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ABSTRACT

The genomic stability of the rDNA tandem array is
tightly controlled to allow sequence homogenization
and to prevent deleterious rearrangements. In this
report, we show that the absence of the yeast CTD
kinase | (CTDK-l) complex in null mutant strains
leads to a decrease in the humber of tandem rDNA
repeats. Reintroduction of the missing gene induces
an increase of rDNA repeats to reach a copy humber
similar to that of the original strain. Interestingly,
while expansion is dependent on Fob1, a protein
required for replication fork blocking activity in
rDNA, contraction occurs in the absence of Fob1.
Furthermore, silencing of class Il genes at the rDNA,
a process connected to rDNA stability, is not
affected. Ctk1, the kinase subunit of the CTDK-I
complex is involved in various steps of mRNA
synthesis. In addition, we have recently shown
that Ctk1 is also implicated in rRNA synthesis. The
results suggest that the RNA polymerase | tran-
scription defect occurring in a ctk1 mutant strain
causes rDNA contraction.

INTRODUCTION

In the yeast Saccharomyces cerevisiae, the genes encoding
the ribosomal RNAs are organized as a 9.1 kb unit repeated
tandemly about 150 times on chromosome XII (1). Each unit
contains a gene coding the 35S rRNA precursor transcribed
by RNA polymerase I (Pol I), and a 5S gene transcribed by
RNA polymerase III. These two transcription units are separ-
ated by non-transcribed spacers: NTS1 and NTS2. NTS1 con-
tains replication fork blocking (RFB) sequences (2) and an
RNA polymerase II (Pol II) promoter (3), whereas NTS2 con-
tains an origin of replication (4) and a cohesin associating
region (CAR) (5).

The number of ribosomal units is highly regulated in
order to maintain the integrity of the rDNA locus. Whereas
extensive recombination may be harmful to cells, a limited

and regulated level of recombination is important for cellular
adaptation, repeat number maintenance and also to keep
sequence homogeneity among rRNA genes. If repeats are
either inserted or deleted, a wild-type number is quickly
restored (6). Fobl and Sir2, two non-essential nucleolar
factors (7,8), together with DNA topoisomerase I and proteins
required for general recombination, are engaged in rDNA
recombination. Fobl (Fork barrier binding protein) can
bind RFB sites (9), thus displaying a RFB activity required
to prevent collision between DNA replication and rDNA
transcription (10). It is postulated that such a block allows
the formation of double strand breaks (DSBs) that can
initiate recombination (11). Recombination through unequal,
as opposed to equal, gene conversion, will lead to changes in
rDNA copy number. Kobayashi et al. (6) have shown that in
the absence of Pol I, IDNA copy number decreases to approx-
imately one-half of the normal value. Restoration of Pol I
activity leads to rDNA expansion until repeat number returns
to the normal level. Fobl has been shown to be required for
both rDNA contraction and expansion processes (6).

Sir2, a NAD+-dependent histone deacetylase, was first
identified as a silent information regulator (SIR) gene
required for silencing Pol II transcription of genes inserted
into the rDNA (12). Sir2 plays an essential role in forming
higher-order repressive chromatin structure that prevents
general access to Pol II machinery, thus causing silencing
in the chromosomal rDNA repeats. Sir2 decreases the rate
of recombination within tDNA repeats (13), regulates the
initiation of DNA replication (14), and suppresses recombina-
tion at replication forks stalled at the RFB (15). It has been
shown recently that rDNA amplification is dependent on tran-
scription from a non-coding bidirectional promoter (E-pro)
that is located in the rDNA spacer NTS1 (3). The authors
suggested that transcription of E-pro by Pol II stimulates
unequal recombination by disrupting cohesin association
with the rDNA, thus allowing a change in rDNA copy num-
ber. In normal situations, Sir2 is a negative regulator of E-pro
transcription, its activity thus allowing cohesin to associate
with rDNA, thereby preventing recombination.

An unanswered question is why cells keep such a high
content of rDNA units. In growing yeast cells, only a fraction
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of the 35S genes are actively transcribed by Pol 1. Indeed,
regulation of 35S synthesis can basically occur at two main
levels: the ratio of active genes and the transcription rate of
each gene. The percentage of active genes decreases dramat-
ically as cells enter stationary phase (16), whereas in expo-
nential cells, rRNA transcription rate is determined by the
overall initiation rate, rather than the number of active
genes (17). The major step controlling the rate of 35S syn-
thesis is transcription initiation. Specific initiation requires
Pol I-Rrn3, the upstream activator complex (UAF), the
TATA binding protein and the core factor (18). Pol I-specific
subunits of UAF are not absolutely required for cell growth,
and UAF is not required in vitro for basal transcription
(19,20). In the absence of functional UAF, efficient growth
can be achieved by transcribing endogenous rDNA by Pol
I, a process known as polymerase switched state (PSW)
(21). It has been further shown that the alteration responsible
for the PSW phenotype resides in expansion of chromosomal
rDNA repeats (22).

CTD kinase I (CTDK-I) is a cyclin-dependent kinase
complex composed of three subunits, Ctkl encoding the cata-
lytic subunit (23), Ctk2 and Ctk3, a cyclin and a co-cyclin,
respectively, each required for kinase activity (24). Although
CTDK-I is not essential for cell viability, deletion of each
gene leads to cold sensitivity and severe growth defects.
Ctkl is one of the four kinases involved in phosphorylation
of the C-terminal domain (CTD) of Pol II. It has been implic-
ated in various aspects of mRNA synthesis. Ctk1 is the major
kinase involved in CTD phosphorylation during transcription
elongation (25), and it has also been connected to splicing
(26), 3’ end processing (27,28), DNA damage-induced tran-
scription (29), histone methylation (30) and nuclear export
of mRNA (31).

