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The carboxy-terminal domain (CTD) of RNA polymerase II large subunit acts as a platform to assemble the
RNA processing machinery in a controlled way throughout the transcription cycle. In yeast, recent findings
revealed a physical connection between phospho-CTD, generated by the Ctk1p kinase, and protein factors
having a function in small nucleolar RNA (snoRNA) biogenesis. The snoRNAs represent a large family of
polymerase II noncoding transcripts that are associated with highly conserved polypeptides to form stable
ribonucleoprotein particles (snoRNPs). In this work, we have studied the biogenesis of the snoRNPs belonging
to the box H/ACA class. We report that the assembly factor Naf1p and the core components Cbf5p and Nhp2p
are recruited on H/ACA snoRNA genes very early during transcription. We also show that the cotranscriptional
recruitment of Naf1p and Cbf5p is Ctk1p dependent and that Ctk1p and Cbf5p are required for preventing the
readthrough into the snoRNA downstream genes. All these data suggest that proper cotranscriptional snoRNP
assembly controls 3�-end formation of snoRNAs and, consequently, the release of a functional particle.

Great advances have been made in determining the archi-
tecture of the “gene expression factory” (36), which is charac-
terized by a surprising number of factors associated together to
ensure an efficient and regulated RNA biogenesis. In all pro-
cesses allowing a mature and functional mRNA, a central role
is played by the carboxy terminal domain (CTD) of the RNA
polymerase II (Pol II) large subunit (17, 39, 43) that in vivo
undergoes an extensive phosphorylation and dephosphoryla-
tion throughout the transcription cycle (4, 50). It is well known
that a number of trans-acting factors required for pre-mRNA
processing directly or indirectly bind to differently modified
forms of CTD acting at different stages during transcription
(25, 42). Four cyclin-dependent CTD kinases (CTDKs) have
been described in Saccharomyces cerevisiae which are impor-
tant for CTD function: Kin28p, Srb10p, Bur1p, and CTDK-1.
CTDK-1 is a nonessential complex involved in the regulation
of mRNA synthesis at the level of transcriptional elongation,
pre-mRNA 3�-end formation, and nuclear export. Ctk1p is the
CTDK-1 subunit (29) required for the bulk of Ser2 phosphor-
ylation during elongation (3). Buratowski and colleagues have
found that this modification is required for coupling 3�-end
processing and transcription of mRNAs (1). Nevertheless, a
growing number of evidence suggest that in yeast the role of
CTD is not confined to the recruitment of factors involved in
mRNA maturation. RNA Pol II transcribes mRNAs as well as
noncoding RNAs, such as snRNAs, small nucleolar RNAs
(snoRNAs), and, in higher eukaryotes, micro-RNAs. snoRNAs
are small RNA molecules localized in the nucleolus, where

they mainly participate in the modification and processing of
rRNA. They include the so-called box C/D and box H/ACA
families that catalyze, on substrate RNAs, the methylation of
the 2�-hydroxyl residue of the ribose moiety (2�-O methylation)
and the isomerization of uracil residues to pseudouridine (�)
(24). Only a subset of snoRNAs is required for different
cleavage events during pre-rRNA maturation: the box C/D
snoRNAs U3 and U14 (20, 30) and the box H/ACA snR10 and
snR30 (34, 45).

The two classes of snoRNAs have conserved secondary
structures, and the transcripts are associated with a specific set
of proteins forming ribonucleoparticles (snoRNPs). The con-
served C and D box elements, together with the internal stem
(stem II), form a specific structural core motif (kink-turn)
required for the binding of the conserved box C/D snoRNP
protein factors: Snu13p, Nop1p, Nop58p, and Nop56p (27, 28,
49). Nop1p carries the enzymatic activity of the box C/D
snoRNPs (10, 37) and, together with Snu13p and Nop58p, is a
core assembly factor crucial for snoRNA stability, subcellular
localization, and function of the particle (9). Nop1p was pre-
viously shown to assemble very early on the nascent snoRNA-
containing transcript, and its binding to the transcript was
demonstrated to be required both for processing of intron-
encoded snoRNAs and for efficient 3�-end formation of inde-
pendently transcribed snoRNAs (14, 33).

