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ABSTRACT
RNA polymerase II carboxy terminal domain (CTD)
kinases are key elements in the control of mRNA
synthesis. Yeast CTD kinase I (CTDK-I), is a nonessential complex involved in the regulation of
mRNA synthesis at the level of transcription elongation, pre-mRNA 30 formation and nuclear export. Here,
we report that CTDK-I is also involved in ribosomal
RNA synthesis. We show that CTDK-I is localized in
part in the nucleolus. In its absence, nucleolar structure and RNA polymerase I transcription are affected.
In vitro experiments show an impairment of the Pol I
transcription machinery. Remarkably, RNA polymerase I co-precipitates from cellular extracts with Ctk1,
the kinase subunit of the CTDK-I complex. In vitro
analysis further demonstrates a direct interaction
between RNA polymerase I and Ctk1. The results suggest that CTDK-I might participate in the regulation of
distinct nuclear transcriptional machineries, thus
playing a role in the adaptation of the global transcriptional response to growth signalling.

INTRODUCTION
Eukaryotic cells contain three nuclear RNA polymerases
(Pol I, II and III) that can be distinguished by their polypeptide
composition, gene specificity and sub-cellular localization (1).
Pol I is localized in the nucleolus where it transcribes the 35S
rDNA to generate the precursor transcript of the mature 25, 18
and 5.8S rRNA species. Pol I transcription accounts for 60%
of the total transcription activity of exponentially growing
yeast cells (2). Specific initiation requires four general initiation factors: the upstream activating factor complex (UAF),
the TATA binding protein (TBP), the core factor complex
(CF) and Rrn3 (3). Assembled onto the 35S rDNA promoter,
UAF, TBP and CF form a pre-initiation complex that recruits
the Pol I–Rrn3 complex (4–6), the only form of Pol I competent for initiation. Phosphorylation of Pol I is necessary for its
interaction with Rrn3, suggesting that one way to regulate
rDNA transcription is at the level of Pol I–Rrn3 complex
formation (7). Strong functional and structural homologies

can be drawn from yeast to mammals, and in both systems,
rRNA synthesis rate is under the control of growth signalling
(8–10).
Pol II produces mRNA precursors, and the majority of the
snRNA implicated in splicing. A key element of transcription
by Pol II is the carboxy terminal domain (CTD) of its largest
subunit, Rpb1. The CTD is an essential domain specific to
Pol II, composed of numerous repeats of the consensus heptapeptide YSPTSPS (11). This domain involved in the major
steps of mRNA synthesis, is present under two distinct forms:
a highly phosphorylated form (IIo) and a poorly phosphorylated form (IIa) (12). Only the Pol IIA is recruited to the
promoter to participate in the formation of the pre-initiation
complex, while it needs to be converted to the Pol IIO form in
order to enter transcription elongation. A transcription cycle
thus involves the cyclical phosphorylation and dephosphorylation of the CTD. In addition, the phosphorylation pattern of
the Pol II CTD changes during the transcription process (13),
and varies in response to growth conditions and environmental
stress (14).
Four CTD kinases have been described in the yeast
Saccharomyces cerevisiae, all of them being cyclin-dependent
kinases: Kin28, Srb10, Bur1 and Ctk1. Kin28 is required for
transcription of most class II genes (15). Like its human counterpart, Cdk7, it is an essential subunit of the general transcription factor TFIIH. Its activity is required for transcription
initiation (16), and for recruitment of capping enzymes
(17). Srb10 (18) is structurally related to mammalian Cdk8.
This non-essential kinase phosphorylates the CTD prior to the
formation of the pre-initiation complex, thus preventing its
formation (16). BUR1/SGV1 encodes an essential CTD kinase
that might be implicated in elongation (19,20). The nonessential CTD kinase I complex (CTDK-I) comprises three
specific subunits (21): Ctk1, the catalytic subunit (22), Ctk2,
the cyclin subunit (23), and Ctk3 a co-cyclin factor (24).
Deletion of the CTK1 gene results in defects in the pattern
of the CTD phosphorylation, and correlated defects in
transcriptional induction of sets of genes, suggesting a role
for CTDK-I in response to nutrient depletion (25). Several
studies have implicated CTDK-I in the control of transcription
elongation: (i) CTDK-I can modulate the elongation efficiency
of Pol II in HeLa extracts (26), (ii) ctk mutants are synthetic
lethal with mutants in various genes implicated in elongation
control (27,28) and (iii), a recent study has revealed that Ctk1
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might be the major kinase involved in CTD phosphorylation
during elongation (29). Ctk1 has also been connected to 30 end
processing (30,31), splicing (32), histone methylation (33),
DNA damage-induced transcription (34) and nuclear export
of mRNA (35). In human, the closest characterized kinase to
Ctk1 is Cdk9, the catalytic subunit of the positive elongation
factor P-TEFb in metazoans (36). P-TEFb/Cdk9 is a key
cellular factor that supports Tat trans-activation and HIV
replication (37).
In higher eukaryotes, CTD kinases have been implicated in
phosphorylation of additional substrates (38–42). Similarly, in
yeast, both Kin28 and Srb10 have been shown to phosphorylate substrates other than the CTD. However, these
substrates are all implicated in Pol II transcription. Kin28
phosphorylates subunits of Mediator (43,44), while Srb10
phosphorylates subunits of TFIID (43) and several Pol II
specific transcription factors (45–48).
In this report, we show that, in addition to its role as a Pol II
CTD kinase, CTDK-I is implicated in Pol I transcription.