We have recently shown that, similar to other factors pre-
viously described as specific components of the Pol II tran-
scriptional machinery (32-36), Ctkl is involved in rRNA
synthesis: (i) Ctkl is present in the nucleolus and interacts
directly with Pol I, (ii) Actk cells exhibit defects in nucleolar
structure and (iii) in the absence of Ctkl1, Pol I transcription is
affected both in vivo and in vitro (37). In this report, we show
that Ctk1 is required for the integrity of the rDNA locus. Null
ctk mutant strains display rDNA contraction phenotypes
that are fully reversed when the null mutation is reversed.
Surprisingly, contraction does not require Fobl, suggesting
a mechanism distinct from that leading to contraction
observed in the absence of rDNA transcription by Pol L
The possible connection between a Pol I transcriptional
defect and rDNA contraction is discussed.

MATERIALS AND METHODS
Strains and cultures

The yeast strains used in this study were derived from
FY1679-18B (MATo his3A200 leu2Al trplA63 ura3-52)
and W303—1B (MATo ade2-1 canl-100 his3-11,15 leu2-
3,112 trpl-1 wura3-1). Cells were grown in either YPD or
SD medium supplemented with appropriate nutrients. All
yeast constructs were obtained by one-step gene replacement
(38). The MCD1-HA and SIR2-HA tagged-strains were con-
structed by fusion of sequences encoding three HA-tags at the
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3" end of each gene using the plasmid pFA6a-3HA-His3MX6
(39). Actkl, Actk2 and Actk3 null mutants are described in
(40). fobl and ctkl null mutations were created by replacing
each open reading frame by the Schizosaccharomyces pombe
HISS5 [pFA6a-His3MX6, (39)] and the TRPI genes, respect-
ively. Complementation of ctk/ and ctk2 null mutations
were performed by replacing the TRPI marker by either
CTKI or CTK2 open reading frame carried on a PCR-
fragment. The resulting strains were grown for ~60 genera-
tions before chromosome analysis. Complementation of
Actkl-Afobl cells was obtained by transformation with the
CTKI1 gene born on a LEU2 CEN plasmid (40). For psoralen
cross-linking and primer extension analyses, we used a clone
of AfobI-Actkl cells that had not undergone rDNA contrac-
tion. Cells were grown for 100 generations by serial culturing
(dilution when cultures reached OD 1.6): dilutions were
performed every day for Actk strains (doubling time of 3 h)
and twice a day for CTK strains (doubling time of 1.5 h).
OD measurements were performed with a BioPhotometer
(Eppendorf) at a wavelength of 600 nm.

For silencing studies, strains were constructed as in (41).
The mURA3-HIS3 cassette was inserted in FY1679-18B
cells either 50 nt before the left side of the rDNA array, or
replacing the trplA63 gene to generate WT-50L and WT-C,
respectively. Transformants were selected by histidine proto-
trophy. CTK! open reading frame was then replaced by the
TRPI marker to yield Actkl-50L and Actkl-C, respectively.
Further SIR2 disruption was performed by replacing SIR2
open reading frame by the KanMX6 marker (39). To assay
mURA3 expression, 5 pl of 10-fold serial dilutions of cells
grown to early exponential phase (OD 0.4) were spotted onto
SD medium supplemented with tryptophane and leucine, plus
either histidine (SD-URA) or uracil (SD+URA).

For homologous recombination studies, CTK/ was deleted
in RAD5+ W303-1B derived D444-1D cells (arg4ABglll
URA3::arg4EcoRV::ura3-1). Wild-type and two independent
Actkl strains were plated on YPD prior to replica on medium
without arginine when colonies were 1.5 mm diameter. The
number of papillae was scored after 2 day and 4 day incuba-
tion for wild-type and Actk! strains, respectively.

Contour-clamped homogeneous electric field
electrophoresis

7 % 107 cells grown in YPD were washed with 50 mM EDTA
(pH 8) and suspended in 100 ul agarose mixture (1% agarose
SeaPlaque GTG, 1 M sorbitol and 20 mM EDTA, pH 8) at
45°C, supplemented with lyticase (Sigma) and J-
mercaptoethanol at final concentration of 0.2 mg/ml and
0.1%, respectively. Plugs were incubated for 2 h at 37°C
with gentle agitation in buffer A (I M sorbitol, 20 mM
EDTA, pH 8, and 10 mM Tris, pH 7.5) supplemented with
Iyticase (0.2 mg/ml) and B-mercaptoethanol (0.1%). Plugs
were further incubated in lysis buffer (1% lithium lauryl sul-
fate, 100 mM EDTA, pH 8, and 10 mM Tris, pH 8) for 1 h at
37°C. After overnight incubation at 37°C in fresh lysis buffer,
plugs were washed for 30 min with TE buffer pH 8 (three
times at 50°C and three times at room temperature). DNA
was subjected to gel electrophoresis in a 0.8% agarose gel
(SeaKem GTG agarose), 0.5x TBE, using a contour-clamped
homogeneous electric field (CHEF) Mapper (Bio-Rad) at a
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linear pulse of 5-15 min, 3 V/cm, an angle of 120°, at 12°C
for 68 h. The gel was then stained with 1 pg/ml ethidium
bromide for 20 min at room temperature and washed twice
for 10 min before being photographed. The gel was eventu-
ally further analysed by Southern hybridization.