The pseudouridylation guide snoRNAs belonging to the
H/ACA class are defined by an evolutionary conserved H/ACA
motif consisting of a “hairpin-hinge-hairpin-tail” secondary
structure (13). Four proteins form a stable complex with
H/ACA snoRNAs: Gar1p, Nhp2p, Nop10p, and Cbf5p. In
yeast, all these proteins are essential for viability and, with the
exception of Gar1p, are required for the stability of H/ACA
snoRNAs (2, 5, 15, 26, 48). Cbf5p, initially isolated as a low-
affinity centromere binding protein in vitro (22), is believed to
be the enzyme that catalyzes the isomerization of uridines to
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pseudouridines (19, 46). Moreover, it was established that, in
vivo, the early assembly factors Naf1p and Shq1p are required
to assemble the mature H/ACA snoRNPs (6, 8, 51). It was
suggested that Naf1p could directly recruit snoRNPs proteins
since it was shown to physically interact with Cbf5p and Nhp2p
(8, 21).

In this study, we have analyzed the timing of H/ACA
snoRNP assembly by chromatin immunoprecipitation (ChIP)
technique and found that Naf1p colocalizes with snoRNA
transcription sites together with Cbf5p and Nhp2p. In addition,
we show that the presence of both nascent RNA and Ctk1-
phospho-CTD is required for the cotranscriptional recruit-
ment of Naf1p and Cbf5p.

We have also investigated the role played by Cbf5p in inde-
pendently transcribed snoRNAs biosynthesis, and we report
that Cbf5p, like Nop1p in the case of the box C/D snoRNAs, is
required to obtain proper 3�-end formation/termination of the
snoRNAs, preventing transcriptional readthrough into down-
stream genes.

MATERIALS AND METHODS

Strains and microbiological techniques. The strains used in this study are
listed in Table 1. Standard techniques were used for growth and handling of S.
cerevisiae. Epitope TAP tagging of Naf1p and Cbf5p in strain YSB854 was
performed as previously described (40).

The ssu72-2 strain, containing conditional temperature-sensitive alleles, was
grown at 25°C up to mid-log phase and then was shifted to 37°C for 2 h prior to
RNA extraction. The yeast Tet-promoter Hughes strain was grown in YPD
medium with 10 �g/ml doxycycline for 24 h to obtain the down regulation of the
gene of interest (32).

Chromatin immunoprecipitations. Cells were grown in YPD to an A600 of 0.6
to 0.8 and processed as previously described (23). Chromatin solution was incu-
bated overnight at 4°C with rabbit immunoglobulin G-agarose beads (Sigma)
prewashed in Tris-EDTA buffer. The immunoprecipitated material was washed
with 275 to 400 mM NaCl, and the recovered chromatin and the input chromatin
were de-cross-linked and analyzed by PCR. Various segments of a gene were
amplified after ChIP as depicted in Fig. 1. Their locations cover the following
positions indicated with respect to the transcriptional initiation site: �152 to
�49, SNR10 (a); �26 to �216, SNR10 (b); �196 to �1, SNR30 (a); �396 to
�580, SNR30 (b); and �52 to �141, SNR13. [�-32P]dATP was added to the
PCR (1 �Ci/12.5 �l). ChIP results were quantified as described by Nedea and
colleagues (35): PCR signals were analyzed by PhosphorImager and ImageQuant
software (Molecular Dynamics, Sunnyvale, CA) and normalized for amplifica-
tion efficiency and subtraction of background. Each value in the histogram is the
average of the signals of five PCRs performed on five different preparations of
immunoprecipitated DNA.

