cpc2 deletion strain RH2419 (cpc2)
produce a cold sensitivity growth phenotype, whereas

cells expressing the Cpc2–GFP fusion protein grow
similarly as cells with the wild-type CPC2 allele. Fluo-
rescence microscopy studies show the cytoplasmatic
localization and strong expression of the Cpc2p–GFP
fusion protein under glucose conditions (Fig. 1c).
Growth in ethanol results in weak Cpc2p–GFP expres-
sion with the same localization in the cytoplasm.

These data show that expression of CPC2 depends on
the carbon source. Utilization of a sugar as glucose in-
duces CPC2 transcription, which is presumably reflected
by an increased amount of Cpc2 protein in the yeast cell.

The yeast CPC2 promoter comprises two UAS elements,
which are required for a distinct transcriptional
regulation

A CPC2 promoter deletion set was cloned to a lacZ
reporter gene to analyse whether the difference in CPC2
expression between cells utilizing glucose or ethanol
depends on the presence of cis-acting elements. The set
of the cpc2–lacZ promoter deletion constructs spans
600 bp upstream of the CPC2 initiation codon. All
constructs have deletions of 75 or 150 bp in the CPC2
promoter and overlap at a length of 75 bp (Fig. 2a). The
CPC2–lacZ fusions carrying promoter deletions were
chromosomally integrated at the URA3 locus to ensure a
single copy per cell. A deletion was defined to contain an
upstream activation sequence (UAS) when CPC2
expression was reduced by a factor of 2 and more. An
upstream repression sequence (URS) corresponds to at
least twofold-enhanced expression.

Figure 2a shows that deletions of the regions �600 to
�300 relative to the ATG start codon did not signifi-
cantly affect specific ß-galactosidase activities under
glucose or ethanol conditions. This suggests that the
CPC2 promoter is localized in the region �300 to �1.
Deletions of the regions �375 to �225, �300 to �150
and �225 to �75 reduced the specific ß-galactosidase
activity to approximately 10% of the full-length CPC2
promoter activity and abolished the carbon source-
dependent CPC2 regulation. Deletion of the region
�150 to �75 had a weak influence on basal activity. This
effect was under the setting threshold of twofold varia-
tion for an UAS element and did not affect regulation.
Therefore the region �300 to �150 is required for basal
CPC2 expression and regulation. The absence of an
overlap between deletion constructs �375 to �225 and
�225 to �75 suggests the presence of at least two UAS
elements in the CPC2 promoter. A deletion of the first
75 bp upstream of the CPC2 translational start site in-
creased the specific ß-galactosidase activity by a factor
of 4 when ethanol was utilized (Fig. 2a). This data
suggest a putative URS element within the CPC2 pro-
moter for the ethanol-dependent expression.

The ß-galactosidase assays of the CPC2 promoter
deletion constructs fused to lacZ showed that the CPC2
promoter comprises the first 300 bp upstream of the
translational start site. Within this promoter two regions



including UAS elements are localized at the position
�300 to �225 (UAS1) and �225 to �150 (UAS2). Both
UAS containing regions elements are necessary for basal
CPC2 expression and in addition for regulation of the
promoter.

The CPC2 promoter �300 to �150 region stimulates
activity of the basal yeast CYC1 promoter

We tested whether single fragments of the CPC2 pro-
moter are sufficient to stimulate or to repress activity of

a basal yeast promoter. CPC2 promoter fragments of a
size of 150 bp that overlap by 75 bp were cloned up-
stream of the basal CYC1 promoter, which was fused to
the lacZ reporter gene (Fig. 2b). All constructs were
chromosomally integrated at the URA3 locus. As shown
for the CPC2 promoter deletion set, insertions carrying
fragments of the region �600 to �300 have no effect
on the expression of the CYC1–lacZ reporter. These
data confirm our observation that the CPC2 promoter
ranges from �300 to �1. Fragments carrying the as-
sumed two UAS elements (�375 to �225, �300 to �150
and �225 to �75) are able to stimulate expression of the