Isolation of DNA and Southern blot analysis

Yeast cells were washed in cold water, suspended at a
concentration of 2.5 x 10® cells per ml in Yeast Wash
Buffer (1 M sorbitol, 40 mM KPO,, pH 7.5 and 20 mM
B-mercaptoethanol). Cells were then incubated with
0.1 mg/ml zymolyase 100T (ICN) for 30 min at 37°C. The
spheroplasts were washed in Yeast Wash Buffer and lysed
with 500 ul TE buffer (pH 7.5) containing 0.5% SDS.
Suspension was further treated with 50 pg/ml RNase
(Eurogentec) for 30 min at room temperature and then with
I mg/ml proteinase K (Roche) for 3 h at 50°C. DNA was
extracted twice with phenol:chloroform:isoamyl alcohol and
precipitated with propanol. For telomere analysis, 2 ug
DNA was digested with 30 U Xhol, separated on 1% agarose
gel, transferred on to Hybond N+ membrane (Amersham
Biosciences), cross-linked by UV and hybridized with
telomere Y’ probe. For Extrachromosomal Ribosomal Circles
(ERCs) analyses, DNA extraction from 5 X 107 W303-1B
derived cells, and one-dimensional gel electrophoresis, were
performed as in (42), except that phenol/chloroform and
chloroform extraction steps were omitted during DNA pre-
paration. Hybridization of PCR fragments labelled with
[0-*?P]dCTP by random priming (Prime-it II; Stratagene),
was performed using standard methods. ERC quantification
from two independent experiments was performed with a
PhosphorImager.

rDNA quantification

For rtDNA quantification, 10 ug DNA was incubated over-
night with 30 U EcoRI at 37°C and analysed by Southern
blot with PCR fragments specific for rDNA, and genes located
on chromosome XII (VPSI/3 and SIR3). For real-time PCR
analysis, three serial dilutions of genomic DNA were ampli-
fied four times with two sets of primers specific for rDNA,
and two sets specific for chromosome XII (VPSI3 and
SIR3). Oligonucleotides’ sequences are available on request.

Psoralen cross-linking

Psoralen cross-linking procedure was adapted from (16).
Briefly, 5 x 10® early exponential growth-phase cells were
collected by centrifugation, washed twice with ice-cold
water and suspended in 1.4 ml ice-cold TE buffer, pH 7.5.
Cell suspensions were then placed in a six-well culture
plate and irradiated 5 min on ice with an UV-lamp
(125 watts, 365 nm) at a distance of 6 cm after addition of
70 ul of a 200 pg/ml stock solution in ethanol of 4,5',8-
trimethylpsoralen (Aldrich). This irradiation was performed
five times. Genomic DNA was then extracted and digested
with EcoRI prior to Southern blotting analysis using either
a 35S or an intergenic rDNA-specific probe (16).

Primer extension

Total RNA was extracted from 1 x 10® cells grown to OD 1
by hot acid-phenol treatment as described previously (43).

After suspension, 3 ng wild-type total RNA, and the corres-
ponding volume for each sample, were analysed by primer
extension as in (20) with 0.2 pmol of end-labelled 35S
(ACACGCTGTATAGAGACTAGGC) and U6 (AAACGAA-
ATCTCTTTG) oligonucleotides, plus 5 pmol of ice-cold
oligonucleotide. Extension products were separated by elec-
trophoresis on an 8% acrylamide gel containing 7 M urea
in TBE. The gel was dried, submitted to autoradiography
and analysed with a Phosphorlmager (Molecular Dynamics).

Western immunoblotting

Proteins were extracted in TCA by mechanical lysis with
glass beads and analysed by western immunoblotting as
described previously (40) with either HA-11 monoclonal
antibodies (Babco), or polyclonal antibodies directed against
the A43 subunit of Pol I (44). After washing, membranes
were incubated with horseradish peroxidase-conjugated goat
anti-mouse (HA) or anti-rabbit (A43) immunoglobulin G at
1/10000 (Promega). The blots were visualized by chemolu-
minescence (Amersham), and signals were quantified with a
FluorChem FC (Alpha Innotech Corporation).

Chromatin immunoprecipitation

Wild type-MCDI-HA and ctk/-MCDI1-HA strains were
grown in YPD medium to OD 2. Cross-link, cell lysis, chro-
matin preparation, cross-link reversal and immunoprecipi-
tation were performed as previously described (45,46).
Immunoprecipitation was realised with protein Dynabeads
Pan mouse IgG (Dynal Biotech) coupled with HA-12CAS
antibodies. Immuno-precipitated and total DNA were ana-
lysed by real-time PCR with the Platinium SYBR Green kit
(Invitrogen) and the 7300 Real-Time PCR System (Applied
Biosystems), using 3 pairs of primers amplifying a 122 bp
fragment specific of the RFB region (GTGTGAGGAAAAG-
TAGTTGGGAGGTA, GACGAGGCCATTTACAAAAAC-
ATAAC), a 83 bp fragment specific of the CAR region
located in NTS2 (CGGAAACGCAGGTGATATGAG, AAA-
ATTGTCCTCCACCCATAACAC), and a 101 bp fragment
specific of the CUPI gene (GGTCATGAGTGCCAATGC-
CAATGT, GGGCATTTGTCGTCGCTGTTACAC). Two
independent experiments were performed and triplicates were
analysed 3 times for each experiment. The relative occupancy
level is calculated as the ratio between the IP signal and the
respective total DNA signal.