MATERIALS AND METHODS
Yeast strains
The yeast strains used in this study were derived from
W303-1B (MATa ade2-1 can1-100 his3-11,15 leu2-3,112
trp1-1 ura3-1) and grown in either YPD or SD medium supplemented with casamino-acids and appropriate nutrients (SDcasa). The CTK tagged-strains were constructed by fusion of
sequences encoding several epitope-tags (49) at the 30 end of
the CTK coding sequence: CTK1–HA (3-HA::Schizosaccharomyces pombe HIS5), CTK1–Myc (13-Myc::S.pombe HIS5)
and CTK2–Myc (13-Myc::Escherichia coli KanR). Dctk1
and Dctk3 null mutants are described in (23). The isogenic
Dpdr13 strain (pdr13::S.pombe HIS5) was constructed using
the pFA6a-His3MX6 plasmid (49).

Purification of Ctk1–HA/Pol I complexes
Wild-type and CTK1–HA strains were submitted to the purification procedure described above except for the second
chromatography step. The pooled solution obtained from
SP-Sepharose chromatography was dialysed for 14 h against
2 l of buffer B containing 0.3 M potassium acetate and loaded
at a flow rate of 0.5 ml/min on a MonoQ column (1 ml,
Amersham Biosciences) equilibrated in buffer B300. Ctk1
was eluted with a 12 ml linear gradient of potassium acetate
(0.3–1.6 M) in buffer B. Fractions (0.3 ml) containing Ctk1
were pooled and further loaded on an immuno-affinity column.
Protein G-Sepharose (200 ml, Amersham Biosciences) crosslinked to HA-12CA5 antibodies (0.03 mg/ml) was packed
in micro-tips and equilibrated with buffer B1000. Proteins
were loaded by gravity flow, recycling the flow through
eight times. After intensive washing with buffer B1000, the
resin was re-equilibrated in buffer B130. Three successive
elutions were performed in batch by adding 300 ml of buffer
B130 containing 0.1 mg/ml of a synthetic haemagglutinin
(HA) peptide. Elutions were pooled and analysed by SDS–
PAGE and western blot with anti-HA, anti-Pol I and anti-Rrn3
(50) antibodies.
In vitro co-immunoprecipitation
Pol I, Pol ID and Pol I* were purified from yeast cells as
previously described (51–53) and analysed by SDS–PAGE
and silver staining. Expression of recombinant HA–Ctk1,
HA–Ctk2 and HA–Ctk3 was performed as previously
described (24) in E.Coli Rosetta (DE3) strain (Novagen).
Immunoprecipitation experiments were performed with 5 mg
of purified Pol I, and different combinations of bacterial
extracts each expressing a single recombinant protein, with
30 ml of Protein G-Sepharose (Amersham Biosciences)
coupled with 5 ml of a serum directed against A190 (54), as described in (24). Proteins were eluted with Laemmli buffer and
separated by SDS–PAGE prior to western immunoblotting.
Immunofluorescence microscopy

Ctk1–Myc purification
Wild-type and CTK1–Myc strains were grown in 12 l of YPD
to an OD600 of 2, and pelleted by centrifugation. Fifty gram of
cells were typically obtained and resuspended in 50 ml of
buffer B [25 mM HEPES, pH 7.5, 10 mM MgCl2, 1 mM
EDTA, 1 mM DTT, 20% glycerol (v/v) with 1 mM phenylmethylsulphonyl fluoride (PMSF) and complete protease inhibitors mixture (Roche)] containing 130 mM potassium acetate
(B130). Cell suspensions were frozen at 70 C and disrupted
in an Eaton press. After ultracentrifugation at 100 000 g for 1 h
in a 45 Ti rotor (Beckman), crude extract was loaded on a SPSepharose column (10 · 2.5 cm, Amersham Biosciences)
equilibrated in buffer B130 at a flow rate of 2 ml/min. Elution
of bound proteins was performed by a 300 ml linear gradient of
potassium acetate (0.13–1.2 M) in buffer B. Fractions (5 ml)
containing Ctk1 were pooled, dialysed for 14 h against 2 l of
buffer B100 (0.1 M potassium acetate), and loaded at a
flow rate of 1 ml/min on a Poros 10 HQ column (0.8 ml,
Perkin Elmer) equilibrated in B100. Ctk1 was eluted with a
13.4 ml linear gradient of potassium acetate (0.1–1M) in
buffer B. Fractions (0.8 ml) were analysed by SDS–PAGE
and western blot.