For RNase treatment, RNase-DNasefree (Roche) was added to the whole-cell
extract to a final concentration of 5 �g/ml. The whole-cell extract then was
incubated for 30 min at 37°C for 30 min and subjected to immunoprecipitation
at 4°C overnight.

RT-PCR and Northern blot. Total RNA was extracted by the hot-phenol
method (41). For the reverse transcription-PCR (RT-PCR) experiment, a first-
strand cDNA preparation was made using Superscript II reverse transcriptase
(Invitrogen) and the primers snR30b and snR30RT, snR33b and snR33RT,
snR10b and snR10RT, and snR13b and snR13RT. PCR amplification was with
Taq DNA polymerase (Amersham). The primer sets used for PCR analysis were
snR30a, snR30b, and snR30RT; snR33a, snR33b, and snR33RT; snR10a,
snR10b, and snR10RT; and snR13a, snR13b, and snR13RT. PCRs were per-
formed for 25 cycles of 94°C for 45 s, 50°C for 45 s, and 72°C (for 1 min). For
Northern analysis, total RNA was isolated as described above from the indicated
strains. Total RNA (5 �g) was separated on 6% polyacrylamide–7 M urea gels
and electrotransferred on Hybond-N nylon membrane (Amersham Pharmacia)
in 0.5� Tris-borate-EDTA, and small RNA was detected by hybridization with
antisense oligonucleotide probes.

To determine the Tet::Cbf5 time course, RNA was extracted from the
Tet::Cbf5 strain following growth on doxycycline medium and separated on 1%
agarose gel containing formaldehyde. To detect the CBF5 mRNA, a fragment
spanning the whole open reading frame of CBF5 was generated by PCR (Cbf5a
and Cbf5b oligonucleotides) and labeled by use of the Roche random priming
kit. For the detection of 35S and 18S rRNAs, oligonucleotides 033 and 007 were
used, respectively.

Oligonucleotides. The following oligonucleotides were used for RNA analyses
by Northern hybridization or RT-PCR (5�-3�): Cbf5-a, CGGAATTCTCAAAG
GAGGATTTCGTTATTAAG; Cbf5-b, GAGGCCCGGGAACAAAAGCTGG
GTAC; snR30a, GGACGCATGATCTTGAGCTC; snR30b, CAGTATGGTTT
TACCCAAAT; snR30RT, TATTCCACCACTAAGTAGGG; snR33a, CCTCT
TTGTACGATGGTGTC; snR33b, TGTCCACACACTTCTATATC; snR33RT,
GCAATGGTGCAGATTGTGTC; snR10a, CACGTACAGTATCTCCGTCG
AGGTT; snR10b, TCATCCGGGCACACGAAGGTAAAC; snR10RT, CTTA
GAAAGGAAATGGCAACC; snR13a, GCTCTAGAAGGAAGTTTTTTCCT
TTTTAT; snR13b, CGGGATCCGGTCAGATAAAAGTAAAAAAAGGTAGC;
snR13RT, CGCTTGCTTAGGCCCAACAG; �snR10, TCATCCGGGCACACG
AAGG; �snR30, GAGCTCAAGATCATGCGTCC; �snR13, TTCCACACCGTT
ACTGATTT; �snR5, CTCTCGAGCAAGGTCTATTTTAC; �snR189, ATCTTG
CACGTCGTAGAAAC; �U6, GCAGGGGAACTGCTGATCATC; 033, CGCTG
CTCACCAATGG; and 007, CTCCGCTTATTGATATGC.