RESULTS

The absence of CTDK-I leads to contraction of the
rDNA locus

ctkl, ctk2 and ctk3 null mutant cells display identical pheno-
types (47), as they all lack Ctk1 kinase activity (24). We have
previously shown that the absence of Ctkl kinase activity
leads to defects in nucleolar structure (37). Because it is
known that chromosomal rDNA deletion mutants contain a
nucleolus that is not organized as a crescent-shaped structure
(48), we sought to study the rDNA locus in Actkl cells. As
the number of rDNA units varies from strain to strain (49),
two strains with distinct genetic backgrounds were used:
FY1679-18B (50) and W303-1B (51). The size of the



XII chromosome, containing the rDNA locus, was analysed
using CHEF electrophoresis. Chromosomes were visualized
by ethidium bromide staining, and chromosome XII was
further identified by Southern blot hybridization with an
rDNA probe. To determine rDNA quantities relative to
chromosome XII in each strain, genomic DNA was analysed
by quantitative real-time PCR and by Southern blotting
after enzymatic digestion. We used a probe specific for the
35S gene, and as references, we used probes specific for the
left (VPS13) and the right (SIR3) arms of chromosome XII,
respectively. We observed that FY1679-18B and W303-1B
wild-type cells contained a different sized chromosome XII
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(Figure 1A), suggesting different contents of rDNA
sequences (120 and 230 copies of rDNA genes, respectively).
Experiments analysing genomic DNA further confirmed that
FY1679-18B cells contained 50% less 35S genes than W303-
1B cells (Figure 1B). Interestingly, chromosome XII from
Actkl, Actk2 and Actk3 cells, was systematically shorter
than that from isogenic wild-type cells (Figure 1A, and data
not shown). Specifically in FY1679-18B strains, containing
a relatively small chromosome XII, wild-type and mutant
chromosome XII each migrated as a sharp band, indicating
a rather homogeneous chromosome population. Further
analysis of genomic DNA by Southern blotting and quantitat-
ive PCR confirmed that the shortening of chromosome XII
was owing to contraction of the rDNA tandem array
(Figure 1B). For each null mutant strain, rDNA content var-
ied from 50 to 80% of that found in isogenic wild-type cells.
Analysis of a dozen independent additional null mutants gave
similar results (data not shown). Examination of a catalytic
mutant of the Ctkl kinase (37) revealed also a chromosome
XII shorter than wild type (data not shown), with an estima-
tion of rDNA sequences being 40% of that of the isogenic
wild type. Altogether, the results show that any ctk mutation
leads to rDNA contraction.

Although the regulation of rRNA synthesis has not been
connected to rDNA contraction and expansion (17), we
wondered whether the contraction phenotype observed in
the ctk mutant strains was the consequence of their reduced
growth rate. To get an insight into this question, we analysed
Apdri3 cells. PDR13 encodes a member of the Hsp70 family
that is implicated in pleiotropic drug resistance (52). PDRI3
is required for normal growth, and Apdri3 cells display a
reduced growth rate similar to that of Actkl cells (WT:
1h30, Apdri3: 2h35 and Actkl: 2h50). We have previously
shown that Apdri3 cells do not display any defect in Pol I
transcription (37). Chromosome analysis by CHEF electro-
phoresis showed that the size of chromosome XII was similar
in Apdri3 and isogenic wild-type cells (Figure 1C), indicat-
ing that Apdri3 cells did not undergo rDNA contraction.
This result suggests that rDNA contraction is not (at least
not solely) the consequence of the reduced growth rate of
the Actkl mutant strain.

Figure 1. The rDNA tandem array is contracted in Actk null mutant strains.
(A-D) Chromosome XII analysis. FY1679-18B and W303-1B derived cells
were grown in YPD. After cell digestion, agarose plugs were subjected to
CHEEF electrophoresis. (A) Gels were photographed after ethidium bromide
straining (EtBr), and further analysed by Southern blotting with a 35S probe
and autoradiographed (35S probe). Arrows point to chromosome XII.
(B) rDNA was quantified using probes specific for the rDNA and for genes
located on the extremities of chromosome XII (VPS/3 and SIR3). Genomic
DNA was analysed either by Southern blotting and signals were quantified
with a Phosphorlmager (light grey boxes), or by quantitative real-time PCR
(dark grey boxes). Ratios of rDNA over non-rDNA values were reported.
Units were set relative to the measurement for the FY 1679 strain (left panel)
or the wild-type isogenic strain (right panel), performed using Southern
blotting. (C) Chromosomes from W303-1B (WT) and isogenic Apdri3 cells
were analysed by CHEF electrophoresis and ethidium bromide straining. The
arrow points to chromosome XII species. (D) Five independent cultures of
Actkl cells (FY1679-18B) were grown for 100 generations in YPD prior to
chromosome analysis. Bracket points to chromosome XII. (E) Homologous
recombination analysis. Wild-type and Actk! cells were spotted on YPD prior
to replica-plating on SD-ARG. The number of papillae was scored and
reported for each strain (ARG+).
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Five independent cultures of Actkl cells (Figure 1A,
FY1679-18B) were carried out for 100 generations, prior
to chromosome analysis by CHEF electrophoresis. As previ-
ously observed in the FY1679-18B genetic background, each
culture contained homogeneous chromosome XII populations
migrating as sharp bands (Figure 1D). However, chromo-
somes from some of the clonal cultures exhibited significant
size variations (clones d and e, Figure 1D). We conclude that
rDNA contraction phenotypes are not completely stable as
they can subsequently undergo slight clonal variations.

rDNA contraction may result either from unequal gene
conversion occurring through homologous recombination,
or repair of DSB by a single strand annealing mechanism,
whereas in contrast, expansion has to result from unequal
gene conversion (53). We thus asked whether the reduced
size of the rDNA array observed in ctkl mutant cells was
linked to a putative incapacity to perform gene conversion,
and thus to expand the rDNA array. To address this question,
we tested homologous recombination within a non-rDNA
gene duplication. CTK] was deleted in a strain containing
two distinct arg4 mutant alleles (D444-1D; S. Gangloff,
unpublished data), so that only an event of homologous
recombination can lead to a functional ARG4 gene. Genera-
tion of ARG4 cells was monitored by the apparition of papil-
lae after replica-plating on medium lacking arginine. We
observed that CTK/ deletion led to a number of papillae on
medium without arginine similar to that observed for the
wild type (Figure 1E), showing that homologous recombina-
tion is not affected in Actkl cells. Taken together with the
fact that we observed clonal variation including limited
expansion, following rDNA contraction in Actkl cells, these
results suggest that mechanisms required for rDNA expansion
are not defective in Actkl cells.