Ten millilitre of cells grown in YPD at an OD600 of 0.5 were
fixed by the addition of formaldehyde to a final concentration
of 3.7%. Cells were further incubated for 10 min at room
temperature, centrifuged and resuspended in KP–Sorbitol buffer (50 mM potassium phosphate, pH 6.5, 0.5 mM MgCl2,
1.2 M Sorbitol). Spheroplasts were prepared by incubation at
37 C for 30 min with zymolyase 100T (0.2 mg/ml, ICN). Cells
were washed [once with phosphate-buffered saline (PBS) buffer containing 1% fish gelatine (Teleostan gelatin, Sigma),
twice with PBS buffer with 0.1% Triton X-100 (Fluka) and
once more with PBS buffer], prior to incubation with the
primary antibody in PBS buffer for 1 h at room temperature.
Antibodies used were: 10 mg/ml of purified monoclonal antiMyc 9E10 (Babco), rabbit polyclonal serum anti-A190 at
1:100 dilution (54) and monoclonal anti-Nop1 Mab66 at
1:150 dilution (55). Cells were washed, resuspended in PBS
buffer containing either anti-mouse Alexa 594 IgG or antirabbit Alexa 488 IgG (1:100 dilution, Molecular Probes) for 1 h
at room temperature. After washing, cells were incubated with
0.5 mg/ml 40 ,60 -diamidino-2-phenylindole (DAPI, Sigma) in
0.5 ml of PBS buffer for 2 min. Cells were washed once with
PBS buffer and observed with a Leica microscope.
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In vivo RNA labelling
Ten millilitre of yeast cells were grown in SD-casa at an OD600
of 0.5. Cell labelling was conducted for 30 min at 30 C with
150 mCi of 3H-Uracil (Amersham Biosciences). After centrifugation, cells were washed with water prior to freezing in
liquid nitrogen. Total RNA was extracted by hot acid–phenol
treatment as described previously (56). RNA was quantified,
and 5 mg was separated by electrophoresis on an 8% acrylamide gel containing 7 M urea in TBE. The gel was stained with
ethidium bromide, dried and submitted to autoradiography.
Primer extension analyses
Ten millilitre of yeast cells were grown in SD-casa at an OD600
of 1 and 2, respectively. Total RNA was extracted by hot acid–
phenol treatment as previously described (56). RNA was quantified by OD260 measurements, and 3 mg was analysed by
primer extension [as in (57)] with 0.2 pmol of end-labelled
35S and 25S oligonucleotides (58), plus 5 pmol of cold 25S
oligonucleotide. Extension products were separated by electrophoresis on an 8% acrylamide gel containing 7 M urea in
TBE. The gel was dried, submitted to autoradiography and
analysed with a PhosphorImager (Molecular Dynamics).
Chromatin immunoprecipitation
Wild-type and Dctk1 strains were grown in SD-casa medium to
an OD600 of 2. Cross-link, cell lysis, chromatin preparation,
cross-link reversal and immunoprecipitation were performed
as described previously (59,60). Immunoprecipitation was realized with protein A-Sepharose (Sigma) coupled with polyclonal anti-A190 (54). Immuno-precipitated and total DNA
were analysed by real-time PCR with SYBR Green (Applied
Biosystems) using two sets of primer amplifying a 122 bp
fragment specific of the 35S rDNA promoter region (GTGTGAGGAAAAGTAGTTGGGAGGTA, GACGAGGCCATTTACAAAAACATAAC), and a 236 bp fragment specific of the
5S rDNA (GACGAGGCCATTTACAAAAACATAAC, CATGTCTGGACCCTGCCCTCATA). For each experiment, triplicates of three dilutions were analysed; and five independent
experiments were performed. The occupancy level was defined
as the ratio of immunoprecipitated DNA over total DNA.
In vitro transcription assays
Purification of PA600 fractions from cells grown in YPD to an
OD600 of 2 was performed as described previously (61). Specific transcription assays were performed [as in (61)] with
40 ng of YepSIRT template (62). Pol I from PA600 extracts
(15 mg) was analysed by western immunoblotting with polyclonal antibodies raised against Pol I.
Immobilized templates assays
DNA templates containing [YepSIRT, (62)], or not containing
(Dprom, O. Gadal, unpublished data) the 35S rDNA promoter
were amplified by PCR using oligonucleotides 50 pSIRT
(CCGCTTCCGCTTCCGCAGT ) and biotinylated-30 pSIRT
(biotin–CAACCCATCTTTGCAACGA). After purification,
PCR fragments were bound to streptavidin-linked magnetic
beads (Dynabeads M280 Streptavidin, Dynal) according to the
manufacturer’s recommendations. The DNA bound-beads
were extensively washed and pre-incubated in recruitment
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buffer (20 mM HEPES, pH 7.8, 350 mM potassium acetate,
10 mM MgCl2, 50 mM EDTA, 2.5 mM DTT, 200 mM ATP,
1 mg/ml BSA). Protein complexes were assembled on immobilized DNA templates by incubation in recruitment buffer of