RESULTS

Naf1p is recruited to actively transcribed H/ACA snoRNA
genes. The H/ACA snoRNP assembly factor Naf1p, besides
binding snoRNAs (6, 8), was reported to interact with Cbf5p
and Nhp2p core-proteins in a two-hybrid screen and in vitro
assays (8, 21); in addition, it was shown to copurify with over-
expressed FLAG-tagged Cbf5p in a large-scale proteomic in-
vestigation (18). Due to its association with the CTD of Pol II,
it was suggested that Naf1p could help the recruitment of
H/ACA factors allowing their cotranscriptional assembly (8).
To test this possibility, ChIP assays were performed with a
strain carrying a C-terminal TAP-tagged version of the Naf1p
protein (8). The immunoprecipitated DNA was analyzed by
PCR amplification for the presence of the box H/ACA

TABLE 1. List of strains used in this study

Strain Description Source or reference

YSB854 MATa ura3-52 leu2�1 trp�63 his3�200 lys2�202 ctk1�::HIS3 1
YFP10 MATa ura3-52 leu2�1 trp�63, his3�200 lys2�202 ctk1�::HIS3 NAF1-TAP::TRP1 This study
YAF10 MATa ade2 his3 leu2 trp1 ura3 NAF1-TAP::TRP1 8
YAF60 MATa ade2 arg4 leu2-3,112 trp1-289 ura3-52 CBF5::TAP::URA3 EUROSCARF
YFP60 MATa ura3-52 leu2�1 trp�63 his3�200 lys2�202 ctk1�::HIS3 CBF5-TAP::TRP1 This study
YAF61 MATa ade2 arg4 leu2-3,112 trp1-289 ura3-52 NHP2::TAP::URA3 EUROSCARF
YAF62 MATa ade2 arg4 leu2-3,112 trp1-289 ura3-52 GAR1::TAP::URA3 EUROSCARF
R1158 MATa his3-1 leu2-0 met15-0 URA3::CMV-tTA Open Biosystem
YSC1180 MATa his3-1 leu2-0 met15-0 URA3::CMV-tTA kanR-tetO7-TATA::CBF5 Open Biosystem
ssu72-2 MATa ura3-1 trp1-1 ade2-1 leu2-3,112 his3-11,15 ssu72-2 11, 35
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snoRNAs genes SNR10 and SNR30 and of a box C/D snoRNA
as a control (SNR13). Each gene was analyzed with two dif-
ferent couples of primers (see schematic representation of Fig.
1): the first couple (probes “a”) recognizes promoter se-
quences, while the second one (probes “b”) is specific for the
transcribed regions. The histogram in Fig. 1 (black boxes)
indicates the presence of high levels of Naf1p on the coding
regions of box H/ACA snoRNA genes, while the amount of
protein recruited on the promoter regions remains close to
background. As a further control, a set of middle primers was
also utilized. The results show that they give an intermediate
level of Naf1p reactivity (see Fig. S1 in the supplemental ma-
terial). The difference in Naf1p reactivity between the pro-
moter and the transcribed region is higher in SNR30, very
likely due to the larger size of this gene that allows a better
resolution between two regions (see schematic representation
on the side). Since Naf1p binds to RNA in vitro (6, 8), its
association with chromatin could be mediated by the interac-
tion with the RNA transcript. To investigate this possibility,

Naf1-TAP extracts were treated with RNase before ChIP anal-
ysis. The histogram of Fig. 1 (white boxes) shows that, under
these conditions, the association of Naf1p with chromatin is
strongly reduced, indicating that Naf1p recruitment depends
on ongoing transcription.

Cbf5p and Nhp2p are associated with the sites of H/ACA
snoRNA transcription. Since Naf1p was shown to interact with
Nhp2p and Cbf5p (8, 21), we asked whether these factors are
also delivered early during transcription onto the nascent tran-
script. Yeast strains carrying chromosomal TAP-tagged ver-
sions of one of the CBF5, NHP2, or GAR1 genes were utilized
to study the association of H/ACA snoRNP factors with box
H/ACA snoRNA transcriptional units. Immunoprecipitated
DNA was analyzed by PCR amplification with the same prim-
ers as in Fig. 1. Figure 2 indicates that, in comparison with a
control box C/D gene (lanes SNR13), the H/ACA genes show
a good level of reactivity to the Cbf5 protein (panel A) and to
a lower, but still significant, extent to Nhp2p (panel B). On the
contrary, signals close to background levels are obtained with