Fig. 1 CPC2 expression in Saccharomyces cerevisiae under utiliza-
tion of glucose or ethanol as carbon source. The yeast strains
RH1168 (CPC2), RH3102 (CPC2; URA3::CPC2–lacZ) or RH3260
(CPC2–GFP) were cultivated on YNB medium to mid-log phase at
30�C. Cells were sedimented and shifted on YNB medium with 2%
glucose or with 2% ethanol for 4 h at 30�C, respectively. a 20 lg of
total RNA of RH1168 (wt) under glucose or ethanol conditions
were used for northern hybridization analyses. Numbers indicate
relative transcript levels of CPC2 or RPS26 in comparison to the
internal standard ACT1. b Expression of the CPC2–lacZ reporter
construct in the yeast strain RH3102 (CPC2–lacZ) was measured

after cultivation in glucose (black bars) or ethanol (grey bars). Units
of specific b-galactosidase activities are shown in nanomoles per
minutes per milligram. Bars depict means of at least three
independent measurements. c Functional Cpc2–GFP fusion pro-
tein was visualized under glucose or ethanol conditions by
fluorescence microscopy (left). Functionality of the Cpc2–GFP
fusion protein was verified by comparing the low-temperature
growth defect of RH2419 (cpc2) to the yeast strains RH1168
(CPC2) or RH3260 (CPC2–GFP) on YPD plates at 15�C for
5 days (right)



CYC1–lacZ fusion gene, which supports the existence of
at least two UAS in the CPC2 promoter region
(Fig. 2b). Interestingly, insertion of the CPC2 promoter
region �225 to �75 stimulates only the ethanol-depen-
dent expression suggesting either a specific role for this
UAS element under ethanol conditions or an artefact as
consequence of the CPC2 and CYC1 promoter fusion
(Fig. 2b). The fragment carrying the putative URS has
no effect on the activity of the basal CYC1 promoter
(Fig. 2b). A full-length promoter fragment consisting of
600 bp upstream of the CPC2 initiation codon did not
stimulate expression of the CYC1–lacZ reporter (data
not shown). These data support that the fusion of CPC2
and CYC1 promoters results in an artificial promoter
activity.

Measurements of the CPC2 promoter insertion con-
structs confirmed the existence of at least two UAS
elements for the CPC2 promoter. The existence of an
ethanol-dependent URS element could not be con-
firmed.

Transcriptional induction of CPC2 depends on the
forkhead transcription factor Fhl1p

Sequence analysis revealed within the UAS1 region
ranging from �300 to �225, a conserved sequence motif
at position �299 to �288. This sequence motif consists
of the nucleotides ATGTACGGATGT and was pro-
posed in a genome sequence comparison of different

Fig. 2 Expression of a set of
deletion or insertion CPC2–
lacZ reporter constructs in
yeast grown under glucose and
ethanol conditions. a Specific b-
galactosidase activities were
determined in yeast strains
RH3102 to RH3110 and
RH3259 grown under glucose
(black bars) and ethanol (grey
bars) conditions, respectively.
Each yeast strain carries an
individual pcpc2–lacZ
promoter deletion construct in
addition to a CPC2 wild-type
gene. Deleted segments in the
individual constructs are
numbered with respect to the
translational start site of CPC2
at position +1. Yeast strain
RH3111 served as negative
control carrying no CPC2
promoter element upstream of
the lacZ reporter. Units of
specific b-galactosidase
activities are shown in
nanomoles per minutes per
milligram. Bars depict means of
at least three independent
measurements. b Expression of
individual pCPC2–CYC1–lacZ
insertion constructs in the yeast
strains RH3094 to RH3100 was
measured under glucose (black
bars) or ethanol (grey bars)
conditions, respectively.
Boundaries of insertion are
indicated with respect to the
translational start site of CPC2
at position +1. RH3101 was
used as negative control strain
carrying no insert upstream of
the basal CYC1 promoter of the
CYC1–lacZ fusion reporter.
Bars indicate means of specific
b-galactosidase activities in
actual units nanomoles per
minute per milligram of least
three independent
measurements



Saccharomyces species as a putative binding site for the
transcription factor Fhl1p (Cliften et al. 2003; Kellis
et al. 2003). FHL1 was originally identified as a sup-
pressor of RNA polymerase III mutations (Hermann-Le
Denmat et al. 1994). Loss of FHL1 results in a slow-
growth phenotype and in a defect in 35S-rRNA pro-
cessing. Recent studies revealed a central role for Fhl1p
in the regulation of transcription of ribosomal protein
genes (Lee et al. 2002; Martin et al. 2004; Rudra et al.
2005; Schawalder et al. 2004; Wade et al. 2004).

An fhl1 deletion strain (MW667) was tested under
glucose and ethanol conditions in Northern hybridiza-
tion experiments to analyse the impact of Fhl1p onCPC2
transcription. Figure 3a shows that deletion of FHL1
reduces CPC2 transcription by a factor of about 3 under
utilization of glucose. Under ethanol conditions the
level of CPC2 mRNA in fhl1 deletion cells is similar to
those in wild-type cells, which suggests that Fhl1p is not
required for transcription of CPC2 in ethanol-grown
cells.