rDNA contraction is reversible and specific

To study whether rDNA contraction observed in the absence
of CTDK-I is a reversible process, we reintroduced the
appropriate CTK allele at its native chromosomal locus, and
subsequently analysed the size of chromosome XII in the res-
ulting strains. For W303-1B genetic background, we chose
to analyse complementation in Actk2 cells that contained
the largest rDNA deletion. Interestingly, introduction of the
CTKI and CTK2 genes into Actkl (FY1679-18B) and Actk2
(W303-1B) cells, respectively, restored wild-type size for
each strain’s chromosome XII (Figure 2A). We conclude
that the rDNA contraction induced by the absence of the
CTDK-I kinase is fully reversed when the CTDK-I complex
is restored, demonstrating that CTDK-I is required for the
integrity of the rDNA locus.

We next wondered whether, among the different repeated
sequences of the genome, the contraction phenotype in
Actkl cells was specific of the rDNA locus. To address this
question, we analysed telomeres that are also composed of
sequence repetitions. We performed Southern blot experi-
ments after restriction digestion of genomic DNA from
Actkl, Actk2 and Actk3 mutant strains. FY1679 wild-type
cells exhibited a larger smear than any of the other strains
(Figure 2B). However, we did not observe any substantial
differences in the sizes of the telomeres from the dif-
ferent strains (Figure 2B). We note that this result is not in
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Figure 2. The rDNA contraction is reversible and specific. FY1679-18B and
W303-1B derived cells were grown in YPD. (A) Complementation analysis.
Chromosomes from two independent Actk!/CTK1 (FY1679-18B) and Actk2/
CTK2 (W303-1B) clones, respectively, were analysed by CHEF electro-
phoresis and ethidium bromide staining. Size markers are Hansenula wingei
chromosomes (M), and their sizes are indicated in megabase pairs.
(B) Telomeres analysis. After digestion, genomic DNA was analysed by
Southern blotting with a probe specific for telomeres. Bands are visualized by
autoradiography.

agreement with that described in a genome-wide analysis
showing that Actkl deletion affects telomere length (54).
Although this discrepancy could be owing to distinct genetic
backgrounds, it is puzzling that neither Actk2 nor Actk3
deletion mutant strains were recovered in this systematic
study. Taken together, these results suggest that CTDK-I is
specifically required for the integrity of the rDNA locus.

Cohesin association at the rDNA locus

It has been shown recently that cohesin complexes dissociate
from rDNA when this latter is undergoing amplification (3).
Cohesin complexes are found to bind to specific regions of
chromatin from S phase to mitosis in order to hold chromatids
in place leading to equal (versus unequal) sister-chromatid
recombination, and thereby preventing changes in copy num-
ber after the formation of DSB (11). We thus asked whether
a defect of cohesin binding at rDNA in Actkl cells might
be linked to rDNA contraction. To assess cohesin association
at tDNA, we performed chromatin immunoprecipitation with
strains containing a tagged version of Mcdl, one of the
components of cohesin complexes (55). After immunoprecip-
itation, similar levels of Mcdl-HA proteins were recovered
in wild-type and Actkl extracts (data not shown). Co-
precipitation of 500 bp-long DNA fragments was analysed



with pairs of oligonucleotides located at the RFB region
and the CAR in NTS2, and as positive and negative controls
we used oligonucleotides located in a centromeric region
(CEN3), and in the CUPI gene array, respectively. Fragments
were quantified by real-time PCR and the relative occupancy
of Mcdl-HA at a given locus was reported as the ratio of
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Figure 3. Analysis of Mcdl association to rDNA by chromatin immunopre-
cipitation. After cross-linking, cell lysis and sonication, wild-type MCD1-HA
(light grey boxes) and Actkl MCDI1-HA (dark grey boxes) extracts were
immunoprecipitated with anti-HA antibodies. Total and immunoprecipitated
DNA were analysed by real-time PCR using four sets of primers: RFB, CAR,

CEN3 and CUPI, respectively. Ratio of immunoprecipitated over total DNA
was reported.
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immunoprecipitated over total DNA (Figure 3). We observed
a slight but significant increase of co-precipitation of the
three specific loci analysed in Actkl compared to wild-type
extract (1.5- to 1.8-fold), as well as for the CUPI locus
(1.4-fold). We do not know the biological relevance, if any,
of such an increase. However, we conclude that cohesin
binding at rDNA sequences is not decreased in Actk/ com-
pared to wild-type cells, indicating that rDNA contraction
is not correlated to cohesin complex dissociation such as
that taking place during expansion (3).