FIG. 1. Naf1p is recruited to actively transcribed H/ACA snoRNA genes. (A) ChIP analysis was performed on the YAF10 yeast strain
expressing a TAP-tagged version of NAF1 (panel RNase�). The cross-linked chromatin was amplified before (Input) and after (Naf1p)
immunoprecipitation. An RNase treatment step was added before immunoprecipitation (panel RNase�). A nontranscribed intergenic region from
chromosome V (band *) was used as an internal control by coamplification with each of the gene-specific primers. The diagram on the side shows
the oligonucleotides specific for the 5� end (“a”) and the coding region (“b”) of SNR10, SNR30, and SNR13 genes. (B) Histogram displaying the
degree of Naf1p cross-linking on the snoRNA genes. The data are presented as the average (standard deviation, 	20%) of signals of five PCRs
performed on five preparations of immunoprecipitated DNA, normalized against the controls.
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the Gar1p factor (panel C). Interestingly, as in the case of
Naf1p, also Cbf5p and Nhp2p are detected only on the tran-
scribed region (see preferential reactivity with probes b).
These results indicate a cotranscriptional recruitment of Cbf5p
and Nhp2p on H/ACA snoRNA precursors and suggest a later
association of Gar1p.

Deletion of Ctk1p affects Naf1p and Cbf5p cotranscriptional
recruitment on H/ACA transcription units in vivo. Naf1p was
described to interact with the carboxy-terminal domain of the
large subunit of RNA polymerase II (8, 18, 21); in addition, it
interacts with Cbf5p, which recently has been found in the
group of phospho-CTD-associating proteins (PCAPs) (38).
These data, together with our experiments with ChIP analysis,
suggest a mechanism by which H/ACA assembling factors are
recruited to the sites where they are needed by the phospho-
CTD of Pol II. To define whether the CTD-serine 2 phosphor-
ylation by Ctk1p is a prerequisite for snoRNP recruitment on
snoRNA transcription units, ChIP experiments were carried
out with wild-type (CTK1) and ctk1� cells.

The histograms in Fig. 3 show that the recruitment of Naf1p
(panel A) and Cbf5p (panel B) to the snR30 coding region is
abolished in ctk1� strains containing TAP-tagged versions of
either of the two proteins. These data indicate that the cotrans-
criptional assembly of H/ACA snoRNA requires phosphoryla-
tion of CTD on Ser2.

The H/ACA snoRNP core protein Cbf5p is required for
proper snoRNA 3�-end formation. As a next step, we asked
whether, as for box C/D snoRNAs, also for box H/ACA the
cotranscriptional assembly of the snoRNP operates a quality
control on the biosynthesis of the snoRNA by directing proper
3�-end formation of the primary transcript. Therefore, we in-
vestigated whether transcriptional readthrough products oc-
curred upon depletion of an early assembly snoRNP factor;
such products are diagnostic of alteration in proper 3�-end
formation/termination (1). We asked whether Cbf5p, similarly
to Nop1p, could be the trans-acting factor responsible for the
control of 3�-end formation of box H/ACA snoRNAs. Since
the CBF5 gene is an essential gene (22), we used a conditional
allele in which the expression of CBF5 is under the control of
a shut-off Tet-promoter (see schematic representation in Fig.
4A) (32). In the absence of doxycycline, the Tet promoter is
fully active and the growth rate of the Tet::Cbf5 strain is the
same as that of its isogenic strain. Addition of doxycycline in a
titratable manner allows for downregulation of the promoter
until the gene of interest is no longer expressed. Figure 4A
shows that the growth rate of the Tet::Cbf5 strain starts to
decrease 8 h after doxycycline treatment and stops between 12
and 16 h. In parallel, CBF5 mRNA begins to decrease at 8 h
and at 24 h is undetectable (Fig. 4B). Since Western analysis of
Cbf5p could not be performed due to the lack of antibodies, we
made indirect controls on the depletion of this factor. First of
all, we analyzed the levels of H/ACA snoRNA accumulation.
Figure 4C shows that already after 8 h a drastic decrease is
observed and that at 24 h H/ACA snoRNAs are almost unde-
tectable. As a control, both the snR13 box C/D snoRNA and
the U6 snRNA levels are unaffected. We subsequently ana-
lyzed rRNA synthesis: panel B shows the progressive depletion
of the mature 18S rRNA and the 35S rRNA accumulation
following transfer to doxycycline-containing medium. These
data are good indicators of the effective depletion of Cbf5p.