10 mg of PA600 fractions derived from wild-type and Dctk1
cells. Beads were washed, and bound proteins were eluted
after enzymatic digestion (EcoRI) to release the templates.
Elution fractions were analysed by western blot with antiPol I antibodies. Direct recording of the chemiluminescence
corresponding to A49, A43, AC40 and A34.5 subunits was
performed using a CCD camera, and quantification was
achieved using the FluorChem software (Alpha Innotech).
RESULTS
The Ctk1 kinase interacts with Pol I
To isolate components interacting with CTDK-I, the Ctk1
kinase subunit was purified from yeast cells under mild salt
conditions. After two subsequent ion exchange chromatography columns (Figure 1A), Ctk1–Myc was eluted from
the Poros 10 HQ column in two well separated peaks, a
major and a minor one (Figure 1B, upper panel). Strikingly,
western blot analysis with anti-Pol II antibodies revealed the
presence of subunits common to the three nuclear polymerases
in the same fractions (data not shown). Further analyses specifically identified the different subunits composing the Pol I
enzyme in the minor elution peak of Ctk1 (Figure 1B, lower
panel). We did not succeed in immuno-affinity efficient
purification of the Ctk1–Myc protein, probably due to a low
accessibility of the Myc epitope. We therefore turned to the
purification of Ctk1–HA (see Materials and Methods). After
the second ion exchange chromatography column, fractions
that contained the minor elution peak of Ctk1 were pooled and
subjected to HA immuno-affinity purification. A control
experiment was also conducted with extracts derived from a
wild-type strain. Proteins eluted with HA peptide were analysed by western blot probed with anti-HA (Figure 1C, left
panel) and anti-Pol I antibodies (Figure 1C, right upper panel).
We observed the presence of Pol I in the fractions derived from
the tagged-strain, showing an in vivo interaction between the
Ctk1 kinase and Pol I.
Although only the Pol I–Rrn3 complex is competent for
transcription initiation, the majority of Pol I is not associated
with Rrn3 during exponential growth. To get an insight into
the form of Pol I that was associated with Ctk1, we analysed
the eluates of the HA affinity columns by western blotting with
antibodies directed against Rrn3. We observed that Rrn3 and
Ctk1 co-purify (Figure 1C, right lower panel). It is thus possible that the Pol I co-purified with Ctk1, or at least a substantial fraction, may be the Pol I–Rrn3 form of the enzyme.
To investigate a direct interaction between Ctk1 and Pol I,
we performed in vitro co-immunoprecipitation experiments.
Three different forms of Pol I were purified from yeast cell and
analysed by SDS–PAGE and silver staining (Figure 1D). Pol
ID is a form of Pol I lacking three subunits: A14, ABC23 and
A43 (53), while Pol I* is devoid of A34.5 and A49 subunits
(52). HA-tagged versions of the different Ctk subunits were
expressed in E.coli cells from the T7 promoter (24), and the
bacterial extracts were preincubated independently with each
type of polymerase prior to Pol I immunoprecipitation with
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Figure 1. Ctk1 interacts with Pol I in vivo and in vitro. (A and B) Ctk1–Myc purification. (A) Fractionation scheme used to purify Ctk1–Myc from yeast exponential
cells by ion exchange chromatographies. (B) The different fractions recovered were analysed by western blot with anti-Myc antibodies (upper panel), and polyclonal
antibodies raised against Pol I (lower panel). I and FT indicate input and flow through samples, respectively. (C) Ctk1–HA immunopurification. After the second
chromatography, fractions that contained the minor elution peak of Ctk1–HA from CTK1–HA cell extract, and identical fractions from wild-type (Ctk1) cell extract,
were pooled and subjected to HA immuno-affinity purification. Eluates were analysed by western blot with anti-HA (left panel), anti-Pol I (right upper panel) and
anti-Rrn3 (right lower panel) antibodies. (D and E) In vitro co-immunoprecipitation experiments. (D) Pol I, Pol ID and Pol I* purified from yeast cell were analysed by
silver staining. A43* corresponds to a degraded form of the A43 subunit. (E) Pol I was incubated with different combinations of recombinant Ctk proteins each tagged
with 2 HA epitopes (HA-rCtk). Immunoprecipitation was performed with polyclonal antibodies against the largest subunit of Pol I, A190. Western blot analysis with
anti-Pol I (upper panel) and anti-HA (lower panel) antibodies. Asterisk indicates a band corresponding to immunoglobulin heavy chains.