Fob1 requirement

Two types of components are involved in rDNA contraction
and expansion processes: (i) factors implicated in Pol I
transcription and (ii) factors implicated in the recombination
process. Although it is not systematically required for rDNA
recombination (56), Fobl has been shown to be required for
the gradual decrease in rDNA repeat number that is observed
in rpal35 deletion mutants (6). To analyse whether Fobl
is required for rDNA contraction in Actk/ mutant cells, we
deleted the FOBI gene prior to deleting CTK/ in FY1679-
18B cells. Unlike what has been reported recently (57), we
observed that FOBI deletion generated a moderate decrease in
chromosome XII size (Figure 4A). Four independent Afobl-
Actkl double mutant strains were grown for 100 generations

Afobl-Actkl B

a a+l00 b b+100

5 5

Afobl-Actkl#2

W303-1B

Figure 4. Fobl1 is required for rDNA expansion, but not for contraction. Chromosomes from FY1679-18B (A and C) and W303-1B (B) derived cells grown in
YPD were analysed by CHEF electrophoresis and ethidium bromide staining. (A and B) Contraction analysis. CTK/ was deleted in Afob! cells, and independent
clones were analysed either after growth for 100 generations (A, a—d and B) or for 200 generations (A, a+100, b+100). (C) Expansion analysis. FOBI was deleted
in Actkl cells prior to re-introduction of the CTK gene born on a CEN, LEU2 plasmid. Five independent clones were analysed after growth for 100 generations.
Size markers are Hansenula wingei chromosomes (M), and their sizes are indicated in megabase pairs.
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prior to chromosome XII analysis by CHEF electrophoresis.
In all cases, the size of chromosome XII was smaller than
that of the wild-type control, although slightly longer than
that from Actkl cells (Figure 4A). Two of these strains
were grown for 100 additional generations. CHEF analysis
showed that in one case, chromosome XII size did not vary
(Figure 4A, compare lane a+100 to lane a), whereas in the
other case, the size decreased (Figure 4A, compare
lane b+100 to lane b), and was significantly smaller than
the Afobl control. Further analysis of genomic DNA by
real-time PCR showed that AfobI-Actkl a+100 and Afobl-
Actkl b+100 rDNA was contracted (75 and 50% rDNA
compared to wild type, respectively). To confirm these
results, we also analysed contraction in two independent
Afobl-Actkl clones derived from the W303-1B strain. Both
strains showed a chromosome XII shorter than wild type
(Figure 4B), indicating contraction of the rDNA array.
Reduction of the number of 35S genes was confirmed by
quantification of genomic DNA with real-time PCR experi-
ments (63 and 68% rDNA compared to wild type, respect-
ively). We conclude that contraction can still occur in the
absence of Fobl, although it may be less efficient.

To analyse rDNA expansion, we deleted FOBI in Actkl
cells, before reintroduction of a wild-type CTK/ gene borne
on a centromeric plasmid. Five independent clones were
analysed. We did not observe any rDNA expansion when
Fobl was absent (Figure 4C). Thus, rDNA expansion after
re-introduction of the CTKI gene is a process that strictly
requires the Fobl protein. Altogether, the results suggest
that rDNA contraction generated by CTK/ deletion, and
rDNA expansion following CTK! re-insertion arise by two
distinct mechanisms.

ERC:s levels in Actkl cells

In a yeast DNA topoisomerase double mutant, over half
of the rDNA is present as ERCs (58). ERCs are generated
by a Fobl-dependent homologous recombination process
initiated by DSB in the rDNA (8). To study whether IDNA
contraction was related to ERC formation in Actkl cells,
we analysed ERC abundance. After extraction from sphero-
plasts, DNA was analysed by Southern blotting with an
rDNA-specific probe. As a negative control we used a Afobl
(8) strain as fobl mutations have been shown to reduce ERC
formation (8,59), and as a positive control, we analysed an
sgs] mutation that stimulates rTDNA recombination and the
formation of ERCs (42). The levels of chromosomal rDNA
were comparable in all four samples (Figure 5). As expected,
the ratio of ERC monomers and dimers over chromosomal
rDNA was significantly lower in Afobl cells compared to
wild type (0.3-fold), whereas in contrast, it was higher in
Asgsl cells (2.8-fold). Actkl cells contained ERCs at a
level similar to isogenic wild-type cells (1.2-fold). Although
this data slightly over-estimates the number of ERCs per cell
(as this mutant strain contains 75% rDNA compared to wild
type), the results show that ERC abundance is similar in wild-
type and Actkl cells. We conclude that rDNA contraction in
Actkl mutant strain might not be concomitant with ERC
formation. This observation is consistent with the fact that
ERC formation is a Fobl-dependent process, whereas con-
traction in Actkl cells is not, suggesting that contraction

Actkl

WT

Figure 5. ERC analysis. DNA was extracted from W303-1B (WT), Actkl,
AfoblI and Asgs! cells, respectively, prior to electrophoresis on an agarose gel
and Southern blot analysis with a 35S probe. The chromosomal band is
indicated by an arrowhead, and ERC species by arrows.

might occur by a mechanism distinct from the unequal
chromatid exchange recombination pathway involved in
ERC formation (60).