Measurements of specific ß-galactosidase activities of
a CPC2–lacZ reporter in fhl1 deletion cells confirmed
requirement of Fhl1p for CPC2 expression under glu-
cose conditions (Fig. 3b). Accordingly, cells carrying the
fhl1 deletion showed a twofold reduced specific

ß-galactosidase activity in presence of glucose, whereas
the basal expression was not impaired.

Northern hybridization experiments and ß-galacto-
sidase assays suggest that the regulator of ribosomal
protein genes Fhl1p is required for the glucose-depen-
dent transcriptional induction of CPC2. The basal
CPC2 expression under ethanol conditions, however,
does not require a functional FHL1 gene.

The ATGTACGGATGT motif within the CPC2
promoter region is required for efficient transcription of
CPC2 under glucose and ethanol conditions.

To analyse whether deletion of the putative Fhl1p
binding site at position �299 to �289 also influences
glucose-dependent transcriptional induction, the specific
ß-galactosidase activity of a cpc2–lacZ reporter with de-
leted ATGTACGGATGT motif was assayed. Deletion
of ATGTACGGATGT reduces CPC2 expression by a
factor of about 2.5 in presence of glucose (Fig. 2a). Under
ethanol conditions deletion of ATGTACGGATGT
results in a twofold reduced expression. Since FHL1 is not
required for basal expression of CPC2, this suggests that
an additional factor binds to the ATGTACGGATGT
motif when ethanol as carbon source is utilized.

We further analysed whether CPC2 promoter frag-
ments carrying the ATGTACGGATGT motif require

Fig. 3 CPC2 expression in fhl1
deletion and IFH1
overexpression yeast strains
under utilization of glucose or
ethanol as carbon source. a
Yeast strains YPH500 (wt),
MW667 (fhl1) or YPH500
(IFH1 2 lm) were cultivated on
YNB medium to mid-log phase
at 30�C. Cells were sedimented
and shifted on YNB medium
with 2% glucose or with 2%
ethanol for 4 h at 30�C,
respectively. Aliquots of total
RNA (20–30 lg) from these
cultures were used for Northern
hybridization analysis. Numbers
indicate relative transcript levels
of CPC2 to the internal
standard ACT1. b Specific b-
galactosidase activities of the
pCPC2–lacZ reporter was
assayed in yeast strains RH3261
(wt), RH3262 (fhl1) and
RH3261 (IFH1 2 lm) in
presence of 2% glucose (black
bars) and 2% ethanol (grey
bars), respectively. Bars indicate
means of specific b-
galactosidase activities in
nanomoles per minute per
milligram of least three
independent measurements



Fhl1p for stimulation of the basal yeast CYC1 pro-
moter. Therefore, CPC2 promoter insertion constructs
were integrated into the fhl1 deletion strain, and the
specific b-galactosidase activities of these constructs
were measured under glucose and ethanol conditions.
Figure 4 shows that fragment �375 to �225 enhanced
specific b-galactosidase activity of the CYC1–lacZ re-
porter in fhl1 deletion cells. This further supports that an
additional factor is able to bind to this region and to
affect CPC2 expression. The CPC2 promoter insertion
construct �300 to �150 requires Fhl1p for activation of
the CYC1–lacZ reporter under both glucose and ethanol
conditions (Fig. 4).

These data suggest that the ATGTACGGATGT
motif at position �299 to �288 presumably acts as a
specific activation site in combination with Fhl1p as well
as a basal element independently of Fhl1p. Measure-
ments of CPC2 promoter insertion constructs provide
indirect evidence of binding of Fhl1p to the promoter
region �300 to �150, but not to the region �375 to
�225. These different activities of fragments carrying the
putative Fhl1p binding site suggest that additional trans-
or cis-acting elements are involved in regulation of
CPC2 transcription.

Overexpression of IFH1 induces CPC2 transcription
in absence of glucose

The essential protein Ifh1p was first identified as a weak
multicopy suppressor of an fhl1 deletion (Cherel and
Thuriaux 1995). Recent studies show that Ifh1p is re-
cruited through Fhl1p to promoters to activate tran-
scription of ribosomal protein genes (Martin et al. 2004;
Rudra et al. 2005; Schawalder et al. 2004; Wade et al.
2004). Due to the fact that IFH1 is essential for cell
growth, we transformed yeast strain YPH500 (wt) with

plasmid pME2932 (IFH1; 2 lm; see Table 2) and tested
IFH1 overexpression in a Northern hybridization
experiment for its impact on CPC2 transcription.