anti-A190 polyclonal antibodies. When Pol I was incubated
with the three distinct Ctk subunits, its precipitation resulted in
efficient co-precipitation of the CTDK-I complex (Figure 1E,
lane 3). Similarly, after incubation with Ctk1 alone, Pol I
precipitation resulted in efficient co-precipitation of the kinase
subunit (Figure 1E, lane 2). In contrast, when Pol I was incubated with the Ctk2 and Ctk3 subunits together, neither Ctk2
nor Ctk3 was recovered after Pol I precipitation (Figure 1E,
lane 4). Specific co-precipitation of Pol I and Ctk1 was also
observed with the Pol ID and Pol I* preparations (data not
shown).
We conclude that Pol I interacts with the CTDK-I complex
as well as with the Ctk1 subunit alone. This interaction does

not require the integrity of the Pol I as it does not require the
presence of either A14, A34.5, A43, A49 or ABC23 subunit.
Furthermore, Pol I does not interact with the Ctk2 cyclin and
the Ctk3 co-cyclin subunits, showing that a direct interaction
between the CTDK-I complex and Pol I is mediated by the
kinase subunit.
Sub-cellular localization of the CTDK-I complex
The observation that Ctk1 interacts with a nucleolar component prompted us to study CTDK-I sub-cellular localization. For this purpose, we have epitope-tagged each of its
three subunits (see Materials and Methods). The cellular
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localization of Ctk1–Myc was analysed by immunofluorescence microscopy using monoclonal anti-Myc antibodies.
As expected, we observed a nuclear localization in cells
grown to early exponential phase (Figure 2A). Myc staining
appeared to overflow the DAPI staining that preferentially
reveals the nucleoplasmic DNA, suggesting that Ctk1 might
be partly localized in the nucleolar compartment. To confirm
the presence of Ctk1 in the nucleolus, we next used polyclonal
antibodies raised against the largest subunit of Pol I, A190.
These antibodies allow the specific staining of the nucleolus
that appears as a crescent-shaped structure making extensive
contacts with the nuclear envelope (Figure 2, A190). When
both anti-Myc and anti-A190 antibodies were combined, we
observed some Myc staining overlapping the Pol I staining
(Figure 2B). Similar results were obtained when we analysed
staining derived from Ctk2–Myc (Figure 2C) and HA–Ctk3
(data not shown) proteins. As a control, we analysed an
RPB3-HA strain where the Pol II Rpb3 subunit is tagged at
its C-terminus with three HA epitopes (C.B., unpublished
data). Unlike that observed with Ctk proteins, Rpb3 staining
was restricted to the nucleoplasmic compartment, showing no
overlap with A190 staining (Figure 2D).
We conclude that the three subunits composing the CTDK-I
complex, co-localize in the nucleoplasm as well as in
the nucleolus. This is consistent with the fact that in vivo, a

Figure 2. Immunolocalization of the Ctk proteins. Indirect immunofluorescence was performed with: (A and B) CTK1–Myc, (C) CTK2–Myc
and (D) RPB3-HA early exponential cells. DNA was stained with DAPI
(A), while Ctk1 (A and B), Ctk2 (C) and Rpb3 (D) were detected with
mouse monoclonal anti-Myc (A, B and C) or anti-HA (D) antibodies, and
A190 (B, C and D) was detected using a rabbit antibody. Three distinct
representative nuclei are shown in each case.
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subpopulation of Ctk1 interacts with Pol I, and suggests that
CTDK-I might play a role that is distinct from its function in
Pol II transcription.
Dctk strains display defects in nucleolar structure
In an attempt to determine whether CTDK-I plays a role in the
nucleolar compartment, we analysed the nucleolus structure in
Dctk cells by immunofluorescence microscopy. Deletion of
either CTK gene generates a slow growth at 30 C and no
growth at 15 C. As previously observed, Dctk cells grown
in rich medium to early exponential phase, were much larger
than wild-type cells (21). Remarkably, antibodies against
A190 did not reveal in Dctk1 cells the characteristic crescent
shape of the nucleolus observed in wild-type cells (Figure 3A).
On the contrary, we observed a more diffuse signal overlapping part of the DAPI staining. A similar result was obtained
with the Dctk3 strain (Figure 3A). To confirm these observations, experiments were repeated using antibodies directed
against Nop1, a nucleolar protein involved in rRNA maturation (63). Again, instead of the crescent-shaped nucleoli seen
in wild-type cells, isogenic Dctk1 cells exhibited a more diffuse Nop1 staining (Figure 3B). Because CTDK-I is involved
in Pol II transcription, we were interested to also analyse
nucleoli in a Pol II mutant strain. We used a mutant in
Rpb3, the third-largest subunit of Pol II. At 30 C, rpb3-2 is
a slow growth mutant that exhibits defects in Pol II transcription (64). Microscopy analysis of rpb3-2 cells using antibodies
against A190 revealed nucleoli similar to that observed in
wild-type cells (Figure 3A).

Figure 3. Immunofluorescence microscopy analysis of the nucleolus. Wildtype (WT), Dctk1, Dctk3 and rpb3-2 early exponential cells were analysed with
either anti-A190 (A) or anti-Nop1 (B) antibodies, and DAPI staining. Three
distinct representative nuclei are shown in each case.
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In conclusion, ctk null mutations lead to the disruption of the
nucleolar structure during early exponential growth, as evidenced by the delocalization of both Pol I and Nop1, two
specific components of the nucleolus. It is interesting to
note that such defects are not observed in several other mutants
affected for Pol II transcription (Figure 3A, and data not
shown). Because Pol I transcription plays an essential role
in organizing nucleolar structure and localization (65),
the results suggest that this process might be affected in
Dctk cells.
Pol I transcription in Dctk1 cells
To get an insight into rRNA synthesis in ctk mutants, we
realized pulse experiments in early log phase cells grown in
SD-casa medium. Similar amounts of rRNA species were
analysed, as determined by ethidium bromide staining
(Figure 4A, lower panel). Auto-radiography revealed a
decrease of 25S, 18S and 5.8S rRNA synthesis in the null
Dctk1 and Dctk3 mutant strains, as compared to the isogenic
wild-type strain (Figure 4A, upper panel, and data not shown).
A similar result was observed with an inactive mutant of the
Ctk1 kinase (G.Hautbergue, unpublished data) (Figure 4A,
ctk1-mut), suggesting a substantial defect in rRNA synthesis
in the absence of the Ctk1 kinase activity.
Next, we performed primer extension experiments. Because
mutant ctk cells exhibit a reduced growth rate (170 min)
compared to wild-type cells (90 min), we also analysed