Pol I transcription in Actkl cells

In principle, changes in rDNA copy number neither affect
the cell doubling time (6), nor rRNA synthesis (17). This is
possible by modifying the proportion of active genes, thus
maintaining a wild-type number of active genes. To study
the possible connection between a defect in 35S synthesis
and the rDNA contraction phenotype, we analysed the ratio
of transcribed genes in Actkl cells. For this purpose, we per-
formed in vivo cross-link of DNA to psoralen (16). Active
and inactive genes are characterized by distinct chromatin
structures (16). An increase of psoralen cross-linking at the
rDNA reflects a more open chromatin structure, correspond-
ing to transcribed genes, that is detected by a slower mobility
of isolated rDNA fragments on native gels. Psoralen cross-
linking of yeast cells and photo-reactions were carried out
prior to genomic DNA isolation and restriction enzyme diges-
tion. IDNA fragments were then analysed by Southern blot-
ting with an intergenic rDNA-specific probe. Such a probe
hybridizes to a 2.5 kb-EcoRI intergenic fragment whose
migration is correlated with the extent of psoralen cross-
linking (12,61). We observed that migration was slower for
fragments derived from Actkl and Actk2 cells compared to
wild type (Figure 6A). Because ribosomal spacers between
active genes have a different nucleosomal organization than
spacers flanking inactive genes (16), these results suggest
that the mutant cells contain a fraction of open genes higher
than wild type. We next performed experiments with a 35S
probe that leads to detection of a 2.8 kb EcoRI fragment as
two distinct bands (16): a slower migrating band correspond-
ing to heavily cross-linked DNA, and a faster migrating band
corresponding to slightly cross-linked DNA molecules
(Figure 6B). Quantification with a Posphorlmager showed
an increase in the ratio of slow/fast-migrating bands, indicat-
ing a higher proportion of transcribed genes in Actkl cells
compared to the isogenic wild type (Figure 6B). Together
with the estimation of the total number of 35S genes, the res-
ults suggest that the absolute number of open genes is similar
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Figure 6. Pol I transcription analysis. (A—C) Psoralen cross-linking experiments. After psoralen treatment, genomic DNA from wild type (WT), Actk!, Actk2 and
Afobl—Actkl extracts were analysed by Southern blotting with either an intergenic rDNA probe (A and C) or a 35S rDNA probe (B). (B) As a control, non-
crosslinked wild-type DNA was loaded (WT-UN). Arrows indicate the 2.8 kb-EcoRI slow (s) and fast (f) migrating fragments, respectively. Quantification from
two independent experiments was performed with a Phosphorlmager. Ratios of slow to fast fragments are reported. (D) Primer extension analysis. RNA was
extracted from wild type (WT), Actkl and Afobl—Actkl cells. Primer extensions were performed with oligonucleotides specific for the 35S and the U6 RNA,
respectively. Two independent experiments were analysed by electrophoresis and autoradiography. Signals were quantified with a PhosphorImager and reported

as the ratio of 35S over U6 signals.

in mutant and wild-type cells. We next analysed a Afobl-
Actkl strain deficient in Ctkl kinase activity, but containing
a wild-type rDNA copy number (see Materials and Methods).
With the intergenic probe, we detected a labelled band dis-
playing a migration similar to that resulting from the wild-
type isogenic strain, suggesting similar levels of open genes
(Figure 6C). Altogether, the results suggest that the total
number of active genes is similar in mutant and wild-type
cells, regardless of the number of rDNA genes.

To analyse Pol I transcription, we performed primer exten-
sion using primers specific of the 35S RNA precursor and
of the U6 RNA as a control. As previously described (37),
primer extension gave rise only to products corresponding
to the expected start site (62), showing that Actkl cells do
not contain 35S rRNA synthesized by Pol II (21). Gel ana-
lysis by autoradiography and with a PhosphorImager showed
that levels of primer extension products corresponding to 35S
RNA were decreased 2-fold in Afobl-Actkl and Actkl cells,
compared to wild type (Figure 6D). In contrast, levels of pro-
ducts corresponding to the control U6 remained unchanged
(Figure 6D). The results show that despite a similar number
of open genes, 35S RNA synthesis is affected in the absence
of Ctkl, consistent with previous observations indicating that
Pol I transcription is affected at the level of transcription
initiation (37). Moreover, we conclude that the decrease in
35S RNA synthesis is not caused by rDNA contraction.

Silencing at the rDNA locus in Actkl cells

It was shown recently that mammalian Sir2 homolog is an
activator of Pol I transcription (63). Furthermore, several
studies in yeast have shown that Pol I transcription is required

for Sir2-mediated rDNA silencing (41,64). To study silencing
in Actkl cells, we first constructed strains containing a
tagged-version of the Sir2 protein in order to analyse Sir2
expression by western blotting. Although a control protein
was expressed at similar levels in wild-type and mutant
strains, Sir2-HA levels were substantially lower in Actkl
mutant cells (Figure 7A). Consistent with this observation,
mRNA levels analysed by northern blot were decreased in
Actkl cells (data not shown). We conclude that SIR2 expres-
sion is dramatically affected in Actk/ mutant cells.

To get an insight into Pol II silencing at the rDNA locus,
we took advantage of the fact that rDNA silencing spreads
into the centromere-proximal unique sequence located down-
stream of Pol I transcription (41). We used a reporter cassette
containing a modified URA3 gene (mURA3) to measure silen-
cing, and the HIS3 gene for selecting transformants (41). The
cassette was inserted into wild-type and Actkl cells, res-
pectively, 50 bp distant from the left side of the rDNA array
(WT-50L and Actkl-50L). In non-silenced control strains, the
cassette was inserted at the trp/A63 locus (WT-C and Actkl-
C). Growth on medium without uracil allowed monitoring of
mURA3 expression. Comparison of growth of control WT-C
and Actkl-C cells on SD-URA (+HIS) and SD+URA (-HIS)
media, showed that the mURA3 marker is properly expressed
(Figure 7B). WT-50L cells on SD-URA (+HIS) displayed
reduced growth compared to control, showing that when the
mURA3 marker is inserted at the rDNA locus, it is subjected
to silencing. We observed similar results for Actkl cells
(Figure 7B), indicating that silencing is not affected in the
absence of CTKI. As expected, further disruption of the
SIR2 gene generated growth similar to isogenic control
cells, showing that Pol II silencing was relieved
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Figure 7. Analysis of Pol II silencing at DNA (A) Sir2 expression analysis.
After extraction from wild-type SIR2-HA (WT) and Actkl SIR2-HA (Actkl)
cells, proteins were analysed by western blotting with anti-HA (upper panel)
and polyclonal anti-A43 (lower panel) antibodies, respectively. Chemolumi-
nescence was quantified with a Fluorchem FC and reported as the ratio of
Sir2-HA over A43 signal. (B) mURAS3 silencing analysis. 5 ul of 10-fold
serial dilutions of the indicated strain grown in YPD were spotted on
SD+URA (—HIS) and SD-URA (+HIS), respectively.
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(Figure 7B). The results show that despite a decrease in
cellular level of Sir2, silencing at rDNA is not affected
in Actkl cells. We thus conclude that the reduced rate of
Pol I transcription in Actkl mutant cells is still able to spread
silencing.