Figure 3a shows that in presence of glucose IFH1,
overexpression does not affect CPC2 transcription when
compared to wild-type cells. In cells growing with eth-
anol as a carbon source, overexpression of IFH1 stim-
ulates transcription of CPC2 to the level of wild-type
cells under glucose conditions.

Measurements of specific ß-galactosidase activities
confirmed the Ifh1p-dependent induction of CPC2 un-
der utilization of ethanol (Fig. 3b). As shown for the
CPC2 mRNA, overexpression of IFH1 induces the
specific ß-galactosidase activity of the CPC2–lacZ re-
porter under ethanol, but does not affect expression
under glucose conditions. These data suggest that the
amount of Ifh1p is important for transcriptional
induction of CPC2.

To summarize, transcription of CPC2 is induced by
the carbon source glucose. Two key regulators of ribo-
somal protein genes, Fhl1p and Ifh1p, are involved in
regulation of this process suggesting a putative co-
ordinate regulation of CPC2 and ribosomal protein
genes.

Discussion

The CPC2 gene has been characterized as abundantly
transcribed at levels equivalent to those of ribosomal
proteins genes (Velculescu et al. 1997). The high tran-
scription rate results in approximately 330,000 Cpc2
molecules per log-phase cell, which is in the estimated
range of 4,500–602,000 molecules of ribosomal proteins
per log-phase cell (Ghaemmaghami et al. 2003). In this
work, we show that strong transcriptional induction of
CPC2 depends on the carbon source. Under utilization

Fig. 4 Expression of CPC2 promoter insertion constructs in yeast
fhl1 deletion cells under glucose and ethanol conditions. Expression
of pCPC2–CYC1–lacZ insertion constructs was assayed in the
wild-type strains RH3269 and RH3270 or in the fhl1 deletion
strains RH3272 and RH3273 under glucose (black bars) or ethanol
(grey bars) conditions, respectively. Boundaries of insertion are

indicated with respect to the translational start site of CPC2 at
position +1. RH3271 and RH3274 were used as negative control
strain carrying no insert upstream of the basal CYC1 promoter of
the CYC1–lacZ fusion reporter. Bars indicate means of specific b-
galactosidase activities in actual units nanomoles per minute per
milligram of least three independent measurements



of the carbon source glucose transcription of CPC2 is
twofold induced when compared to the carbon source
ethanol. This is nearly the same factor of induction as we
determined for the RPS26 isogenes as control of genes
for the small subunit of the ribosomes. Measurements of
the macromolecular composition of S. cerevisiae re-
vealed that cells grown on glucose have 2.5-fold more
ribosomes than those grown on ethanol (Kief and
Warner 1981). A synchronized transcriptional regula-
tion of CPC2 and ribosomal protein genes has also been
identified by transcriptional profiling experiments under
different environmental growth conditions (Gasch et al.
2000). All these same characteristics in gene expression
of CPC2 and ribosomal protein genes suggest that
Cpc2p is a ribosomal component during utilization of
the carbon source glucose. In contrast to many other
genes encoding ribosomal proteins, CPC2 is not present
as a gene pair in the yeast genome.

This study also demonstrates that the transcription
factor Fhl1p is required for transcriptional induction of
CPC2. Increased amounts of the transcriptional activa-
tor Ifh1p induce CPC2 transcription also during utiliza-
tion of the carbon source ethanol. The identification of
these two key regulators of ribosomal protein genes
suggests for CPC2 a similar regulatory mechanism as it
has been described for ribosomal protein genes (Lee et al.
2002; Martin et al. 2004; Rudra et al. 2005; Schawalder
et al. 2004; Wade et al. 2004). Fhl1p presumably binds to
the ATGTACGGATGT motif at position �299 to �288
within the CPC2 promoter region (Fig. 5). This sequence
motif has previously been characterized by a genome
sequence comparison of different Saccharomyces species
as a putative binding site for the transcription factor
Fhl1p (Cliften et al. 2003; Kellis et al. 2003). Deletion of
the sequence ATGTACGGATGT or of FHL1 reduces
transcription of CPC2 by a factor of about 2.5. These
data hint indirectly to an interaction of Fhl1p to the
ATGTACGGATGT motif. Genome-wide chromatin
immunoprecipitation analyses also confirmed association
of Fhl1p with the CPC2 promoter region (Lee et al.
2002). The association of Fhl1p at the CPC2 promoter
probably requires additional factors. It was shown for
several ribosomal protein genes, that in spite of associa-
tion with the promoter in chromatin immunoprecipita-

tion experiments no binding of purified Fhl1p was
detected in vitro by band shift experiments (Rudra et al.
2005). These data suggest that Fhl1p requires other
factors or specific chromatin structures to bind gene
promoters. Some of these factors might be the RSC
chromatin remodelling complex (Angus-Hill et al. 2001),
the protein acetylase Esa1p (Reid et al. 2000) or the
multifunctional protein Rap1p (Morse 2000; Pina et al.
2003), which have all been described to be involved in
regulation of ribosomal protein genes. Interestingly,
binding of Rap1p to the CPC2 promoter was also iden-
tified by genome-wide chromatin immunoprecipitation
analyses (Lee et al. 2002).