Dpdr13 isogenic cells as control (66). Pdr13 encodes a member
of the Hsp70 family that is implicated in pleiotropic drug
resistance. PDR13 is required for normal growth, and
Dpdr13 cells display a reduced growth rate similar to that
of Dctk cells, both in YPD and SD-casa media (data not
shown). Cells were grown to log phase in SD-casa medium
(OD 1 and 2). After extraction, similar amounts of RNA were
analysed by primer extension with two distinct primers allowing specific extension of the mature 25S rRNA, and the 35S
rRNA precursor. Gel analysis by auto-radiography (Figure 4B)
and with a PhosphorImager (data not shown), revealed similar
levels of primer extension products corresponding to the
mature 25S rRNA species for all strains, at OD 1 as well
as 2. Levels of products corresponding to the 35S rRNA precursor were also similar in wild-type and Dpdr13 cells,
whereas in contrast, they were significantly lower when RNA
was extracted from Dctk1 cells (Figure 4B and C). These
results indicate a substantial defect in rRNA synthesis in the
absence of the Ctk1 kinase activity. This defect cannot be only
the consequence of the reduced growth rate of Dctk cells as it is
not observed in the slow-growing control Dpdr13 strain.
To get further insight into Pol I transcription in Dctk1 cells,
we investigated Pol I recruitment at 35S rDNA promoters by
chromatin immunoprecipitation experiments. After cross-link
and sonication of yeast cells, Pol I was immunoprecipitated
with anti-A190 antibodies, from wild-type and Dctk1 cells
grown in SD-casa to mid-log phase (OD 2). After reversal
of cross-links, Pol I immunoprecipitation efficiency was

Figure 4. (A, B and C) In vivo transcription analyses. (A) Wild-type (WT), Dctk1, Dctk3 and ctk1-mut isogenic cells, were cultivated in SD-casa to early log phase,
prior to incubation with 3H-Uracil for 30 min. After extraction, total RNA was separated by electrophoresis on urea–polyacrylamide gels prior to auto-radiography
(upper panel) or ethidium bromide staining (lower panel). (B and C) Wild-type (WT), Dpdr13 and Dctk1 isogenic cells, were cultivated in SD-casa to an OD of either 1
or 2. After extraction, total RNA was analysed by primer extension with two oligonucleotides specific for the 35 and 25S rRNA species, respectively. Products were
separated by electrophoresis on urea–polyacrylamide gels prior to auto-radiography (B), and 35S products analysed with a PhosphorImager (C). Grey, black and
white boxes correspond to 35S amounts in WT, Dpdr13 and Dctk1 cells, respectively. Results correspond to three independent experiments. (D and E) rDNA
chromatin immunoprecipitation. After cross-link, cell lysis and sonication, wild-type (WT) and Dctk1 extracts from cells grown in SD-casa to an OD of 2 were
immunoprecipitated with anti-A190 antibodies. (D) Recovered proteins were analysed by western immunoblotting with anti-A190 antibodies. (E) Total and
immuno-precipitated DNA were analysed by real-time PCR. Fragment corresponding to the 35S rDNA promoter (left panel), and enrichment of the 35S rDNA
promoter compared to a non-specific 5S fragment (right panel). Grey and white boxes correspond to WT and Dctk1 extracts, respectively. Results correspond to five
independent experiments.