DISCUSSION

The absence of CTDK-I systematically induces a decrease in
the number of rDNA copies. Interestingly, this specific effect
is not dependent on Fobl. Complementation of the czk null
mutation leads to rDNA expansion until IDNA copy number
reaches a value similar to that of the original strain. In
contrast to the contraction, rDNA expansion requires Fobl.
Despite reduced levels of Sir2 protein, silencing at the
rDNA is not affected. The results suggest that a defect in
Pol I transcription generates rDNA contraction.

Silencing at rDNA is not affected

SIR2 transcription and Sir2 protein levels are severely
reduced in Actkl cells. Although it is possible that the Ctkl
kinase is specifically required for S/R2 transcription by Pol
II, another hypothesis is that Sir2 reduced level is the direct
consequence of the rDNA contraction. High levels of Sir2
are toxic to the cell, perhaps because it causes a profound
decrease in chromosome stability (65), and its expression
must be tightly regulated. Indeed, Michel et al. (66) have
recently reported that S/IR2 expression is down regulated
by the Sir2 protein itself. Spontaneous rDNA contraction
leads to a decrease in the fraction of nucleolar Sir2 and in

the overall Sir2 protein levels, but resulting cells display nor-
mal rDNA silencing. The authors suggested that upon rDNA
loss, a large nucleolar pool of Sir2 is released, and made
available for down regulation of SIR2 expression. Altogether,
our results suggest that the reduced levels of Sir2 are the
consequence of rDNA contraction. Consistent with this hypo-
thesis, silencing at rDNA is not affected in Actkl cells.

Fobl is required for rDNA expansion but not for
contraction

Gene conversion between non-aligned sister chromatids is
the predominant mechanism responsible for the expansion/
contraction of rDNA (53). Kobayashi et al. (6) proposed
that Fob1 mediates DSB, the initial event of gene conversion,
at the RBF sites of rDNA repeats, thus coupling expansion/
contraction to replication. Although expansion following
re-introduction of the missing CTK allele is dependent on
Fobl, rDNA contraction after deletion of a CTK gene is
not. Consistently, contraction of the rDNA tandem array is
not correlated to an increase in ERC levels. Taken together,
the results suggest that rDNA expansion may require Fobl
in order to increase DSB to initiate unequal gene conversion
events that will progressively restore a wild-type number of
rDNA genes. In contrast, rDNA contraction does not require
Fobl suggesting that it might arise as a single-step process,
maybe by a mechanism such as single-strand annealing.
In addition, a single event (or a limited number of events)
leading to contraction is consistent with the observation of
different degrees of rDNA contraction in mutant strains.

Interestingly, it has been described that spontaneous rDNA
copy number variations arise as a single-step process at a
very high frequency (1%) in W303 cells (66). These deletions
remove up to 50% of the rDNA locus. W303 wild-type cells
that have undergone rDNA contraction contain a rather homo-
geneous population of chromosome XII (66). Yet, W303
strains keep a constant number of rDNA genes. Thus, either
cells with a large deletion exhibit a selective disadvantage,
and in the long term, will not be maintained in the population,
or these cells will recover at some time an rDNA locus of
the initial size. The first hypothesis seems unlikely as it has
been shown that yeast cellular growth rate is not correlated
to the number of 35S genes: a strain carrying only 25% of
the normal rDNA repeats displays a growth rate identical
to that of its wild type (6). Actk strains contain a reduced
rDNA copy number that is in the order of 40-80% compared
to wild type. This feature is strongly reminiscent of the spon-
taneous contraction described in W303 cells. It is possible
that the contraction leads to a selective advantage in Actkl
cells, thus generating a cell population with a shorter chromo-
some XII. Alternatively, although our results suggest that
mechanisms leading to gene conversion are not affected in
Actkl cells, it is possible that these mutant cells are unable
to restore a wild-type number of rDNA copies after a spon-
taneous contraction.

Reduced rate of Pol I transcription and
rDNA contraction

In this report, we show that Pol I transcriptional impairment
is not the result of rDNA contraction, consistent with previ-
ous studies showing that rDNA contraction does not affect



35S synthesis (17). This is also consistent with the fact that
Ctkl interacts directly with Pol I in the nucleolus, strongly
suggesting that Ctk1 is involved directly in Pol I transcription
(37). Thus, although we do not rule out the possibility that
rDNA contraction might be connected to growth rate, and
although we have not established a direct connection between
Pol T transcription and rDNA contraction in Actkl cells, it is
tempting to speculate that a Pol I transcription defect
accounts for rDNA contraction in these cells. The absence
of an essential subunit of Pol I triggers a reversible gradual
decrease in rDNA repeat number to reach approximately
one-half of the normal value (6). Similar phenotypes are
observed in uaf N-PSW mutant strains in which rDNA is
very weakly transcribed by Pol II (22). Both studies demon-
strate that rDNA undergoes contraction when it is not tran-
scribed by Pol 1. Unlike uaf null mutations, ctkl mutation
does not lead to rDNA transcription by Pol II. It is thus the
first description of rDNA contraction occuring in a Pol I
mutant strain in which 35S RNA is transcribed by Pol L
Importantly, unlike rDNA contraction previously described
in Pol I mutant strains, that induced by ctk/ mutation does
not seem to be gradual and is not Fobl-dependent, suggesting
distinct mechanisms. Interestingly, our results are consistent
with the hypothesis that Pol I controls repeats number, per-
haps by stabilizing rDNA with the normal repeat numbers
as a stable nucleolar structure (6).
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