We assume that Fhl1p recruits Ifh1p via its forkhead-
associated domain to the CPC2 promoter when glucose
is used as a carbon source (Fig. 5). Thereby, the level of
Ifh1p association determines transcriptional induction
of CPC2. Recent studies with the inhibitor of the TOR
pathway rapamycin identified the transcriptional co-
repressor Crf1p as an additional factor for regulation of
ribosomal protein genes (Martin et al. 2004). In presence
of rapamycin, Crf1p enters the nucleus and binds instead
of Ifh1p to the forkhead-associated domain of Fhl1p to
repress transcription of ribosomal protein genes. Over-
expression of Ifh1p suppresses this down-regulation.
The fact that also glucose limitation results in a nuclear
accumulation of Crf1p suggests that Crf1p is probably
involved in carbon source-dependent regulation of
CPC2.

The increased CPC2 mRNA level under glucose
conditions is also a hint for a transcriptional induction
of the highly conserved small nucleolar RNA (SNR24),
which is located on the CPC2 intron, and therefore,
putatively co-regulated with CPC2. SNR24 is required
for site-specific 2¢-o-methylation of rRNA and is present
from yeast to human (Kiss-Laszlo et al. 1996; Qu et al.
1995). Induction of SNR24 might be important for
controlling of pre-RNA folding during ribosome bio-
genesis.

Beside the ribosome bound form, also a non-ribo-
some bound form of Cpc2p has been identified by pre-
vious studies (Baum et al. 2004). In cells of a stationary
culture the non-ribosome bound form of Cpc2p in-
creases, which seems to be dependent on high Cpc2p

Fig. 5 Scheme for transcriptional induction of CPC2 in yeast
under utilization of the carbon source glucose. Two upstream
activation sequence elements (UAS1 and UAS2) are shown for the
CPC2 promoter region. Numbers indicate positions relative to the

translation start site of CPC2, which is marked as +1. The
ATGTACGGATGT motif represents the presumed binding site
for Fhl1p. Fhl1p co-activator Ifh1p stimulates CPC2 transcription
only in the presence of glucose



levels under such conditions. In S. pombe or humans
also a non-ribosome form of Cpc2 or RACK1 has been
characterized (Ceci et al. 2003; Shor et al. 2003). These
data suggest that Cpc2p, beside its function at the
ribosomes, also might have additional functions in yeast
cells as it has been reported for the homologue proteins
of S. pombe and mammals. In the fission yeast, Cpc2 is
involved in regulation of the cell cycle, actin cytoskele-
ton organisation or sexual differentiation (Jeong et al.
2004; McLeod et al. 2000; Won et al. 2001). The human
RACK1 regulates several processes including cell
spreading, recruiting other proteins to focal adhesions or
cell-cell contact (McCahill et al. 2002; Nilsson et al.
2004). Tandem affinity purification (TAP) experiments
in S. cerevisiae also support the suggestion of a multi-
functional Cpc2p. Cpc2p was co-purified with 11 dif-
ferent multi-protein complexes with functions in protein
synthesis and turnover, transcription/DNA mainte-
nance/chromatin structure, RNA-metabolism, mem-
brane biogenesis and transport (Gavin et al. 2002). Most
of these complexes are predominantly localized in the
cytoplasm and at the endoplasmatic reticulum, but two
complexes involved in transcription/DNA maintenance/
chromatin structure and in the RNA metabolism have
been reported as localized exclusively in the nucleus. A
nuclear localized Cpc2p possibly affects indirectly
translation by controlling of ribosome assembly or
transport of mRNAs into the cytoplasm.

To summarize, in this work we demonstrate that
transcriptional induction of CPC2 depends on the car-
bon source glucose. The two key players for a co-ordi-
nated regulation of ribosomal protein genes Fhl1p and
Ifh1p are involved in this process. These data suggest
that Cpc2p is a ribosomal component and co-regulated
to other ribosomal proteins during utilization of differ-
ent carbon sources.
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