Nucleic Acids Research, 2004, Vol. 32, No. 19

5857

analysed by western blot with anti-A190 antibodies. Similar
amounts of enzyme were recovered for the wild-type and
Dctk1 strains (Figure 4D). Total and co-precipitated DNA
were analysed by real-time PCR with two pairs of primers.
The first pair allowed amplification of a specific fragment
corresponding to the 35S rDNA promoter region (35S),
whereas the second pair generated a fragment corresponding
to the adjacent 5S region transcribed by Pol III (non-specific).
While similar low levels of non-specific fragment were amplified in both extracts (data not shown), we observed a 2-fold
decrease in the abundance of the 35S PCR fragment in Dctk1
cells compared to wild-type cells (Figure 4E, left panel). Thus,
the enrichment ratio 35S/non-specific was lower in Dctk1
compared to wild-type extracts (Figure 4E, right panel).
Similar results were observed with Dctk2 cells (data not
shown), indicating that during mid-log phase, formation of
the Pol I initiation complex at 35S promoters is less efficient
in Dctk cells as compared to wild type. This data is consistent
with the rRNA synthesis defect observed in the absence of the
Ctk1 kinase.
Pol I specific in vitro transcription is impaired in the
absence of Ctk1
To confirm that the defect in rRNA synthesis observed in vivo
was at the level of Pol I transcription machinery, we next
investigated Pol I specific transcription in extracts from
Dctk1 cells. PA600 fraction containing the complete Pol I
transcription apparatus, i.e. the Pol I and the general transcription factors required for Pol I specific transcription (61), was
purified from wild-type, Dpdr13, and Dctk1 cells. Western blot
analysis did not reveal any Pol II or Pol III specific subunit in
the PA600 fraction, showing that the major polymerase form
present in this fraction is the Pol I (data not shown). We first
assessed Pol I catalytic activity by performing non-specific
transcription assays with poly (dA-dT) as template. With
such a template, RNA synthesis does not rely upon general
transcription factors. We observed similar results with wildtype, Dpdr13 and Dctk1 extracts (data not shown). Pol I levels
and subunit composition, as analysed by western immunoblotting, were similar in all PA600 extracts (Figure 5A, and data
not shown). Altogether, the data show that the catalytic activity of the Pol I enzyme is not affected in either Dpdr13 or Dctk1
cells. For specific in vitro transcription assays, we used the
YepSIRT plasmid that carries an rDNA unit containing a large
deletion of the sequence transcribed by Pol I (62). Transcription of this mini-gene in wild-type, Dpdr13, and Dctk1 PA600
fractions, was analysed by electrophoresis on a urea–
polyacrylamide gel. Autoradiography revealed a specific
RNA for both the wild-type and Dpdr13 extracts, whereas
in contrast, no specific transcript was detected for the Dctk1
extract (Figure 5B), unless blots were overexposed (data not
shown). The same result was observed with a linearized template (data not shown), suggesting that the Dctk1 PA600 defect
does not take place at the level of transcription termination. To
determine whether specific transcription impairment was due
to the presence of an inhibitor, wild-type and Dctk1 mutant,
extracts were mixed prior to incubation with YepSIRT. We
observed an efficient specific transcription (Figure 5C),
showing that the defective Dctk1 extract does not contain
any inhibitor of transcription. Despite the fact that the Pol I

Figure 5. In vitro analyses. (A, B and C) Transcription assay. (A) Pol I from
wild-type (WT) and Dctk1 PA600 fractions were analysed by western blot with
anti-Pol I antibodies. (B) Specific in vitro transcription of a mini rDNA
transcription unit was carried out with PA600 fractions purified from wildtype (WT), Dpdr13 and Dctk1 strains. (C) Specific in vitro transcription with
different combinations of wild-type (WT) and Dctk1 PA600 fractions. (D and E)
In vitro binding of Pol I to the 35S rDNA promoter. (D) After incubation with
immobilized templates containing (pSIRT), or not (Dprom), the 35S rDNA
promoter, bound proteins were eluted from released templates and analysed by
western immunoblot with anti-Pol I antibodies. (E) Quantification of three
independent experiments. Grey boxes, Dprom template; white boxes, pSIRT
template.

enzyme from Dctk1 cell extract is catalytically active, in vitro
Pol I specific transcription is dramatically deficient.
We next analysed in vitro Pol I binding to the DNA template. Mini-genes from the YepSIRT and Dprom (identical to
the YepSIRT construct except that the 35S promoter has been
deleted; O. Gadal, unpublished data) plasmids were amplified
by PCR with a downstream oligonucleotide that was
biotinylated. After purification, PCR products were bound
to magnetic beads coupled with streptavidin. PA600 fractions
derived from wild-type and Dctk1 cells were incubated with
the immobilized templates in the same conditions as specific
transcription assays, except that UTP, GTP and CTP were
omitted (see Materials and Methods). Bound proteins were
eluted after release of the templates by enzymatic digestion,
and analysed by western blot with anti-Pol I antibodies
(Figure 5D, and data not shown). Quantification was performed from A49, A43, AC40 and A34.5 subunits. We observed that Pol I from wild-type and Dctk1 fractions was similarly
bound to the mini-gene in the absence of promoter sequences
(Figure 5D and E, Dprom). This is due to the high affinity of
RNA polymerases for non-specific DNA (67). However, in the
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presence of promoter sequences, we observed an increase in
Pol I binding only in the case of wild-type extract (Figure 5D
and E, pSIRT). Although Pol I from Dctk1 extract exhibits the
same non-specific DNA binding properties than wild-type
Pol I, no promoter-dependent binding is observed. This result
is consistent with specific in vitro transcription data.
We conclude that the reduction in rRNA synthesis observed
in vivo is due to an impairment of the Pol I transcription
machinery.