FIG. 2. Cbf5p and Nhp2p are associated with the sites of H/ACA
snoRNA transcription. Strains containing TAP-tagged versions of ei-
ther Cbf5p (A), Nhp2p (B), or Gar1p (C) were analyzed by ChIP of
snoRNA genes. Cross-linked chromatin was used for PCR amplifica-
tion before (panel Input) and after (panel Ip) immunoprecipitation
with primers specific for SNR10, SNR30, and SNR13 genes (see dia-
gram in Fig. 1). A nontranscribed intergenic region from chromosome
V (band *) was used as an internal control by coamplification with each
of the gene-specific primers. The data are presented as the average
(standard deviation, 	20%) of signals of the PCRs performed on five
preparations of immunoprecipitated DNA, normalized against the
controls.
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In order to identify readthrough fusion transcripts, RT-PCR
analysis was carried out using two couples of primers: the first
internal to the snoRNA coding region, while the second cov-
ering the region across the snoRNA and the downstream
mRNA gene (see schematic representation at the bottom of
Fig. 4D). Three different H/ACA snoRNA loci were analyzed:
SNR10, SNR30, and SNR33. For all of them, readthrough
products were visualized only when the Tet::Cbf5 strain was
grown for 24 h in doxycycline (Fig. 4D, lanes 24 h). No such
products were visualized with control RNA from the same
strain grown in the absence of doxycycline (Fig. 4D, lanes 0 h)
and with the control box C/D SNR13 locus. As a positive
control, RT-PCR analyses were performed on RNA extracted
from the ssu72-2 strain (Fig. 4D, lanes ssu72-2), grown at
restrictive temperature and known to have a very strong
readthrough phenotype (11, 35). Figure 4D shows that a
readthrough phenotype is obtained also in ctk1� cells (lanes
ctk1�), similar to those observed in Cbf5p-depleted cells and
as previously described for C/D box snoRNAs (44).

DISCUSSION

Despite the detailed knowledge of the individual protein
components of H/ACA snoRNPs, little is known regarding the
correlation between transcription and snoRNP assembly. In
this study, we have found evidence of a cotranscriptional re-

cruitment of some of the H/ACA snoRNP components and
their involvement in the control of snoRNA biosynthesis.

It has been previously suggested that, in S. cerevisiae, Naf1p
and Shq1p play a key role in the metabolism of box H/ACA
snoRNAs, aiding early steps of ribonucleoparticle assembly (6,
8, 51). The yeast hnRNP-like protein Naf1p localizes to the
nucleus, and even if it is not a stable component of the H/ACA
snoRNPs, it is required for the accumulation of box H/ACA
snoRNAs (6, 8, 51). Moreover, Naf1p was shown to interact
with the C-terminal domain of RNA Pol II and with the
snoRNP core components Cbf5p and Nhp2p (8, 18, 21).