DISCUSSION
Altogether, our results reveal that CTDK-I, previously
described as a class II factor, is also involved in the Pol I
transcription process: (i) Dctk cells exhibit defects in nucleolar
structure. Such defects are not observed with several other
Pol II transcription mutants. (ii) In vivo and in vitro defects
in Pol I transcription are observed in the absence of Ctk1,
but not in the case of a slow-growth mutant control, and
(iii) Ctk1 is present in the nucleolus and interacts directly
and specifically with Pol I.
In yeast, substrates other than the CTD have been described
for the CTD kinases Kin28 (43,44) and Srb10 (45–48,43). All
these substrates are class II transcription factors, in agreement
with the fact that so far, the function of CTD kinases has been
restricted to mRNA synthesis. CTDK-I being involved in
rRNA synthesis raises the question of whether the Pol I
might be a new substrate of the Ctk1 kinase. Although we
do not rule out this possibility, several lines of evidence suggest that it might not be the case: (i) most cyclin-dependent
kinases can associate with several cyclins either sequentially,
or in diverse cellular compartments, and cyclins often dictate
their kinase specificity (68). Indeed, physical interaction
between a cyclin subunit and its kinase substrate has been
reported in both yeast and mammals (69–71), whereas neither
the Ctk2 cyclin nor the Ctk3 co-cyclin subunit display a detectable interaction with Pol I. (ii) A stable interaction is generally
not observed between a kinase and its substrate. Interestingly,
during the Ctk1 purification process, we never evidenced any
interaction between Ctk1 and its known substrate, namely the
CTD, consistent with the fact that Ctk1 has never been identified as a component of either the Pol II holoenzyme or the
Pol II elongator complex. In contrast, co-immunoprecipitation
experiments demonstrate physical interaction between Ctk1
and Pol I.
It has been suggested that some nucleolar proteins are not
specifically targeted to the nucleolus, but rather are retained in
this compartment as a consequence of their functional interactions with other components (72). We suggest that Pol I
might be the docking site of the Ctk1 kinase, thus targeting
CTDK-I to a nucleolar substrate. Such hypothesis is reminiscent of the recruitment of the CTD phosphatase Fcp1 that has a
docking site distinct from its CTD substrate (73).
We have tried to rescue in vitro Pol I transcription from Dctk
mutant extract by the addition of purified CTDK-I. Although
CTDK-I could efficiently phosphorylate a recombinant CTD,
its addition did not rescue specific transcription in Dctk extract
(data not shown). Several reasons can account for this negative
result (e.g. it is possible that a cofactor required for Ctk1
function in the Pol I transcription process is not co-purified

with Ctk1) that is in agreement with previous data showing
that only CF, UAF–TBP, and Pol I–Rrn3 are required
for efficient in vitro transcription (57). It is thus possible
that Ctk1 is not active in vitro for Pol I transcription.
Although Ctk1 is not essential in vivo for Pol I transcription,
prior phosphorylation of its substrate in vivo would be required
to observe efficient transcription in vitro.
Altogether our data suggest that Ctk1 might be involved in
Pol I transcription during the initiation step, the major step of
Pol I transcription regulation (74). In vitro experiments indicate that Pol I binding to the 35S promoter is defective in the
absence of Ctk1, and Pol I occupancy at the 35S promoter is
decreased in Dctk cells as observed by chromatin immunoprecipitation experiments. Furthermore, in yeast exponential cells
most Pol I is not associated with Rrn3, and similarly, most
Pol I is not associated with the Ctk1 kinase. Because the
fraction of cellular Ctk1 that co-purifies with Pol I also
co-purifies with Rrn3, it is possible that in vivo, Ctk1 is
associated with Pol I–Rrn3 the only form of enzyme competent for transcription initiation.
Several lines of evidence indicate that at the level of Pol II
transcription, CTDK-I function is growth-related. (i) The stability of the activating subunit, the Ctk2 cyclin, is correlated to
cell density (23), (ii) CTK1 deletion affects the pattern of CTD
phosphorylation, a pattern shown to be regulated in response to
environmental signals (14,25), and (iii) ctk mutants exhibit
defects in the transcriptional induction of various classes of
genes in response to growth conditions [(25) V.G., unpublished data], indicating that CTDK-I functions in a genespecific fashion in response to growth conditions. It is possible
that CTDK-I may play a regulatory role related to environmental signals in both Pol II and Pol I transcription processes,
consistent with the fact that this kinase is not essential to cell
viability.
Interestingly, Fath et al. (75) recently reported that dephosphorylation of Pol I by the CTD phosphatase Fcp1 is required
for efficient rRNA synthesis. It thus appears that enzymes
involved in CTD phosphorylation/dephosphorylation are
also implicated in Pol I transcription in yeast. In higher eukaryotes, several components previously described as class II
specific factors, have also revealed to be involved in rDNA
transcription (58,76,77). For example, in mouse, the class II
general transcription initiation factor TFIIH has been shown to
be an integral component of the Pol I holoenzyme required for
in vitro rRNA synthesis, providing a link between Pol I transcription and transcription-coupled repair of active ribosomal
genes (58,78). Given the strong functional similarities between
gene expression in yeast and mammals, it is likely that similar
to CTDK-I, CTD kinases will be implicated in mammals in the
control of other transcription systems, a means for eukaryotic
cells to coordinate the control of mRNA and rRNA synthesis
in response to changes in the environment or in the cell growth
rate (2,79). An attractive possibility is that CTDK-I links
distinct nuclear machineries, thus participating in the global
transcriptional response to environmental signals.
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