In this article, ChIP experiments have shown that Naf1p is
localized specifically on the coding region of H/ACA snoRNA
transcription units while no interaction was observed on the pro-
moter. This behavior, together with the evidence that Naf1p binds
to RNA in vitro (8), suggested that its recruitment could be
triggered by the appearance of the appropriate RNA target se-
quences. In line with this hypothesis, an RNase treatment of the
extract prior to immunoprecipitation produces a strong reduction
of Naf1p association with H/ACA genes. Nevertheless, it cannot
be excluded that Naf1p recruitment occurs already at the level of
the promoter through the interaction with specific transcriptional
factors and that it is subsequently mobilized to the CTD. In this
case, this interaction could have been underestimated due to the
detection sensitivity of the ChIP technique.

FIG. 3. Ctk1 is required for cotranscriptional recruitment of H/ACA snoRNP in vivo. ChIP analyses were carried out with snoRNP TAP-tagged
proteins in both wild-type (black bars) and Ctk1p deletion (gray bars) strains. PCR analysis of immunoprecipitated chromatin was performed on
the SN30 (“a” and “b” as diagrammed in Fig. 1) and SNR13 genes. (A) ChIP analysis of Naf1p in CTK1 and ctk1� strains. (B) ChIP analysis of
Cbf5p in CTK1 and ctk1� strains. The upper panels show the amplification products of the snoRNA regions specified above each lane. A
nontranscribed intergenic region from chromosome V (band *) was used as an internal control by coamplification with each of the gene-specific
primers. The data are presented as the average (standard deviation, 	20%) of signals of the PCRs performed on three preparations of
immunoprecipitated DNA, normalized against the controls.
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Chromatin immunoprecipitation analysis was carried out to
monitor as well the recruitment of three H/ACA proteins,
integral components of the mature snoRNP: Cbf5p, Nhp2p,
and Gar1p. In analogy with Naf1p, Cbf5p and Nhp2p also show
specific immunoprecipitation with the H/ACA genes and only
with the transcribed regions. On the contrary, Gar1p does not
show any significant reactivity with the H/ACA genes, suggest-
ing that its association to the snoRNP occurs at later posttran-
scriptional phases. This is in agreement with previous results
indicating that Gar1p is not essential for snoRNA accumula-
tion, while it is required for the functionality of the mature
particle (2, 16).

A biochemical investigation of the yeast proteome recog-
nized a large number of factors physically linked to the phos-
pho-CTD generated by the CTDK-1. These proteins are rep-
resentative of a wide range of functions (e.g., transcription,
RNA processing, chromatin structure, DNA metabolism, non-

coding RNA biogenesis). The widespread nature of PCAPs
points to a complex network of connections between Pol II
elongation and other processes, expanding the role played by
CTD phosphorylation in functional organization of the nu-
cleus. Intriguingly, recent findings reveal a physical connection
between phospho-CTD and protein factors having a function
in snRNA modification and snoRNA biogenesis (8, 38). In line
with this evidence, Cbf5p was copurified with the Spt5p elon-
gation factor (31) and Naf1p was shown to interact with the
carboxy-terminal domain of the large subunit of RNA poly-
merase II (8, 18, 21). The ChIP experiments performed in this
work reveal that phosphorylation of serine 2 by Ctk1p contrib-
utes to the cotranscriptional recruitment of box H/ACA
snoRNP proteins Naf1p and Cbf5p to the elongating RNA
polymerase II, providing another link between snoRNP bio-
genesis and transcription elongation.

Recently, we showed that the methyltransferase Nop1p as-

FIG. 4. Analysis of readthrough products in a Cbf5p-depleted strain. (A) Schematic representation of the Tet::Cbf5 allele (top of the panel) and
growth of the Tet::Cbf5 (gray squares) and isogenic (black squares) strains following transfer to doxycycline (Dox)-containing medium (bottom of
the panel). Cell density (optical density at 600 nm [OD600]) was measured at the indicated time, and the cultures were periodically diluted to be
continuously kept in exponential growth. (B) Northern hybridization for the detection of CBF5 mRNA and 35S and 18S rRNAs from the Tet::Cbf5
strain (lanes 0 to 24 h); U6 was used as a normalization control. (C) Northern analysis of snoRNAs (box H/ACA, snR30, snR10, snR5, and snR189;
box C/D, snR13) and of the control U6 snRNA. (D) RT-PCR analysis was carried out with set of primers described below the panel on total RNA
extracted from following strain: Tet::Cbf5, grown in a complete medium (lanes 0) and then shifted in doxycycline-containing medium for 24 h (lanes
24); ssu72-2, grown at the permissive (lanes 25°C) and restrictive temperatures for 2 h (lanes 37°C); and CTK1 and ctk1� (lanes CTK1 and ctk1�).
No products were observed when reverse transcriptase was omitted during cDNA synthesis (data not shown).
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sociates with box C/D snoRNA genes during transcription and,
through its interaction with 3�-end termination machinery, pro-
vides a quality control for snoRNA synthesis profoundly influ-
encing both transcription and 3�-end processing (33). The co-
transcriptional recruitment of Naf1p and Cbf5p proteins on
the chromosome region of H/ACA genes makes them good
candidates to control the 3�-end formation of the primary
transcripts. As previously observed for C/D box snoRNAs,
here we show that in a strain lacking the Cbf5p pseudouridy-
lase, readthrough products extending to the downstream
snoRNAs genes are detected. Thus, as for the C/D box, it is an
integral component of the mature H/ACA particle that is the
sensor controlling correct 3�-end formation.

Recent reports indicated that several subunits of the APT
complex are required for 3�-end formation of snoRNAs (7, 11,
35). In particular, Pti1p and Ref2p are required to prevent
transcriptional readthrough into downstream genes and were
suggested to function in uncoupling cleavage and polyadenyl-
ation (7). The finding that Nop1p interacts with Ref2p and
enhances its association with the C/D box snoRNA genes (33)
suggested a mechanism to mediate polyadenylation-indepen-
dent 3�-end formation on the specific subpopulation of box
C/D snoRNAs. Differently from the C/D box, no interaction
was found between GST-Cbf5p, GST-Naf1p, and GST-Nhp2p
fusion proteins and any of the APT (Ssu72p, Ref2p, Pti1p,
Swd2p, Pta1p) and CFIA (Pcf11p, Clp1p, Rna14p, Rna15p)
factors (data not shown) that were previously shown to be
involved in snoRNA 3�-end formation (7, 11, 35). Therefore,
other still unidentified interactions are likely to mediate the
observed coupling between snoRNP assembly and 3�-end for-
mation of H/ACA snoRNAs.

In conclusion, we suggest that, also in the case of H/ACA
snoRNA genes, a specific RNA factory is loaded on the nas-
cent transcripts. Naf1p could be transferred during transcrip-
tion elongation from the chromatin to the newly synthesize
snoRNAs and in turn help the recruitment of Nhp2p and
Cbf5p. Alternatively, Naf1p could interact with a preassembled
complex as suggested by work of Henras and Wang (16, 47). In
either case, the cotranscriptional recruitment allows the cor-

rect assembly of the H/ACA particle and, at the same time,
provides a signal of quality control that allows correct and
efficient 3�-end formation (Fig. 5). Further support for the role
played by Ser2 phosphorylation in this network is given by the
finding that recruitment of Naf1p and Cbf5p on H/ACA
snoRNA genes in ctk1� cells is severely reduced. The strong
readthrough phenotype observed on snoRNA genes in the
absence of the Ctk1p kinase suggests that, besides recruiting
H/ACA components, Ser2 phosphorylation brings in place 3�-
end processing/termination factors, in analogy to what already
shown for mRNA genes (1). Future work will be required to
address which ones are the factors of the 3�-end formation
apparatus that are the sensors of successful H/ACA snoRNP
assembly and to elucidate this complex network of interactions.
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